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Abstract	

This	 thesis	 investigates	 two	 chemical	 aspects	 of	 the	 remediation	 of	 former	
clandestine	 methamphetamine	 laboratories:	 developing	 methods	 for	 detecting	
airborne	methamphetamine	with	short	(ca.	20	min)	sampling	times,	and	oxidation	of	
methamphetamine	as	a	possible	decontamination	method.		

Dynamic	 solid	 phase	 microextraction	 (SPME)	 had	 been	 previously	 used	 to	
detect	µg	m-3	 concentrations	 of	 airborne	methamphetamine	 at	 former	 clandestine	
laboratories,	where	surface	methamphetamine	concentrations	exceeded	60	µg/100	
cm2.	The	current	study	found	that	for	sampling	times	under	20	min,	relative	humidity	
values	up	to	70%	did	not	 influence	the	sorption	of	methamphetamine	for	dynamic	
SPME	 sampling.	 A	 comparison	 of	 the	 sorption	 abilities	 of	 polydimethylsiloxane	
(PDMS)	 and	 carboxen/divinylbenzene/polydimethylsiloxane	 (CAR/DVB/PDMS)	
fibres	 revealed	 that	 the	 PDMS	 fibre	 was	 twice	 as	 effective	 at	 sampling	
methamphetamine,	under	identical	conditions.		

Capillary	 microextraction	 (CME),	 a	 high-surface	 area	 microextraction	
technique	 that	 has	 been	 used	 for	 sampling	 volatile	 organic	 compounds,	 was	
investigated	as	a	more	sensitive	alternative	to	dynamic	SPME	sampling.	CME	devices	
were	used	to	sample	methamphetamine	vapour	(0.42-4.2	µg	m-3)	and	analysed	using	
GC/MS.	The	CME-GC/MS	technique	was	found	to	be	over	30	times	more	sensitive	than	
the	original	dynamic	SPME-GC/MS	method.	The	CME	devices	were	not	affected	by	
changes	 in	 relative	 humidity,	 and	 could	 be	 stored	 for	 up	 to	 3	 days	 post-sampling,	
without	 any	 loss	 of	 analyte.	 We	 demonstrated	 that	 on-sorbent	 derivatisation	 of	
methamphetamine	with	pentafluorobenzyl	chloroformate	could	be	conducted	using	
the	CME	devices,	improving	both	the	intra-device	variability	and	the	detection	limit	
of	the	analysis.		

Finally,	four	peroxide-based	oxidations	of	methamphetamine	were	examined	
as	potential	methods	for	decontamination,	and	the	reaction	products	were	identified.	
10%	 hydrogen	 peroxide,	 in	 the	 presence	 of	 an	 Fe-TAML	 catalyst,	 was	 the	 most	
effective,	 decomposing	 >99%	 of	 the	 methamphetamine	 into	 products	 including	
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phenyl-2-propanone	 and	 benzaldehyde.	 BioOxygenÒ	 Chem-Decon,	 a	 commercial	
proprietary	 formulation,	 was	 effective	 in	 the	 removal	 of	 93%	 of	 the	
methamphetamine,	with	 the	major	 identified	 product	 being	 phenylacetone	 oxime.	
10%	hydrogen	peroxide,	and	15%	alkalised	hydrogen	peroxide	were	 less	effective	
under	 the	 conditions	 used,	 oxidising	 less	 than	 half	 the	 methamphetamine	 into	
products	that	could	not	be	identified	using	our	GC/MS	and	LC/MS	protocols.		
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1.	Introduction	

1.1. Methamphetamine:	History	and	use	
In	 the	 early	 to	 mid-1900s,	 methamphetamine	 emerged	 as	 a	 powerful	 drug	

candidate.	 A	 central	 nervous	 system	 stimulant,	 methamphetamine	 increased	 the	
production	of	dopamine	in	the	brain,	resulting	in	excitation,	loss	of	appetite,	increased	
blood	pressure,	increased	libido	and/or	pupil	dilation.	

	Touted	 for	 its	 ability	 to	 decrease	 fatigue	 and	 appetite,	 and	 increase	
wakefulness,	it	steadily	gained	popularity	since	its	discovery	in	1893,	and	was	readily	
prescribed	 for	 the	 treatment	of	 schizophrenia,	depression,	narcolepsy,	asthma	and	
many	other	illnesses.1-2	Throughout	the	Second	World	War,	it	was	supplied	to	German	
and	Japanese	soldiers	to	combat	fatigue,	and	also	sold	over	the	counter	as	‘Perivitin’	
in	Germany	and	‘Philopon’	(hiropon)	in	Japan.3-5	

The	 promising	 drug	 soon	 began	 to	 show	 negative	 effects,	 with	 accounts	 of	
methamphetamine	 dependence,	 abuse	 and	 drug-fuelled	 violence	 causing	 either	 a	
withdrawal	 of	 the	 drug	 from	 the	 market	 (e.g.	 Methedrine)	 or	 the	 imposition	 of	
restrictions	 on	 its	 sale	 and	manufacture.2,	 4,	 6	 This,	 in	 turn,	 resulted	 in	 the	 rise	 of	
clandestine	 laboratories	 or	 clan	 labs.	 These	 “labs”	 varied	 from	 small	 scale	
establishments-	located	in	a	house	or	a	hotel	room-	to	large-scale	“super	labs”,	which	
focused	on	mass	distribution.7		

Through	the	1980s	and	the	1990s,	methamphetamine	use	spread	further.	 In	
the	 US,	 motorcycle	 gangs	 were	 primarily	 associated	 with	 the	 manufacture	 and	
distribution	 of	 methamphetamine.7	 A	 decline	 in	 opium	 production	 led	 to	 the	
increasing	rate	of	methamphetamine	abuse	and	dependence	in	Asia	in	the	1990s.8	In	
Australia,	 the	 first	 clandestine	 methamphetamine	 laboratory	 was	 discovered	 in	
Sydney,	in	1976,	while	the	first	meth	lab	in	New	Zealand	was	encountered	20	years	
later,	in	1996.9-10		

The	 illicit	 sale	and	distribution	of	methamphetamine	has	 since	 continued	 to	
rise,	and	methamphetamine	 is	now	the	most	commonly	seized	synthetic	drug.11	 In	
2015	 alone,	 132	 tonnes	 of	 methamphetamine	 were	 seized	 around	 the	 world.12	
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Increasingly,	the	methamphetamine	market	seems	to	be	moving	eastward,	with	East	
and	Southeast	Asia,	and	Oceania	becoming	large	hubs	for	both	the	manufacture	and	
sale	of	methamphetamine.	8,	12-13	According	to	the	World	Drug	Report	(2017),	Oceania	
has	 the	 second	 highest	 prevalence	 of	 amphetamine	 type	 substance	 (ATS)	 use	
compared	to	other	continental	regions,	with	Australia	being	the	third	highest	user	per	
capita	globally,	and	New	Zealand	in	the	top	10.12,	14		

Information	 regarding	 drug	 use	 in	 Australia	 is	 mainly	 derived	 from	 drug	
intelligence,	as	well	as	wastewater	analysis	data	provided	by	the	Australian	Federal	
Police	(AFP).	In	2015-16,	a	total	of	575	clandestine	drug	laboratories	were	discovered	
in	Australia,	a	majority	of	which	produced	amphetamine-type	stimulants	(ATS),	and	
a	 19%	 increase	 in	 seizures	 was	 reported,	 compared	 to	 the	 previous	 year.15	 The	
analysis	 of	 illicit	 substances	 in	 the	wastewater	 of	 a	 region	 is	 an	 increasingly	 used	
method	to	estimate	drug	use	within	a	population.16-18	An	analysis	of	the	samples	from	
54	wastewater	treatment	plants	around	Australia	(catering	to	61%	of	the	population)	
demonstrated	that	an	average	of	34	doses	(30	mg/dose)	of	methamphetamine	were	
consumed	per	1000	people,	per	day,	and	methamphetamine	was	the	most	prevalent	
illicit	substance	of	those	tested.	19	

An	 annual	 study	 called	 the	 Illicit	 Drug	Monitoring	 System	 (IDMS)	 has	 been	
surveying	self-reporting	drug	users	to	gauge	trends	in	methamphetamine	use	in	New	
Zealand,	since	2005.20-21	The	New	Zealand	Health	Survey	is	another	ongoing	study,	
where	 face-to-face	 interviews	 are	 conducted	 with	 a	 representative	 New	 Zealand	
resident	population,	 to	collect	 information	about	population	health,	 including	drug	
use.	Based	on	these	studies,	it	has	been	estimated	that	approximately	1.1%	of	the	New	
Zealand	 population	 used	 methamphetamine.14	 A	 recent	 exploratory	 wastewater	
analysis	 conducted	 in	 Auckland,	 the	 largest	 city	 in	 New	 Zealand,	 revealed	 the	
presence	 of	 methamphetamine	 in	 100%	 of	 the	 samples,	 and	 an	 average	 drug	
concentration	of	360	mg/1000	people	per	day.22	Methamphetamine	had	the	highest	
concentration	of	all	the	drugs	targeted	in	the	study.		

The	 high	 prevalence	 of	 methamphetamine	 use	 in	 New	 Zealand	 has	 been	
attributed	 to	 a	 number	 of	 factors,	 including	 its	 geographical	 isolation	 and	 strict	
customs	 and	 border	 security	 (resulting	 in	 lower	 cocaine	 and	 heroin	 use),	 and	 a	
national	 proclivity	 toward	 self-sufficiency.10,	 22	 The	 introduction	 of	 online	 drug	
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marketplaces,	which	make	the	purchase	of	drugs	and	their	precursors	convenient,	has	
further	facilitated	illicit	drug	manufacture.23	As	a	result,	the	clandestine	synthesis	of	
methamphetamine	has	become	more	widespread	

1.2. Methamphetamine	synthesis		
A	large	variety	of	synthetic	methods	have	been	reported	for	the	synthesis	of	

methamphetamine,	which	 can	be	 categorised	 into	 two	broad	 classes	 based	on	 the	
starting	 material	 used.24-25	 The	 first	 class	 of	 methods	 involves	 the	 reduction	 of	
pseudoephedrine,	 or	 ephedrine,	 to	 methamphetamine,	 and	 includes	 the	 more	
commonly	reported	synthetic	route	in	New	Zealand	clandestine	laboratories.10	This	
class	includes	the	Nagai,	Hypo,	Moscow,	Birch,	Emde	and	Rosenmund	methods.	The	
pseudoephedrine/ephedrine	required	for	the	synthesis	is	usually	obtained	from	cold	
medication,	which	is	either	purchased	locally	or	illegally	imported,	although	it	may	
also	be	extracted	from	the	plant	Ephedra.26-27	The	second	class	of	methods	involves	
the	reductive	amination	of	phenyl-2-propanone,	commonly	known	as	P-2-P.		

	In	 the	 Nagai	 method,	 pseudoephedrine	 or	 ephedrine	 is	 heated	 with	 red	
phosphorus	and	iodine,	resulting	in	the	formation	of	iodomethamphetamine,	which	
is	then	reduced	to	methamphetamine,	as	shown	in	Figure	1.1.28-32		

	
Figure	1.1	Reaction	for	the	formation	of	methamphetamine	(3)	from	pseudoephedrine	(1),	through	the	
intermediate	iodomethamphetamine	(2),	using	the	Nagai	method.		

Two	other	variations	of	this	method	exist;	one,	commonly	known	as	the	Hypo	
method,	 utilises	 hypophosphorous	 acid	 and	 iodine	 for	 the	 reaction	 with	
pseudoephedrine,	 while	 the	 second,	 known	 as	 the	 Moscow	 method,	 employs	 red	
phosphorous,	 iodine	 and	 water	 to	 form	 the	 hydriodic	 acid	 required	 for	 the		
reaction.33-34	All	three	methods	produce	a	high	purity	product	with	a	high	yield,	and	
the	Hypo	method	is	the	most	common	method	encountered	in	New	Zealand.10,	26		

In	the	Birch	reduction	reaction,	pseudoephedrine	is	reduced	through	a	series	
of	intermediate	steps	using	lithium	and	liquid	ammonia.35-37		
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Figure	1.2	Reaction	for	the	formation	of	methamphetamine	(2)	from	pseudoephedrine	(1),	using	the	
Birch	method.35	

The	Birch	reaction	may	be	conducted	on	a	small	scale,	in	what	is	known	as	the	
shake-and-bake	method.7,	38	The	“ingredients”	are	placed	in	a	small	vessel,	usually	a	
plastic	 bottle,	 and	 mixed	 vigorously	 to	 produce	 small	 quantities	 of	 low	 purity	
methamphetamine,	in	a	reasonably	limited	time	frame.39		

Metal-catalysed	hydrogenation	methods	include	the	Rosenmund	(Figure	1.3)	
and	Emde	methods.	The	Rosenmund	method	uses	hydrogen	with	a	palladium/barium	
sulfate	 catalyst,	 in	 perchloric	 acid	 solution,	 to	 reduce	 pseudoephedrine	 to	
methamphetamine.24,	40		

	
Figure	1.3	Reaction	 for	 the	 conversion	of	pseudoephedrine	 (1)	 to	methamphetamine	 (2)	using	 the	
Rosenmund	method.	

	In	the	Emde	method,	pseudoephedrine	is	first	converted	to	chloroephedrine,	
using	 thionyl	 chloride,	 or	 sometimes,	 phosphorus	 trichloride.	 The	 resultant	
chloroephedrine	 is	 then	 hydrogenated	 to	 produce	 methamphetamine,	 as	 seen	 in	
Figure	 1.4.31,	 40-41	 	 The	 Emde	method	 has	 been	 reported	 to	 be	 	 the	most	 common	
synthetic	route	used	for	methamphetamine	seized	at	Australian	borders.42	

	
Figure	1.4	Reaction	for	the	formation	of	methamphetamine	(3)	from	pseudoephedrine	(1),	through	a	
chloroephedrine	(2)	intermediate,	using	the	Emde	method.	

The	reductive	amination	of	phenyl-2-propanone	(P2P)	was	one	of	 the	more	
common	methods	for	clandestine	methamphetamine	production	in	the	United	States	
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during	the	1970s	and	1980s.25	The	ease	of	availability	of	pseudoephedrine	from	over-
the-counter	(OTC)	medication	led	to	a	shift	towards	the	use	of	Birch,	Emde	and	Hypo	
methods.	However,	recent	changes	to	legislation	in	the	U.S.	have	restricted	access	to	
the	pseudoephedrine	precursors,	 leading	to	an	increase	 in	the	use	of	the	reductive	
amination	method,	once	again.7,	43-46	

In	 this	 reaction,	 phenyl-2-propanone	 is	 reacted	 with	 methylamine,	 in	 the	
presence	 of	 aluminium	 and	 mercuric	 chloride,	 to	 produce	 methamphetamine	
	(Figure	1.5).47-48	This	method	produces	a	racemic	mixture	the	d-	and	l-	 isomers	of	
methamphetamine,	unlike	the	previous	methods	discussed,	which	all	give	optically	
active	 methamphetamine,	 with	 the	 stereochemistry	 controlled	 by	 the	 starting	
material.	

	
Figure	 1.5	 Reaction	 for	 the	 formation	 of	 methamphetamine	 from	 phenyl-2-propanone,	 using	 the	
reductive	amination	method.		

Another	method,	often	called	the	Leuckart	synthesis	of	methamphetamine,	can	
be	used	 to	convert	phenyl-2-propanone	to	methamphetamine,	and	 involves	a	 two-
step	procedure	(Figure	1.6).	In	the	first	step,	P2P	is	reacted	with	N-methylformamide,	
in	 the	presence	of	 formic	 acid,	 to	produce	N-formylmethamphetamine.	During	 the	
next	step,	the	N-formylmethamphetamine	is	reacted	with	hydrochloric	acid	to	form	
methamphetamine.49		

	
Figure	1.6	Reaction	scheme	for	the	synthesis	of	methamphetamine,	from	phenyl-2-propanone,	using	
the	Leuckart	method.	

The	phenyl-2-propanone	required	for	these	reactions	is	often	synthesised	from	
phenylacetic	 acid,	 or	 even	 from	benzaldehyde	 in	a	process	 called	 the	Nitrostyrene	
method.50-52	In	this	reaction,	benzaldehyde	(1)	is	reacted	with	nitroethane	(2),	in	the	
presence	of	sodium	hydroxide	and	methanol,	to	undergo	a	Henry	reaction,	forming	
methyl	nitrostyrene	(3),	which	is	then	reacted	with	hydrochloric	acid	and	iron	to	form	
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phenyl-2-propanone	(4).53-55			Methamphetamine	produced	using	this	synthetic	route	
has	been	increasingly	reported	in	Mexico,	from	where	it	is	exported	to	the	U.S.40,	56		

	
Figure	 1.7	 Preparation	 of	 phenyl-2-propanone	 (P2P)	 from	 benzaldehyde,	 using	 the	 Nitrostyrene	
method.	

A	number	of	other	synthetic	methods	have	also	been	reported	from	unreliable	
sources	 such	 as	 blogs	 and	 internet	 forums,	 most	 of	 which	 are	 variations	 of	 the	
methods	 described;	 although	 outlandish	 accounts	 of	 extracting	methamphetamine	
from	chicken	feed,	and	growing	methamphetamine	crystals	on	a	string,	also	exist.27,	57		

Since	many	of	these	methods	of	synthesis	are	simple,	and	do	not	require	the	
use	of	large	equipment,	clandestine	methamphetamine	labs	have	become	increasingly	
common	 around	 the	 world,	 including	 New	 Zealand,	 giving	 rise	 to	 a	 considerable	
number	of	contaminated	properties.13	58	

1.3. 	Contamination	and	exposure	
Methamphetamine	contamination	in	homes	is	a	growing	cause	for	concern,	and	

occurs	primarily	from	the	illicit	manufacture	of	the	drug	at	clandestine	laboratories,	
but	could	also	occur	 from	smoking	 the	drug	 indoors.59-60	Although	data	suggests	a	
decline	in	the	number	of	clandestine	laboratories	dismantled	in	recent	years	(75	in	
2017	 compared	 to	211	 in	2006),	 the	 increase	 in	 seizures	of	pseudoephedrine	 and	
other	 precursors	 suggests	 that	 the	 labs	 have	 gradually	 become	 more	 difficult	 to	
detect.21	
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1.3.1. 	Chemical	contamination	associated	with	the	
clandestine	manufacture	of	methamphetamine	

The	 clandestine	 manufacture	 of	 methamphetamine	 involves	 the	 use	 of	 a	
variety	of	chemicals,	most	of	which	can	be	toxic	or	hazardous.		

Table	 1.1	 lists	 chemicals	 which	 have	 been	 encountered	 at	 clandestine	
methamphetamine	laboratories.		

Table	 1.1	 List	 of	 chemicals	 which	 have	 been	 encountered	 at	 clandestine	 methamphetamine	
laboratories.	Adapted	from	Vearrier	et	al.,	Caldicott	et	al.,	Abdullah	and	Hannan.2,	9,	61-62	

	

Apart	 from	 the	 hazards	 of	 fires	 and	 explosions	 associated	with	 clandestine	
methamphetamine	manufacture,	exposure	 to	many	of	 the	chemicals	used	could	be	
perilous.	Methamphetamine	synthesis	involves	the	use	of	corrosive	chemicals,	such	
as	sodium	hydroxide	and	hydrochloric	acid,	which	could	result	in	significant	contact	
or	inhalation	burn	injuries.	A	number	of	noxious	volatile	chemicals	are	either	used	in	
or	generated	during	the	synthetic	process,	while	some	of	the	toxic	metals	including	
lead	 and	 mercury	 can	 bioaccumulate	 within	 the	 human	 body,	 causing	 long-term	
adverse	health	effects.2,	63		

A	series	of	studies	conducted	by	Martyny	et	al.,	at	the	National	Jewish	Medical	
and	 Research	 Centre	 between	 2005	 and	 2014,	 investigated	 the	 chemical	 residues	
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deposited	 on	 surfaces	 and	 in	 air,	 both	 at	 former	 clandestine	 drug	 labs,	 and	 those	
formed	during	a	staged	methamphetamine	“cook”.64-67	In	one	study,	the	researchers	
tested	14	former	clandestine	laboratories	that	had	been	inactive	for	different	lengths	
of	time,	and	found	surface	methamphetamine	contamination	ranging	from	1-16000	
µg/100	 cm2	 on	 the	 surfaces	 tested	 (median	 concentration=	 28	 µg/100	 cm2).65	 In	
another	study,	a	median	methamphetamine	surface	concentration	of	25	µg/sample	
was	 obtained	 for	 16	 different	 sites	 investigated.67	 Apart	 from	methamphetamine,	
hydrogen	chloride	and	 iodine	were	present	at	some	sites.	The	 investigators	noted,	
with	 interest,	 that	 methamphetamine	 residues	 were	 found	 not	 just	 on	 horizontal	
surfaces,	but	also	on	vertical	surfaces,	as	well	as	fans,	ventilation	grates	and	inside	
appliances,	such	as	microwaves	and	refrigerators.65	This	led	to	the	hypothesis	that	a	
methamphetamine	aerosol	was	generated	during	synthesis	and	dispersed	throughout	
the	structure,	yielding	widespread	contamination.	

The	researchers	also	conducted	multiple	methamphetamine	cooks,	using	the	
two	 variations	 of	 the	Nagai	method,	 as	well	 as	 the	Birch	method,	 and	 studied	 the	
chemical	contaminants	released	during	the	cook.65	Wipe	samples	were	collected	at	
various	distances	from	the	point	of	the	actual	synthesis-	which	was	conducted	using	
equipment	commonly	encountered	at	clan	labs-	before,	at	different	intervals	during,	
and	after	the	cook.	Airborne	methamphetamine	samples	were	also	collected	in	this	
study,	 using	 sampling	 cassettes	 and	 glass	 fibre	 filters	 in	 conjunction	 with	 an	 air	
sampler,	 and	 analysed	 using	 a	 standard	 (unspecified)	 gas	 chromatography/mass	
spectrometry	(GC/MS)	method.		

The	studies	found	elevated	concentrations	of	phosphine	and	ammonia	in	the	
cook	area	during	the	synthesis,	and	all	of	the	monitored	volatile	contaminants,	except	
for	iodine,	were	present	in	measurable	concentrations	within	the	premises	during	the	
cook.	An	assessment	of	the	clothing	and	personal	protective	equipment	worn	by	the	
cooks	 also	 showed	 methamphetamine	 contamination.68	 Both	 airborne	 (median		
689	µg/m3)	and	surface	(0.2-	22	µg/100	cm2)	methamphetamine	contamination	were	
observed	during	the	cooks,	with	the	lowest	methamphetamine	surface	contamination	
occurring	 with	 the	 Birch	 method.	 The	 largest	 airborne	 methamphetamine	
concentrations	were	obtained	either	during	the	“salting	out”	step,	where	hydrogen	
chloride	is	bubbled	through	the	methamphetamine	free	base,	or	during	filtration	of	
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the	volatile	free	base.	It	was	hypothesised	that	a	“condensation	aerosol”	was	formed,	
since	particles	of	~1	µm	were	collected	on	the	glass	filters.			

A	similar	study	was	conducted	by	Tayler,	in	2003,	where	methamphetamine	
was	manufactured	using	the	red	P/HI	method.60	However,	Tayler	did	not	observe	any	
residues	of	methamphetamine	 from	 the	manufacturing	process,	but	 this	may	have	
been	a	result	of	improper	refluxing,	as	reported.	The	mixtures	in	the	study	also	did	
not	undergo	filtration	or	salting	out,	which	were	reported	to	be	the	main	source	of	
contamination	by	Martyny	et	al.64		

1.3.2. 	Chemical	contamination	associated	with	smoking	
methamphetamine	

Methamphetamine	 is	 a	 versatile	 drug,	 in	 that	 it	 can	 be	 administered	 as	
intravenous	 injections,	 snorted,	 smoked,	 swallowed	 or	 inserted	 as	 an	 anal	
suppository.69	 Smoking	 methamphetamine	 is	 an	 increasingly	 common	 route	 of	
administration,	especially	in	Australia	and	New	Zealand,	as	it	is	considered	not	only	
to	be	safer	than	injecting	drug	use,	but	is	also	seen	as	a	shared,	communal	activity.70-
72	 Being	 adequately	 volatile,	methamphetamine	 can	 be	 smoked	 out	 of	 glass	 pipes	
fashioned	for	the	purpose,	or	even	using	make-shift	vessels	such	as	cans,	tin	foil,	or	
glass	lightbulbs.71,	73				

A	number	of	studies	have	looked	at	the	products	formed	from	the	pyrolysis	of	
methamphetamine.	Sekine	et	al.	and	Lee	et	al.	both	investigated	methamphetamine	
pyrolysis	in	the	presence	of	tobacco,	to	identify	products	that	would	be	observed	if	
methamphetamine	 was	 smoked	 in	 a	 cigarette.74-75	 Both	 studies	 noted	 that	
methamphetamine	free	base	was	observed	in	main-stream	and	side-stream	smoke,	
indicating	 that	 methamphetamine	 hydrochloride	 converted	 to	 its	 free	 base	 form	
when	smoked	with	basic	nicotine.	Apart	 from	nicotine	and	methamphetamine,	 the	
authors	 also	 identified	 multiple	 pyrolysis	 products	 including,	 but	 not	 limited	 to,	
amphetamine,	 bibenzyl,	 1-	 and	 2-phenylpropene,	 cyanomethyl	methamphetamine,	
phenyl-2-propanone	and	dimethylamphetamine.		
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Figure	 1.8	 Pyrolysis	 products	 of	 methamphetamine	 in	 the	 presence	 of	 tobacco	 included	
methamphetamine,	 amphetamine	 (1),	 1-phenylpropene	 (2),	 2-phenylpropene	 (3),	
dimethylamphetamine	(4),	phenyl-2-propanone	(5),	bibenzyl	(6),	and	cyanomethyl	methamphetamine	
(7),	as	reported	by	Sekine	et	al.	and	Lee	et	al.74-75	

Two	other	studies	have	looked	at	the	pyrolysis	products	of	methamphetamine,	
heated	at	temperatures	between	250	°C-	305	°C,	in	order	to	emulate	the	temperatures	
expected	 during	 methamphetamine	 smoking.76-77	 Once	 again,	 free-base	
methamphetamine	was	observed	along	with	dimethylamphetamine	as	well	as	other	
compounds	including	phenyl-2-propanone,	1-phenyl	propene,	benzene	and	styrene.	

	
Figure	 1.9	 Pyrolysis	 products	 of	 methamphetamine	 reported	 by	 Sato	 et	 al.	 and	 Gayton-Ely	 et	 al.	
included	methamphetamine,	1-phenylpropene	(1),	phenyl-2-propanone	(2),	benzene	(3)	and	styrene	
(4).76-77	
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Tayler	 conducted	 simulated	 smoking	 experiments	 in	 a	 closed	 room	 using	
methamphetamine	 in	 a	 glass	 pipe,	 and	 a	 butane	pencil-torch.60	Methamphetamine	
was	detected	on	 the	walls	and	ceiling	of	 the	room,	and	 in	 the	adjacent	room,	even	
when	as	little	as	25	mg	of	the	drug	was	smoked;	a	build-up	of	methamphetamine	was	
observed	 when	 smoking	 was	 conducted	 repeatedly.	 However,	 the	 study	 did	 not	
report	the	actual	concentration	of	methamphetamine	on	the	surfaces.	Harris	et	al.	and	
Cook	et	al.	 looked	at	the	bioavailability	of	methamphetamine	smoked	using	a	pipe,	
and	 noted	 that	 between	 37-90%	 of	 the	 drug	 was	 absorbed	 by	 the	 lungs	 of	 the	
smoker.78-79	Based	on	 their	 estimates,	 the	 simulated	 smoking	 conducted	by	Tayler	
would	not	accurately	represent	the	amount	of	methamphetamine	in	exhaled	smoke-
stream.	

Martyny	et	al.	also	conducted	studies	to	investigate	the	deposition	of	smoked	
methamphetamine	 on	 surfaces,	 as	 well	 as	 airborne	 methamphetamine	
concentrations	 during	 the	 smoking	 process.80	 The	 study	 reported	 mean	 surface	
concentrations	between	0.02-5.10	µg/100	cm2	for	samples	collected	after	simulated	
smoking	of	100-2000	mg	of	methamphetamine.	The	values	were	adjusted	to	account	
for	the	decrease	in	concentration	expected	from	methamphetamine	absorption	by	the	
users’	lungs	during	an	actual	smoking	event.		

1.3.3. Effects	and	routes	of	exposure	to	methamphetamine	
Methamphetamine	residual	contamination	at	former	clandestine	laboratories	

has	become	a	cause	for	concern,	especially	since	many	clan	labs	are	found	in	houses,	
rental	 homes,	 motels	 and	 vehicles.26,	 81	 Clan	 lab	 cooks,	 other	 residents	 on	 the	
premises,	and	first	responders	could	be	constantly	exposed	to	methamphetamine	as	
well	as	the	other	chemicals	used	in	its	manufacture,	as	detailed	in		

Table	1.1.82	Cooks	are	also	prone	to	injuries	from	explosions	or	fires	that	are	
known	 to	 occur	 during	 clandestine	 drug	 syntheses,	 and	 rarely	 have	 personal	
protective	 equipment	 or	 adequate	 ventilation.81,	 83	 In	 2009,	 the	 Office	 of	
Environmental	Health	Hazard	Assessment	(OEHHA)	at	the	California	Environmental	
Protection	 Agency	 estimated	 the	 exposure	 for	 a	 young	 child	 in	 a	 re-occupied	
clandestine	 laboratory.84	 The	 authors	 conducted	 a	 comprehensive	 review	 of	
literature	 specifically	 investigating	 the	 effects	 of	 methamphetamine	 on	 human	
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subjects	to	determine	a	reference	dose	(concentration	at	or	below	which	no	adverse	
effects	are	observed)	of	0.3	µg/kg-day.85			

The	presence	of	 children	 in	 clandestine	methamphetamine	 laboratories	has	
been	 recorded	 around	 the	 world,	 including	 in	 Australia	 and	 New	 Zealand.86-88	
Children	 are	more	 susceptible	 to	 toxic	 exposure	 due	 to	 their	 increased	metabolic	
uptakes,	 hand-to-mouth	 behaviour,	 and	 under-developed	 metabolic	 pathways.87	
Toddlers	are	especially	prone	to	exposure	from	dermal	contact	with	indoor	surfaces	
because	they	are	likely	to	crawl	on	floors	and	put	non-food	items	in	their	mouths,	and	
usually	 spend	 time	 a	 large	 fraction	 of	 time	 indoors.84	 A	 longitudinal	 study	 on	 the	
effects	of	prenatal	exposure	to	methamphetamine	is	being	conducted	concurrently	in	
the	United	States	and	New	Zealand.89	Thus	far,	this	study,	and	others,	have	reported	
lower	birth	weights,	smaller	head	circumferences,	fine	motor	impairment,	aggressive	
behaviour	 and	 indications	 of	 attention	 deficit	 hyperactivity	 disorder	 (ADHD)	 in	
children	exposed	to	methamphetamine	prenatally,	compared	to	a	control	cohort.90-91	
Studies	have	reported	the	presence	of	methamphetamine	in	hair,	oral	fluid	and	urine	
samples	of	children	rescued	from	clandestine	drug	laboratories,	who	may	have	been	
actively	or	passively	exposed	 to	 the	drug.92-95	Methamphetamine	contamination	 in	
appliances	like	microwaves	and	refrigerators,	and	even	in	the	food	stored	in	them	has	
been	noted,	and	there	have	been	reports	of	acute	toxicity	in	children	occurring	from	
accidental	 ingestion	 of	 the	 drug.65,	 81,	 96-97	 In	 addition	 to	 the	 physical	 effects	 of	
exposure	to	toxic	chemicals	at	a	clan	lab,	children	are	also	at	an	increased	risk	of	being	
subjected	to	parental	neglect,	psychological	scarring,	physical,	verbal	and/or	sexual	
abuse,	 and	 injury	 from	 access/exposure	 to	 drug	 paraphernalia87,	 weapons	 and	
explosives98-99.			

The	health	effects	on	first	responders	visiting	clandestine	laboratory	sites	has	
also	 been	 researched.	 Martyny	 et	 al.	 collected	 wipe	 samples	 from	 the	 protective	
clothing	 of	 police	 officers,	 investigators	 and	 fire-fighters	 after	 they	 had	 been	 to	 a	
clandestine	 laboratory,	 and	 discovered	 that	 87%	 of	 the	 wipe	 samples	 contained	
measurable	 concentrations	 of	 methamphetamine	 (median=	 0.97	 µg/sample).68	
Despite	 the	 use	 of	 personal	 protective	 equipment	 and	 breathing	 apparatus,	 first	
responders	 have	 reported	 symptoms	 such	 as	 nausea,	 headaches,	 dizziness,	 and	



	 13	

respiratory	irritation	after	attending	a	clandestine	laboratory.100-102	Symptoms	were	
found	to	persist	from	a	few	hours	to	several	days	post-exposure.		

The	most	 common	 routes	 of	 unsolicited	 exposure	 to	methamphetamine	 are	
through	 dermal	 contact,	 inhalation	 or	 accidental	 ingestion.88	 Van	 Dyke	 et	 al.	 and	
Salocks	 et	 al.	 studied	 the	 dermal	 transfer	 efficiencies	 of	 methamphetamine	 from	
different	surfaces.	Using	dry	or	wet	(simulated	saliva)	cotton	gloves,	Van	Dyke	et	al.	
reported	a	 range	of	11-26%	transfer	of	methamphetamine	 from	different	 surfaces	
containing	deposited	aerosolised	methamphetamine.103	Salocks	et	al.	studied	dermal	
transfer	 onto	 cadaver	 skin	 and	 noted	 that	 0.3-59%	 of	 the	methamphetamine	was	
transferred.104	The	pH	of	 the	 surface/skin	played	 an	 important	 role	 in	 the	dermal	
absorption,	and	both	studies	noted	higher	absorption	of	methamphetamine	for	wet	
skin,	and	a	dependence	on	the	type	of	surface	(porous	vs	non-porous).105		

Morrison	 et	 al.	 generated	 methamphetamine	 vapour	 at	 a	 concentration	 of		
40	ppb,	and	exposed	different	fabrics,	as	well	as	skin	oil,	to	the	vapour	for	as	long	as	
60	days	 to	 study	 its	accumulation	on	 the	 substrates.106	Their	 study	estimated	 that		
6.1	 to	 94	 µg	 of	 methamphetamine	 would	 accumulate	 on	 100	 cm2	 of	 fabric,	 after	
exposure	to	1	ppb	of	methamphetamine	vapour,	with	greater	concentrations	found	in	
upholstery	and	cotton	fabrics	compared	to	polyester.	Methamphetamine	was	found	
to	partition	into	skin	oil	at	rates	30-50	times	higher	than	on	fabric,	indicating	that	the	
reference	dose	of	0.3	µg/kg-day	suggested	by	Salocks	would	be	attained	at	sites	with	
airborne	methamphetamine	concentrations	greater	than	0.003	ppb.85,	107		

Gardner	deposited	methamphetamine	hydrochloride	and	free	base	solutions	
on	 different	 surfaces	 and	 found	 that	 as	 much	 as	 77%	 of	 the	 deposited	
methamphetamine	hydrochloride	was	recovered	from	a	metal	surface	after	a	period	
of	5	months,	and	up	to	31%	of	methamphetamine	free	base	could	be	recovered	from	
a	 wooden	 surface	 after	 ~4	 months.108	 However,	 this	 could	 be	 due	 to	 the	 higher	
concentration	 of	 methamphetamine	 (0.25-1.25	 mg)	 deposited	 on	 the	 surfaces.	
Abdullah	 deposited	methamphetamine	 solutions	 at	 concentrations	 closer	 to	 those	
found	 at	 clan	 labs	 (0.1-2	 µg/100	 cm2).109	 He	 reported	 that	 less	 than	 50%	 of	 the	
methamphetamine	could	be	recovered	from	glass,	ceramic	and	wooden	surfaces	after	
a	period	of	2	days.		
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To	 simulate	 contamination	 generated	 within	 a	 methamphetamine	 smoking	
environment,	Bitter	volatilised	0.5	mg	of	methamphetamine	hydrochloride	at	200	°C	
and	allowed	the	vapour	to	deposit	on	four	different	surfaces,	including	silicon,	plastics	
and	artificial	leather.59	She	found	that	methamphetamine	aerosols	generated	during	
volatilisation	 would	 accumulate	 on	 surfaces,	 producing	 crystalline	 clusters.	
Methamphetamine	 could	 be	 detected	 on	 the	 surfaces	 studied	 up	 to	 28	 days	 post	
deposition	(longer	times	were	not	investigated),	however	the	concentration	declined	
quickly	within	the	first	12	h.					

The	 increasing	number	of	 clandestine	drug	 laboratories,	 especially	 in	 rental	
homes	that	may	be	re-occupied,	has	resulted	in	many	anecdotal	accounts	of	ill-health	
resulting	from	passive	methamphetamine	exposure.110-111	Wright	et	al.	reported	the	
presence	of	methamphetamine	 in	the	hair	of	members	of	a	 family	(including	three	
children)	 who	 had	 been	 living	 in	 a	 former	 methamphetamine	 lab.112	 As	 much	 as		
460	picograms	of	methamphetamine	was	found	per	milligram	of	hair,	with	the	highest	
concentration	 found	 in	 the	 hair	 of	 the	 youngest	 children.	 Although	 the	 effects	 of	
passive	exposure	to	methamphetamine	have	not	been	extensively	studied,	and	rely	
mainly	on	anecdotal	evidence,	the	detection	of	residual	methamphetamine	in	homes	
across	 several	 studies	 highlights	 the	need	 for	 a	 rigorous	 analytical	method	 to	 test	
suspected/former	clandestine	laboratories.				

1.4. Guidelines	for	testing	clandestine	
methamphetamine	laboratories	

1.4.1. Global	efforts	
A	 number	 of	 countries	 around	 the	 world	 have	 developed	 and	 adapted	

guidelines	or	standards	for	the	sampling	and	testing	of	methamphetamine	at	former,	
current	and	suspected	clandestine	laboratory	sites.	While	there	is	some	overlap	in	the	
content	 of	 these	 guidelines,	 perhaps	 the	most	 notable	 difference	 is	 the	maximum	
permissible	methamphetamine	concentration	per	unit	of	 surface	area.	The	various	
guidelines	 are	 discussed	 in	 detail	 below,	 and	 Table	 1.2	 contains	 a	 comparative	
summary.		
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1.4.1.1. United	States	of	America	

The	 United	 States	 of	 America	was	 the	 first	 country	 to	 have	 recognised	 the	
hazards	associated	with	clandestine	methamphetamine	laboratories,	and	the	need	to	
establish	strategies	to	deal	with	their	effective	remediation.	Accordingly,	in	1990,	the	
United	States	Drug	Enforcement	Administration	(DEA)	published	the	“Guidelines	for	
Law	Enforcement	for	the	Cleanup	of	Clandestine	Laboratories”,	or	the	“Redbook”,	as	
it	is	sometimes	called.113	The	“Redbook”,	which	was	revised	in	2005,	mainly	addresses	
the	nature	of	contamination	encountered,	the	regulations	and	procedures	established	
by	the	DEA	regarding	the	processing	of	clandestine	laboratories,	and	the	remediation	
and	removal	of	contaminated	articles	from	clandestine	laboratories.		

Following	the	publication	of	this	document,	a	number	of	states	across	the	US	
released	their	own	guidelines/standards	to	deal	with	clandestine	drug	laboratories.	
Table	1.2	provides	a	non-exhaustive	list	of	the	different	state	guidelines.	The	different	
documents	 contain	 a	 range	 of	 maximum	 permissible	 methamphetamine	
concentrations,	or	clean-up	levels,	with	values	ranging	from	0.05-1.5	µg/100	cm2.	In	
most	cases,	this	value	is	based	on	the	limit	of	detection	of	the	instruments	used	for	
analysis.	 However,	 the	 California	 Environmental	 Protection	 Agency	 Office	 of	
Environmental	Health	Hazard	Assessment	(OEHHA)	and	the	Colorado	Department	of	
Public	Health	and	Environment	(CDPHE)	developed	risk-based	models	to	determine	
a	safe	clean-up	level	for	methamphetamine.	85,	114	Based	on	their	respective	studies,	
the	 California	 Department	 of	 Toxic	 Substances	 Control	 (DTSC)	 and	 OEHHA	
recommended	a	clean-up	level	of	1.5	µg/100	cm2,	while	the	CDPHE	adopted	a	more	
conservative	value	of	0.5	µg/100	cm2.85,	115		

Although	there	are	no	federal	guidelines	for	the	testing	of	methamphetamine	
in	the	United	States,	the	National	Institute	for	Occupational	Safety	and	Health	(NIOSH)	
published	 analytical	 methods	 for	 the	 sampling	 and	 testing	 of	 methamphetamine,	
using	 wipe	 sampling.116-118	 Almost	 all	 of	 the	 guidelines	 and	 standards	 developed	
around	the	world	have	been	derived	from	the	NIOSH	methods.		

The	wipe	sampling	technique	is	employed	for	sampling	surfaces	with	an	area	
of	100	cm2,	which	is	usually	marked	out	using	a	clean,	disposable	template.	Cotton	
gauze	or	polyester	blend	wipes	(4”	×	4”)	are	wetted	with	3-4	mL	of	either	methanol	
or	 isopropanol,	and	then	used	to	wipe	the	area	delimited	by	the	template	multiple	
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times.	The	wipes	are	folded	in	half	twice	(1”	×	1”)	and	then	the	surface	is	wiped	in	
concentric	squares	or	using	side-to-side	swiping	techniques,	as	shown	in	Figure	1.10.	
The	 wipes	 are	 then	 folded	 in	 half	 (clean	 surface	 outwards)	 and	 sealed	 in	 a	
polypropylene	tube	for	transport	to	the	laboratory.		

	
Figure	1.10	Wipe	sampling	techniques	with	a)	concentric	square	wipes	and,	b)	side-to-side	swiping,	
used	for	sampling	methamphetamine	on	surfaces	

At	the	laboratory,	wipes	are	spiked	with	an	internal	standard	and	extracted	by	
liquid-liquid	(NMAM	9106)	or	solid	phase	extraction	(NMAM	9109),	derivatised	and	
analysed	using	gas	chromatography-mass	spectrometry	or	GC/MS	(NMAM	9106	and	
9109)	or	liquid	chromatography-mass	spectrometry	or	LC/MS	(NMAM	9111).		

All	 three	 methods	 recommend	 changing	 gloves	 between	 samples	 and	
collecting	field	blanks	(2-10	blanks	per	sample	set).	Composite	sampling	may	also	be	
undertaken,	where	a	maximum	of	4	wipes	from	similar	surfaces	are	combined	in	a	
single	 tube	 for	 extraction,	 and	 the	 average	 concentration	 is	 calculated.	The	NIOSH	
Manual	 of	 Analytical	Methods	 (NMAM)	 also	 includes	 a	 variety	 of	 standard	 testing	
procedures	 for	detecting	other	 chemicals	 encountered	at	 a	 clandestine	 laboratory,	
including,	but	not	limited	to,	lead,	iodine,	mercury	and	volatile	organic	compounds.	

In	 2013,	 the	 United	 States	 Environmental	 Protection	 Agency	 published	 the	
“Voluntary	 Guidelines	 for	 Methamphetamine	 Laboratory	 Cleanup”.119	 Unlike	 the	
“Redbook”,	which	mainly	addressed	the	safe	processing	and	removal	of	contaminated	
articles	 from	 clandestine	 laboratories,	 this	 guidance	 document	 provided	 best	
practices	for	the	effective	remediation	and	decontamination	of	various	surfaces	and	
articles	within	 a	 contaminated	 structure.	 The	 guidelines	 do	 not	 state	 a	maximum	
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permissible	 limit	 for	 methamphetamine	 but	 simply	 reiterate	 the	 range	 of	
concentrations	 established	 by	 the	 different	 states.	 The	 recommendations	 for	
decontamination	are	discussed	in	detail	in	Section	1.5.	

1.4.1.2. Canada	

In	2012,	the	National	Collaborating	Centre	for	Environmental	Health	(NCCEH),	
Canada,	reviewed	the	various	guidelines	for	clandestine	drug	lab	clean-up	published	
in	 the	United	 States,	 Australia	 and	New	Zealand,	 and	 derived	 a	 national	 guideline	
intended	for	use	by	public	health	officials,	municipal	agencies	and	other	authorities	in	
Canada.120	The	guideline	recommends	a	wipe-sampling	method,	similar	to	the	NIOSH	
method	 for	 sampling	methamphetamine,	 and	 provides	 suggested	methods	 for	 the	
clean-up	of	clandestine	laboratories.	The	document	also	comments	on	the	wide	range	
of	acceptable	methamphetamine	concentrations,	and	the	health-based	or	instrument-
based	grounds	for	deriving	those	concentrations	but	refuses	to	establish	a	Canadian	
national	 maximum	 permissible	 limit,	 until	 further	 research	 can	 be	 conducted	 to	
validate	existing	standards.	

1.4.1.3. Australia	

The	 National	 Clandestine	 Drug	 Laboratory	 Remediation	 Guidelines	 (2011)	
outlined	 the	 recommendations	 for	 the	 testing	 and	 clean-up	 of	 clandestine	
laboratories	 in	 Australia.	 121	 The	 detailed	 guidelines	 provide	 environmental	
authorities	and	testing	personnel	not	just	with	recommended	approaches	for	testing	
and	 remediation,	 but	 also	with	 relevant	 information	 about	 the	 different	 routes	 of	
synthesis	 of	 methamphetamine	 and	 the	 corresponding	 contaminants	 likely	 to	 be	
encountered.		

Unlike	 other	 clandestine	 laboratory	 testing	 and	 remediation	 guidelines,	 the	
Australian	National	guidelines	do	not	provide	a	specific	set	of	sampling	and	testing	
procedures.	 Instead,	 they	 recommend	 following	 the	 previously	 established	 NEPC	
(National	Environment	Protection	Council)	NEPM	(National	Environment	Protection	
Measures)	standards	and	guidelines,	since	clan	lab	sites	are	“not	dissimilar	to	common	
contaminated	sites	such	as…dwellings	containing	lead	and	asbestos	contamination”.122	
The	guidelines	also	recommend	consulting	with	the	analysing	laboratory	to	select	the	
most	appropriate	wipe	media	and	solvent.		
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The	 guidelines	 provide	 a	 sampling	plan	 for	 testing	 clandestine	 laboratories	
and	recommend	that	a	minimum	of	five	wipe	samples	be	collected	from	a	site,	to	test	
for	 surface	 concentrations	 of	 methamphetamine.	 Samples	must	 be	 collected	 from	
rooms	where	drug	manufacture	is	established	to	have	occurred,	especially	surfaces	
that	 show	 evidence	 of	 contamination	 and/or	 manufacture,	 and	 from	 any	 rooms	
inhabited	by	children	under	the	age	of	16.	100	cm2	non-porous	surfaces	can	be	tested	
using	wipes	or	swabs,	while	porous	surfaces	must	be	transported	to	the	laboratory	
for	 direct	 analysis.	Apart	 from	wipe-testing	 of	 surfaces	 for	methamphetamine,	 the	
guidelines	also	recommend	that	ventilation	ducts	and	adjacent	rooms	be	tested,	along	
with	samples	of	wastewater,	ground	and	soil	surrounding	the	property.	Sampling	for	
volatile	organic	compounds	(VOCs),	other	amphetamine-type	stimulants	(ATS)	and	
chemicals,	such	as	iodine,	which	are	used	in	the	manufacture	of	methamphetamine,	is	
also	suggested.	

1.4.1.4. New	Zealand	guidelines	and	standards	

In	 response	 to	 the	 large	 number	 of	 clandestine	 methamphetamine	 drug	
laboratories	 being	 discovered	 and	 dismantled	 in	New	Zealand	 (211	 dismantled	 in	
2006	 and	 135	 in	 2009),	 the	 Ministry	 of	 Health	 published	 the	 Guidelines	 for	 the	
Remediation	 of	 Clandestine	 Methamphetamine	 Laboratory	 Sites	 in	 2010.26,	 123	 The	
voluntary	guidelines	were	designed	 to	help	public	health	officials,	 first	 responders	
and	contractors	with	a	standard	approach	to	 testing	and	remediating	such	sites.	 It	
refers	to	a	number	of	 local	and	international	documents	to	derive	its	risk-based	or	
threshold	guideline	values	for	a	variety	of	chemical	compounds.		

The	guideline	recommends	pre-remediation	testing	for	total	volatile	organic	
compounds	 (TVOC)	 using	 a	 photoionisation	 detector	 as	well	 as	 individual	 organic	
volatiles	using	sorbent	tubes	according	to	the	EPA	TO-17	method.124	It	also	provides	
a	number	of	references	for	standardised	testing	of	iodine	(NIOSH	6005),	hydrochloric	
acid	(NIOSH	7903),	mercury	(NIOSH	6009)	and	lead	(NIOSH	7303).125-128	At	the	time	
of	publication,	there	were	no	standardised	guidelines	available	for	wipe	sampling	of	
methamphetamine.	However,	a	suggested	wipe	sampling	technique	derived	from	the	
NIOSH	draft	 guidelines	 is	 included,	 along	with	 the	 recommendation	 to	use	GC/MS	
techniques	for	analysis	as	proposed	by	Abdullah.129	Rayon/polyester	cotton	sponges,	
Whatman	filter	papers,	cotton	gauze	pads	or	swabs	wetted	with	methanol	could	be	
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used	to	sample	100	cm2	areas	on	non-porous	surfaces.	A	minimum	of	five	samples	
must	be	collected	from	a	building,	with	a	focus	on	established	manufacturing	sites,	
rooms	 used	 by	 children	 under	 the	 age	 of	 16	 and	 ventilation	 ducts.	 The	maximum	
permissible	 methamphetamine	 concentration	 was	 0.5	 µg/100	 cm2	 for	 the	 New	
Zealand	guidelines.		

In	 2016,	 the	 Institute	 of	 Environmental	 Science	 and	 Research	 Ltd.	 (ESR)	
conducted	 a	 review	 of	 the	 remediation	 standards	 for	 New	 Zealand	 clandestine	
laboratories	and	proposed	the	creation	of	a	national	standard.130	Subsequent	to	that,	
the	New	Zealand	Standard	for	the	testing	and	decontamination	of	methamphetamine-
contaminated	properties	 (NZ	8510)	was	published	 in	2017.131	The	new	 standards	
separate	 the	 testing	 process	 into	 two	 distinct	 phases-	 screening	 and	 detailed	
assessments.	 The	 screening	 assessment	 is	 intended	 to	 determine	 the	 presence	 or	
absence	 of	 methamphetamine	 at	 a	 suspected	 site,	 and	 allows	 for	 field	 and	 lab	
composite	samples	to	be	collected,	 in	accordance	with	the	NIOSH	9106	method,	as	
well	as	the	use	of	novel	verified	screening	technologies.118	The	detailed	assessment,	
on	 the	 other	 hand,	 is	 intended	 to	 determine	 the	magnitude	 of	methamphetamine	
contamination	 at	 a	 site,	 and	 therefore	 only	 permits	 the	 collection	 of	 discrete	 field	
samples.	A	minimum	of	one	sample	is	collected	from	every	“high-use”	area,	which	the	
standard	defines	as	“an	area	in	a	property	that	can	be	easily	accessed	and	is	regularly	
used	by	adults	and	children”.	A	“limited	use	area”	is	defined	as	“an	area	that	is	likely	
to	be	accessed	only	by	adults	for	short	periods	of	time”	and	includes	crawl	spaces	and	
wall	 ducts.	 Additionally,	 based	 on	 the	 recommendations	 of	 the	 ESR	 review,	 the	
standard	 imposes	a	maximum	permissible	methamphetamine	concentration	of	1.5	
µg/100	cm2	for	high	use	areas	and	3.8	µg/100	cm2	for	limited	use	areas.			
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Table	 1.2	 List	 of	 national	 and	 state	 guidelines	 and	 their	 maximum	 permissible	 limits	 for	 surface	
methamphetamine	concentration.	

State/Country	 Maximum	permitted	MA	concentration	 Year	 Ref.	

Australia	 0.5	µg/100	cm2	 2011	 121	
Canada	 No	values	provided	 2012	 120	

New	Zealand	 1.5	µg/100	cm2,	3.8	µg/100	
cm2	for	limited	use	areas	 2017	 131	

U.S.	EPA	 No	values	provided	 2013	 119	
Alaska	 0.1	µg/100	cm2	 2007	 132	
Arkansas	 0.05	µg/100	cm2	 2008	 133	

Colorado	 0.5	µg/100	cm2,	4	µg/100	
cm2	for	limited	use	areas	 2014	 115	

Connecticut	 0.1	µg/100	cm2	 2006	 134	
Idaho	 0.1	µg/100	cm2	 2009	 135	
Indiana	 0.5	µg/100	cm2	 2007	 136	
Kansas	 1.5	µg/100	cm2	 2010	 137	
Kentucky	 0.1	µg/100	cm2	 2009	 138	
Michigan	 0.5	µg/100	cm2	 2007	 139	
Minnesota	 0.1	µg/100	cm2	 2013	 140	
North	Carolina	 0.1	µg/100	cm2	 2005	 141	
North	Dakota	 No	values	provided	 2009	 142	
Tennessee	 0.1	µg/100	cm2	 2006	 143	
Virginia	 1.5	µg/100	cm2	 2013	 144	

	

1.4.2. Issues	with	current	testing	methods,	and	new	
developments	

All	 of	 the	 existing	 testing	methods	 suggested	by	 the	 various	 guidelines	 and	
standards	 for	methamphetamine	 contamination	 recommend	 the	wipe	 sampling	 of	
surfaces.	 However,	 wipe	 sampling	 possesses	 some	 inherent	 limitations.	 Surface	
dependence,	 area	 delimitation,	 sampling	 media	 or	 solvent	 variations,	 sampling	
location	 and	 user	 force	 applications	 are	 some	 of	 the	 variables	 that	 can	 affect	 the	
amount	 of	 methamphetamine	 recovered	 from	 a	 surface.	 Additionally,	 there	 are	
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difficulties	 in	 sampling	 hard	 to	 access	 regions	 such	 as	 crawl	 spaces	 or	 ventilation	
ducts.		

When	sampling	irregular	or	porous	surfaces	for	metallic	contaminants,	micro-
vacuuming	has	been	deemed	to	be	more	practical	than	wipe	sampling,	since	recovery	
from	such	surfaces	is	significantly	lower	for	wipe	samples.145-146	Studies	investigating	
the	extraction	of	organic	pesticides	and	drugs	also	noted	the	variation	in	collection	
efficiency	for	different	surfaces	for	wipe	sampling;	collection	efficiencies	from	non-
porous	surfaces	such	as	 tile,	 stainless	steel	and	glass	were	higher	 than	 those	 from	
hardwood	 and	 laminate.147-148	 The	 presence	 of	 dust	 on	 surfaces	 also	 negatively	
affected	the	collection	efficiency.148	Abdullah	reported	higher	surface	recoveries	for	
pseudoephedrine	and	methamphetamine	from	glass	and	metal	surfaces	compared	to	
wood.129	Martyny	 reported	 recoveries	 under	 2%	 for	wipe	 samples	 obtained	 from	
unpainted	drywall	(gib	board),	carpet	and	clothing.149		

Apart	from	the	type	of	surface	sampled,	the	location	of	the	sampling	site	also	
plays	a	crucial	role	in	the	concentration	obtained.	This	is	especially	significant	since	
there	are	no	standard	procedures	prescribed	for	site	selection.	Site	contamination	can	
be	 variable,	 as	 the	 surfaces	 close	 to	 the	 actual	methamphetamine	 cook	 area	 show	
higher	 contamination	 than	 those	 away	 from	 it,	 and	 for	 vertical	 surfaces,	 a	 higher	
concentration	has	been	observed	above	windows	than	below.66,	150		

The	type	of	solvent	and	wiping	media	used	for	sampling	also	affects	sampling	
recoveries.149,	151	For	methamphetamine,	it	is	recommended	that	methanol	be	used	as	
the	 sampling	 solvent	 because	 it	 provides	 better	 recoveries	 than	 isopropanol;	
however,	the	presence	of	formaldehyde	contaminants	in	methanol	can	result	in	the	
formation	of	adducts	with	pseudoephedrine	that	may	also	be	present.109,	117	Methanol	
was	also	 shown	 to	cause	 the	migration	of	drugs	across	a	 surface	during	 the	wipe-
sampling	process,	so	that	a	second	wipe	sample	taken	from	the	same	site	immediately	
after	sampling	showed	considerable	contamination.147	Additionally,	the	solvent	can	
dissolve	 the	 paint	 on	 surfaces.150	 Other	 factors	 affecting	 the	 recovery	 of	
methamphetamine	during	wipe	sampling	include	inter-operator	variables	such	as	the	
force	applied	during	wiping,	and	the	area	covered	within	the	sampling	template.152	It	
is	also	difficult	to	delimit	100	cm2	areas	on	surfaces	such	as	light	fixtures,	blinds,	fans,	
etc.	which	are	sampled.							
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New	wipe	sampling	methods	including	press	sampling	and	slip/peel	sampling	
have	 been	 investigated	 for	 the	 recovery	 of	 pesticide	 and	 explosive	 residues.153-155	
However,	the	new	methods	either	do	not	show	significant	improvement	compared	to	
the	 traditional	methods,	 or	may	 not	 be	 feasible	 for	 sampling	 immovable	 surfaces.	
Some	new	methods	for	testing	surfaces	explore	in-situ	thermal	or	 laser	desorption	
combined	 with	 mass	 spectrometric	 techniques,	 or	 involve	 immunochemical	 and	
colorimetric	techniques	that	still	rely	on	surface	wipe	sampling	using	swabs,	and	are	
generally	quite	expensive.156-159	The	presence	of	other	compounds	such	as	nicotine	
has	 been	 reported	 to	 interfere	with	 the	methamphetamine	 signal	 for	 other	 viable	
methods	like	ion	mobility	spectrometry.160	

The	guidelines	and	standards	for	methamphetamine	testing	do	not	take	into	
consideration	 airborne	 methamphetamine	 contamination,	 despite	 reports	
demonstrating	the	presence	of	as	much	as	5500	µg	m-3	of	methamphetamine	after	a	
cook.65	Man	et	al.	assessed	the	different	types	of	sensors	that	could	be	used	to	detect	
the	 presence	 and	 scale	 of	 clandestine	 methamphetamine	 laboratories.161	 Most	 of	
these	were	based	on	technology	that	could	 identify	a	 temporal	chemical	signature,	
detecting	airborne	chemicals	such	as	ammonia,	hydrogen	chloride,	toluene,	etc.	that	
would	 be	 associated	 with	 a	 clandestine	 synthetic	 route,	 and	 not	 simply	
methamphetamine.		

The	 sampling	of	 illicit	drugs	 in	 air	 is	 generally	 carried	out	using	one	of	 two	
methods-	 solvent	 extraction	 of	 filter	 substrates,	 and	 solid	 phase	 microextraction.	
Martyny	et	al.	and	Bitter	both	collected	airborne	methamphetamine	samples	using	
sampling	cassettes	containing	glass	 fibre	 filters	along	with	a	cascade	 impactor	and	
determined	 that	 aerosol	 particles	 between	 1-2	 µm	 were	 generated	 during	
methamphetamine	volatilisation	in	synthesis	and	smoking	scenarios.59,	65		Raynor	and	
Carmody	also	detected	airborne	methamphetamine	at	former	clandestine	laboratory	
sites,	and	validated	the	sampling	method.162	Similar	studies	have	also	been	used	to	
sample	other	illicit	drugs	including	cannabinoids,	cocaine	and	heroin.163-165	In	all	of	
these	methods,	the	airborne	drug	is	first	captured	onto	a	glass,	quartz	or	PTFE	filter	
and	 then	 solvent	 extracted,	before	being	analysed	using	a	 traditional	 gas	or	 liquid	
chromatography-mass	 spectrometric	 technique.	 All	 of	 the	 samples	 required	 large	
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volumes	 of	 air	 flow	 and	 long	 sample	 collection	 times	 to	 achieve	 sufficient	 analyte	
concentrations,	which	may	not	be	feasible	in	a	clandestine	laboratory	test	setting.	

Another	 commonly	 used	 sampling	 technique	 is	 based	 on	 solid	 phase	
microextraction.	 Solid	 phase	 microextraction	 or	 SPME	 is	 a	 single-step	 sample	
collection	and	introduction	technique	that	was	invented	in	the	1990s	by	Pawliszyn	
and	his	 colleagues.166	A	SPME	 fibre	consists	of	a	 thin	polymeric	 coating	on	a	 silica	
fibre,	designed	like	a	syringe	needle,	and	it	can	be	used	to	sample	analytes	in	a	liquid	
matrix,	 in	 the	 headspace	 of	 a	 solution	 or	 directly	 in	 air.167-168	 Depending	 on	 the	
properties	of	the	polymer	coating,	the	analytes	of	interest	selectively	partition	into	it,	
and	can	then	be	thermally	desorbed	into	the	inlet	of	a	gas	chromatograph.	Based	on	
this	principle,	a	number	of	passive	and	dynamic	air	sampling	techniques	have	been	
designed	for	the	detection	of	chemical	compounds,	including	illicit	drugs,	in	air.169-170		

Dynamic	 solid	 phase	 microextraction	 involves	 air	 flow	 either	 parallel	 or	
perpendicular	 to	 the	 surface	of	 the	 fibre,	 causing	 the	analytes	 in	 the	air	 stream	 to	
partition	 into	 the	 polymer	 layer.	 The	 technique	 depends	 on	 the	 pre-equilibrium	
behaviour	 of	 the	 SPME	 fibre	 in	 relation	 to	 the	 analyte.171	 The	 amount	 of	 analyte	
partitioned	depends	on	the	initial	concentration	of	the	analyte	in	air,	as	well	as	the	air	
flow	rate,	among	other	factors.172	Dynamic	SPME	has	been	previously	reported	for	the	
sampling	 of	 volatile	 organic	 compounds	 in	 air,	 during	 which	 a	 SPME	 fibre	 was	
introduced	perpendicular	to	the	path	of	an	air	stream	containing	the	compounds.173	
Other	studies	used	a	 laminar	airflow	parallel	 to	 the	surface	of	 the	 fibre,	 to	test	 the	
effect	 of	 air	 flow	 rates	 on	 the	 quantitation	 of	 volatile	 compounds	 and	 for	 the	
determination	of	terpenes.174-175	Based	on	this	design,	McKenzie	developed	a	dynamic	
solid	 phase	 microextraction	 sampler	 for	 the	 detection	 of	 airborne	
methamphetamine.176	

The	field	sampler	used	by	McKenzie	consisted	of	a	SPME	fibre	contained	within	
a	holder,	which	was	 connected	 to	 a	personal	 air	 sampling	pump	 in	 a	manner	 that	
allowed	 laminar	 airflow	 across	 the	 surface	 of	 the	 fibre.	 The	 fibre	 could	 then	 be	
desorbed	 in	 the	heated	 inlet	 of	 a	 gas	 chromatograph	 for	 analysis.	To	 calibrate	 the	
sampler,	 a	 steady	 concentration	 of	 methamphetamine	 vapour	 was	 generated		
(1-	4.2	µg	m-3	in	nitrogen)	using	a	custom-built	vapour	dosing	system.	A	linear	pre-
equilibrium	 sorption	 behaviour	 was	 established	 by	 varying	 the	 sampling	 time		
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(5-15	 min),	 and	 a	 deuterated	 internal	 standard	 was	 used	 for	 field	 calibration.177	
McKenzie	 then	used	the	dynamic	SPME	sampling	 technique	 to	collect	between	1-6	
samples	at	11	suspected	clandestine	 laboratory	sites,	during	multiple	visits.	PDMS	
fibres	were	used	for	the	dynamic	sampling,	although	other	fibre	chemistries	including	
CAR/PDMS,	DVB/CAR/PDMS	and	polyethylene	glycol	were	also	trialled	at	some	sites.	
Sampling	times	varied	between	5-20	min.	Wipe	sampling	was	also	conducted	at	these	
sites	to	provide	surface	area	concentration	data	for	comparison.		

	Of	 the	 11	 sites	 visited,	 the	 surface	 wipe	 samples	 tested	 positive	 for	
methamphetamine	at	9	sites,	with	concentrations	between	0.02-6093	µg/100	cm2.	
Methamphetamine	was	present	in	the	dynamic	SPME	(PDMS)	samples	at	3	of	these	
sites,	 and	 a	 correlation	 was	 reported	 between	 the	 airborne	 and	 surface	
concentrations;	 airborne	 methamphetamine	 was	 detected	 at	 sites	 with	 surface	
concentrations	 equal	 to	 or	 greater	 than	 60	 µg/100	 cm2.	 Preliminary	 quantitation	
using	 an	 external	 standard	 estimated	 that	 the	methamphetamine	 concentration	 at	
these	sites	varied	from	0.2-3	µg	m-3,	however,	the	method	was	not	validated.	

1.5. Remediation	of	methamphetamine	
contaminated	sites	

The	 remediation	 of	 clandestine	 methamphetamine	 laboratories	 is	 wholly	
dependent	on	the	extent	of	the	contamination	found	at	the	site,	as	well	as	the	nature	
of	the	contaminated	substrate.	The	contaminants	present	at	clandestine	manufacture	
sites	vary	widely	due	to	the	differences	in	the	chemicals	and	techniques	used	for	the	
manufacture	of	methamphetamine,	 as	expounded	 in	Section	1.3.1.	Most	guidelines	
recommend	testing	for	the	presence	of	corrosives,	iodine,	ammonia,	volatile	organic	
compounds,	 as	 well	 as	 methamphetamine,	 and	 consequently	 the	 clean-up	
recommendations	 explicitly	 mention	 these	 compounds.	 The	 primary	 aim	 of	
remediation	is	to	ensure	that	the	concentration	of	the	specified	compounds	is	at	or	
below	the	maximum	permissible	concentration	listed	in	the	guideline.		

A	cursory	review	of	the	primary	standards	and	guidelines	published	in	the	U.S.,	
Canada,	 Australia	 and	 New	 Zealand	 demonstrates	 a	 comparable	 step-by-step	
approach	to	remediation,	which	mainly	include	the	measures	detailed	below.119-121,	
131	The	sequence	of	the	steps	would	rely	on	the	discretion	of	the	contractor.		
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Preliminary	 assessment:	A	 preliminary	 assessment	 is	 always	 recommended	
prior	to	the	development	of	a	remediation	plan.	The	assessment	may	include	a	visual	
inspection	of	the	indoor	and	outdoor	regions	of	the	site,	as	well	as	preliminary	testing	
for	chemical	contaminants.	The	assessment	enables	the	authorities	to	determine	the	
magnitude	of	contamination	and	provides	an	idea	of	the	cost	and	labour	involved	in	
the	clean-up	process.	

Removal	and	disposal	of	materials:	Most	guidelines	recommend	the	physical	
removal	 of	 heavily	 contaminated,	 stained	 or	 damaged	 material	 along	 with	 any	
equipment	or	chemicals	used	in	the	manufacture	of	the	drug.	Soft	furnishings	such	as	
carpets,	drapes,	furniture,	and	other	“porous”	items	may	also	need	disposal.115	The	
disposal	of	such	articles	is	carried	out	by	a	certified	contractor,	in	accordance	with	the	
appropriate	procedures	for	hazardous	waste.		

Ventilation:	Forced	ventilation	or	airing	out	of	the	site	is	usually	recommended,	
in	 order	 to	 remove	 any	 volatile	 organic	 compounds	 or	 other	 airborne	 chemicals.	
Negative	air	units	or	fans	may	be	used	in	conjunction	with	high	efficiency	particulate	
air	(HEPA)	filters,	and	some	guidelines	suggest	raising	internal	room	temperatures	to	
24	°C	or	higher	to	facilitate	volatilisation.120,	132	Ventilation	is	usually	carried	out	for	a	
period	between	24-48	h,	and	is	continued	throughout	the	remediation	process.131	It	
is	 also	 recommended	 that	 the	 floors	 and	 walls	 of	 the	 site	 be	 vacuumed	 using	 a	
commercial	HEPA	vacuum	after	the	carpets	have	been	removed.		

Neutralisation:	 In	 case	 of	 large	 spills	 or	 stains,	 a	 pH	 test	 is	 administered	 to	
determine	the	acidity	or	basicity	of	the	unknown	solutions.	If	it	is	acidic	or	basic	in	
nature,	 the	solution	 is	 to	be	neutralised	using	an	appropriate	neutralising	agent	 to	
render	 it	 non-corrosive.	 Some	 guidelines	 suggest	 the	 use	 of	 baking	 soda	 (sodium	
bicarbonate)	and/or	vinegar	(acetic	acid)	for	this	purpose.121		

Plumbing	 and	 outdoors:	 Many	 of	 the	 guidelines	 for	 methamphetamine	
remediation	 note	 that	 the	 soil,	 septic	 tanks,	 wastewater	 and	 plumbing	 may	 be	
contaminated	from	the	dumping	of	chemical	wastes	and	recommend	that	appropriate	
measures	 be	 taken	 to	 decontaminate	 these	 areas	 in	 accordance	 with	 local	
environmental	 standards.	 Almost	 all	 of	 the	 guidelines	 recommend	 the	 flushing	 of	
pipes	and	indoor	traps	with	water.		
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Heating	Ventilation	and	Air	Conditioning	(HVAC):	The	ventilation	ducts,	grilles	
and	vents	associated	with	the	HVAC	system	within	a	structure	might	be	significantly	
contaminated	 by	 the	 chemicals	 used	 in	 illicit	 drug	 manufacture.	 The	 USEPA	 and	
Canadian	National	 guidelines	 provide	 detailed	 processes	 for	 the	 cleaning	 of	HVAC	
systems	which	includes	the	use	of	HEPA	vacuums,	replacement	of	filters,	detergent-
water	washing	of	grilles	and	fans	as	well	as	removal	and	disposal	of	all	debris.119-120		

Detergent	washing:	The	primary	means	of	surface	decontamination	involves	
the	 use	 of	 detergent-water	 washing.	 The	 use	 of	 specialised	 cleaning	 fluids	 for	
methamphetamine	 is	 usually	 discouraged,	 since	 there	 is	 insufficient	 information	
regarding	the	reaction	products	formed	as	a	result	of	the	cleaning	process.119	Instead,	
it	is	recommended	that	walls,	ceilings,	floors	and	surfaces	be	washed	2-3	times	using	
household	 detergents	 and	water.	 Some	 guidelines	 specifically	 recommend	 certain	
detergent	brands	such	as	Simple	Green,	while	others	recommend	the	use	of	trisodium	
phosphate	 (TSP)	 or	 enzyme-based	 cleaners.132,	 142	 Methanol	 rinses	 have	 been	
suggested	by	some	state	guidelines,	however	the	USEPA	guidelines	warn	against	the	
use	of	methanol,	due	to	its	low	flash	point	and	formation	of	flammable	vapours.119,	134						

Stripping/encapsulation:	 If	 the	 contamination	of	 surfaces	within	 a	 structure	
persists	 despite	 repeated	 detergent-water	 washes,	 a	 stripping	 or	 encapsulation	
process	may	be	suggested.	Stripping	involves	the	removal	of	wallpaper,	paint	or	even	
dry	wall	and	insulation	that	may	be	contaminated.	Many	guidelines	advocate	the	use	
of	oil-based,	epoxy	or	polyurethane	paints	to	reseal/encapsulate	chemical	residues	
on	a	surface.	Usually	two	or	more	layers	of	the	paint	may	be	sprayed	onto	a	surface,	
to	act	as	a	physical	barrier	between	the	contaminants	and	the	atmosphere.120	It	must	
be	noted,	however,	that	some	guidelines	state	that	encapsulation	is	not	meant	to	be	
used	as	a	substitute	for	decontamination.131	

All	 of	 the	 published	 guidelines	 recommend	 that	 post-decontamination	
sampling	and	testing	be	conducted	to	ensure	the	effectiveness	of	the	methods	used.	If	
chemical	contaminants	persist,	 further	decontamination	processes	must	be	carried	
out.	If	the	extent	of	contamination	is	too	large,	or	the	cost	of	decontamination	too	high,	
demolition	of	the	structure	may	be	recommended	instead.		
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1.6. Review	of	chemical	methods	for	
methamphetamine	decontamination	

The	 methods	 for	 remediation	 of	 clandestine	 laboratories	 described	 in		
Section	 1.5	 depend	 on	 the	 physical	 removal	 of	 methamphetamine	 contaminated	
objects,	detergent	washing	of	surfaces,	or	encapsulation	within	paint.	Remediation	
can	be	expensive,	with	reported	costs	between	a	few	thousand	dollars	to	as	high	as	
U.S.	$200,000,	depending	on	the	extent	of	contamination.178	In	many	jurisdictions,	the	
onus	of	the	remediation	costs	falls	entirely	on	the	property	owner,	who	may	not	even	
have	been	the	person	responsible	for	the	contamination.	Additionally,	there	are	other	
expenses	 including	testing	and	possible	 legal	 fees.	At	such	a	high	cost,	 it	 is	at	 least	
expected	that	the	remediation	process	would	render	the	property	uncontaminated	
and	fit	for	habitation;	however,	this	may	not	always	be	the	case.	

Patrick	et	al.	tested	former	clandestine	laboratories	from	5	days	to	7	months	
after	they	had	been	remediated,	and	found	surface	methamphetamine	concentrations	
above	 the	 maximum	 permissible	 limit	 of	 0.1	 µg/100	 cm2.179	 The	 persistent	
contamination	may	have	been	caused	by	the	resurfacing	of	methamphetamine	that	
had	 penetrated	 the	 structure.	 Poppendieck	 and	 Li	 demonstrated	 the	 ability	 of	 n-
isopropylbenzylamine,	a	methamphetamine	surrogate,	to	adsorb	and	partition	into	
drywall,	as	well	as	desorb	from	it	over	time.180-181	Li	determined	that	a	typical	house	
could	accumulate	as	much	as	2	g	of	 free-base	methamphetamine	in	drywall,	which	
would	then	slowly	desorb	over	as	long	as	6	years.181	Shakila	further	estimated	that	
for	an	illegal	clandestine	laboratory	that	operated	for	a	period	of	2	weeks,	as	much	as	
10	g	of	free	base	methamphetamine	could	partition	and	accumulate	in	the	insulation	
behind	drywall.182	

Serrano	studied	building	materials	including	painted	and	unpainted	wood	and	
drywall,	glass	and	galvanised	metal	and	clothing	materials	that	were	contaminated	
with	 aerosolised	 methamphetamine.183	 Decontamination	 was	 conducted	 using	
Simple	Green,	an	all-purpose	cleaner,	EasyDECON	and	Clorox	Cleanup.	Clothing	was	
washed	in	a	regular	household	washing	machine,	with	detergent.	Between	92-99.9%	
of	the	methamphetamine	was	removed	from	all	of	the	articles	of	clothing,	with	the	
exception	of	the	Kevlar/Nylon	vest	which	showed	a	61%	reduction.	EasyDECON	was	
the	only	cleaning	agent	that	reduced	methamphetamine	concentrations	to	below	the	
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detection	limit,	while	the	Simple	Green	and	all-purpose	cleaner	removed	up	to	90%	
of	the	contamination,	and	bleach	was	only	effective	for	removing	up	to	57%	of	the	
methamphetamine.	More	significantly,	the	study	established	that	methamphetamine	
can	penetrate	through	layers	of	paint,	such	that	consecutive	sampling	with	methanol	
wipes	showed	increasing	concentrations.	Kilz	and	oil-based	paints	were	found	to	be	
more	effective	for	encapsulation,	compared	to	latex	based	paints.		

McCall	used	ion-mobility	spectrometry	to	study	the	surface	concentrations	of	
methamphetamine	 on	 different	 substrates	 resembling	 household	 surfaces,	 spiked	
with	methamphetamine,	after	repeated	cleaning	with	Simple	Green	solution.158	She	
found	 that	 while	 non-porous	 surfaces	 such	 as	 glass	 and	 laminate	 demonstrated	
decreasing	 concentrations	 of	 methamphetamine	 over	 repeated	 cleaning,	 no	 such	
trend	 was	 observed	 for	 porous	 materials	 such	 as	 flooring	 boards,	 ceramic	 and	
linoleum	 tiles.	 Additionally,	 increasing	 recoveries	 were	 observed	 for	 untreated	
wooden	 samples,	 highlighting	 that	 methamphetamine	 was	 penetrating	 the	 wood.	
This	 suggested	 that	methamphetamine	 could	 build	 up	within	 wooden	 beams	 and	
structures	within	a	contaminated	property.160		

A	 preliminary	 study	 conducted	 by	 the	 California	 Department	 of	 Toxic	
Substances	 Control	 investigated	 the	 use	 of	 several	 cleaning	 agents	 including	
household	cleaners,	enzyme	cleaners,	bleach	and	detergents	for	methamphetamine	
decontamination.184	They	conducted	small-scale	liquid	reactions	overnight,	extracted	
and	analysed	the	products	formed	using	a	GC/MS	technique.	The	study	reported	that	
none	of	 the	cleaning	agents	were	able	 to	break	down	methamphetamine,	with	 the	
exception	of	the	Clorox	bleach,	which	showed	a	90%	reduction	in	methamphetamine.	
None	of	the	reaction	products	formed	were	identified.	However,	a	study	by	Nakayama	
showed	 that	 the	 reaction	 between	 bleach	 and	 methamphetamine	 resulted	 in	 the	
production	 of	 N-chloro	 methamphetamine,	 a	 compound	 that	 could	 decompose	 to	
reform	methamphetamine.185-186		

Reynolds	 investigated	 the	 remediation	 of	 plasterboard	 recovered	 from	
clandestine	methamphetamine	sites	and	using	a	range	of	cleaning	agents	including	
trisodium	phosphate	(TriCleanium),	a	polymer	gel	(Decongel),	a	hydrogen	peroxide	
based	cleaner	(BioOxygen®	Chem-Decon)	and	bicarbonate	activated	peroxide.187	For	
spiked	samples,	up	to	a	94%	decrease	in	concentration	was	observed	when	using	the	
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peroxide	based	cleaner,	with	similar	results	for	the	polymer	gel.	Plain	water	washing	
reduced	methamphetamine	concentration	by	58%	while	TriCleanium	reduced	it	by	
45%.	For	actual	samples	of	contaminated	plasterboard	from	a	suspected	former	clan	
lab,	an	increase	in	concentration	was	observed	for	the	TSP	(+4%)	and	peroxide-based	
cleaners	(+25%).	This	was	attributed	to	the	fact	that	it	was	removing	surface	paint	
and	 confirmed	 Serrano’s	 findings	 that	 paint	 could	 act	 as	 a	 reservoir	 for	
methamphetamine.183	 Consecutive	 treatments	 with	 the	 solutions	 reduced	 the	
concentration	 for	 Chem-Decon	 (-81%),	 TSP	 (-81%)	 and	 Decongel	 (-97%).	
Bicarbonate	 activated	peroxide	 also	 showed	a	decrease	 in	 concentration,	 however	
there	 were	 not	 enough	 replicates	 to	 confirm	 this.	 The	 plasterboard	 panels	 also	
showed	up	to	a	77%	decrease	in	surface	concentration	of	methamphetamine	when	
stored	untreated	in	a	plastic	bag	for	up	to	179	days,	indicating	that	a	gradual	loss	of	
methamphetamine	from	surfaces	occurred	naturally.	

A	 few	 studies	 have	 explored	 the	 reaction	 between	 methamphetamine	 and	
hydrogen	peroxide.	Tanaka	et	al.	aimed	 to	 identify	 the	products	of	 this	 reaction	 in	
order	to	understand	the	effect	of	the	use	of	peroxide	containing	hair	treatments	on	
methamphetamine	 detection.188	 They	 used	 thin	 layer	 chromatography	 as	 well	 as	
liquid	 chromatography-mass	 spectrometry	 techniques	 to	 identify	 the	 products	 as	
ortho-,	 para-	 and	 meta-hydroxy	 methamphetamine.	 The	 oxidation	 of	 gas-phase	
methamphetamine	by		hydroxyl	ions	and	ozone	has	been	reported	to	produce	phenyl-
2-propanone,	 benzaldehyde,	 ethanedial	 and	 2-oxopropanal.189	 A	 recent	 study	
conducted	at	the	Environmental	Protection	Agency	investigated	the	use	of	alkalised	
hydrogen	 peroxide	 as	 a	 means	 for	 remediation	 of	 clandestine	 laboratories,	 and	
reported	decontamination	rates	greater	than	80%,	but	did	not	identify	the	resulting	
products.190	

With	the	exception	of	Nakayama	and	Forester,	none	of	the	studies	investigating	
the	effectiveness	of	methamphetamine	decontamination	reactions	have	attempted	or	
succeeded	 in	 identifying	 the	 reaction	 products	 formed.185,	 189	 It	 is	 unsafe	 to	 use	
specialised	 cleaning	 products	 for	 methamphetamine	 decontamination	 until	 the	
reaction	products	are	identified	and	ascertained	to	be	non-toxic,	or	easily	removed.	
This	leaves	contractors	with	no	other	alternative	to	detergent-washing	and	expensive	
disposal	and	removal	of	contaminated	surfaces.	
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1.7. Aims	of	the	project	
A	review	of	the	current	state	of	affairs	with	regards	to	the	 investigation	and	

remediation	of	 former	clandestine	methamphetamine	 laboratories	reveals	a	gap	 in	
the	body	of	information.191	This	project	aims	to	investigate	two	different	aspects	of	
clandestine	 methamphetamine	 laboratories-	 the	 detection	 of	 airborne	
methamphetamine	and	the	effective	remediation	of	contaminated	sites.		

Airborne	 methamphetamine	 has	 been	 detected	 during	 methamphetamine	
synthesis	 and	 at	 former	 clandestine	 laboratories,	 as	 respirable	 particles	 and	 in	
concentrations	that	could	be	injurious	to	health.66,	106	Despite	the	evidence,	there	has	
been	little	research	in	the	area	of	airborne	methamphetamine	sampling.	The	dynamic	
solid	phase	microextraction	sampling	method	developed	by	McKenzie	appears	to	be	
a	promising	and	suitable	technique	for	this	purpose.169	Further	research	is	required	
to	 improve	 the	 detection	 limits	 and	 understand	 the	 variables	 that	 may	 affect	 the	
analysis.	Therefore,	the	initial	objectives	of	this	project	were	to:	

• Improve	 the	 design	 of	 the	 vapour	 generation	 system	 to	 generate	 a	 more	
reproducible	stream	of	methamphetamine	vapour	in	both	dry	and	humid	nitrogen	
to	better	simulate	environmental	conditions.	

• Validate	 the	 calibration	 methods	 used	 by	 McKenzie	 for	 the	 sampling	 of	
methamphetamine	vapour.	

• Study	 the	effect	of	 relative	humidity	on	 the	 sampling	efficiency	of	 the	dynamic	
SPME	technique.	

• Compare	the	sampling	capabilities	of	different	SPME	fibre	chemistries.	
• Develop	and	validate	an	alternative	dynamic	sampling	method	 that	may	detect	

lower	concentrations	of	airborne	methamphetamine	than	dynamic	SPME.	
• The	 second	 aim	 of	 this	 research	 project	 was	 to	 lay	 the	 groundwork	 for	 the	

development	 of	 an	 inexpensive,	 effective	 method	 for	 the	 decontamination	 of	
methamphetamine.	To	that	end,	the	secondary	objectives	of	this	project	were	to:	

• Conduct	a	series	of	hydrogen	peroxide-based	oxidation	reactions	to	determine	the	
ability	of	the	reagents	to	degrade	methamphetamine.	

• Identify	the	reaction	products	formed	as	a	result	of	the	oxidative	degradation	of	
methamphetamine.	
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2. Experimental	methods

2.1. Dynamic	Solid	Phase	MicroExtraction	for	
sampling	airborne	methamphetamine	

The	 aim	 of	 the	 research	 discussed	 in	 this	 section	 was	 to	 improve	 on	 the	
previously	 developed	 dynamic	 solid	 phase	 microextraction	 technique	 used	 for	
sampling	 airborne	 methamphetamine	 at	 former	 clandestine	 methamphetamine	
laboratories.		

2.1.1. Vapour	generation	system	

2.1.1.1. Original	design	and	description	

The	vapour	generation	system	used	in	this	study	was	developed	by	McKenzie,	
based	on	a	design	reported	by	Johnson	et	al.192-193	A	schematic	for	the	vapour	dosing	
system	is	shown	below,	in	Figure	2.1.	

Figure	2.1	Schematic	of	original	vapour	generation	system	used	by	the	Miskelly	research	group	for	
generation	of	methamphetamine	vapour.	A	syringe	pump	is	used	to	dispense	a	measured	amount	of	
methamphetamine	in	a	suitable	carrier	solvent,	to	a	heated	injection	port,	where	it	evaporates	and	is	
carried	through	the	system	by	a	stream	of	nitrogen	flowing	at	a	fixed	rate.	The	long	outlet	tube	allows	
the	vapour	to	be	cooled	as	it	travels	through	to	the	outlet	funnel.	The	injection	port	(inset)	consists	of	
a	Silcosteel®	Swagelok®	tee-joint,	with	a	bevelled	glass	insert	against	which	the	tip	of	the	syringe	needle	
rests.	
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The	 analyte	 of	 interest	was	 dissolved	 in	 a	 suitable	 carrier	 solvent,	 such	 as	
acetonitrile	or	heptane,	and	dispensed	using	a	syringe	with	a	syringe	pump	(New	Era	
Pump	Systems)	 to	 control	 the	 rate	 of	 injection	 into	 the	 system.	The	 injection	port	
consisted	 of	 a	 SilcosteelÒ	 SwagelokÒ	 ⅜”	 reducing	 union	 tee	 with	 an	 Agilent	 BTO	

septum	fitted	at	one	end,	housed	inside	an	aluminium	block	that	was	heated	by	an IKA	

RCT	 basic	 heating	 plate.	 A	 custom-made	 free-floating	 bevelled	 glass	 dowel	 was	

inserted	into	the	union	tee	so	that	the	syringe	needle	tip	could	ride	up	on	its	surface	

and	allow	for	 improved,	uniform	dispersion	and	vapourisation	of	 the	solution.	The	
syringe	 was	 inserted	 through	 the	 septum	 until	 mild	 resistance	 was	 experienced,	
indicating	that	the	tip	of	the	needle	had	reached	the	surface	of	the	insert.	An	electronic	
mass	 flow	 controller	 (Alicat	 Scientific,	 MC-5-SLPM-D)	 regulated	 the	 flow	 of	 high	
purity	nitrogen	through	an	Anasorb/Tenax	hydrocarbon	scrubber	(SKC	Inc.)	and	then	
through	PFA	tubing	(¼	in	o.d.).	The	nitrogen	flow-rate	was	monitored	intermittently,	
using	a	mass	flowmeter	(TSI	Mass	Flowmeter	4100).	The	outlet	consisted	of	a	glass	
funnel	 attached	 to	 a	 ~70	 cm	 piece	 of	 Silcosteel®	 tube.	 The	 long	 tube	 allowed	 for	
sufficient	mixing	of	the	analyte	with	the	carrier	gas,	and	also	allowed	the	vapour	to	be	
cooled	to	room	temperature.	All	connections	were	made	using	Swagelok®	fittings	and	
PTFE	ferrules.		

2.1.1.2. Initial	testing	

Since	the	vapour	generation	system	had	been	dismantled	and	re-assembled,	
preliminary	testing	was	conducted	to	ensure	proper	functioning,	using	decane	as	the	
analyte	of	interest.	A	VOC-TRAQ®	portable	photo-ionisation	detector	(10.6	eV)	from	
MOCON-Baseline	was	used	to	monitor	the	concentration	at	the	outlet.	The	detector	is	
designed	 to	monitor	 and	 record	 the	 concentration	 of	 a	 variety	 of	 volatile	 organic	
compounds,	and	has	a	sensitivity	of	2-2000	ppm	±	3%.			

Approximately	35	µL	of	decane	(density=	0.73	g	mL-1)	was	taken	in	a	50	µL	
gas-tight	syringe	(SGE,	i.d.	1.030	mm).	Prior	to	the	injection	of	decane,	nitrogen	was	
allowed	to	flow	through	the	vapour	generation	system	at	200	mL	min-1	for	~20	min,	
to	purge	the	system	of	any	adsorbed	volatiles.	The	injection	block	was	heated	up	to	
90	°C,	and	decane	was	injected	into	the	system,	using	a	syringe	pump	(New	Era	NE-
1000)	at	a	rate	of	0.137	µL	min-1.	The	resulting	decane	vapour	had	a	concentration	of	
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500	mg	per	cubic	metre	of	nitrogen.	The	photo-ionisation	detector	was	connected	to	
a	laptop	computer	and	the	data	was	monitored	using	the	TRAQ-WARE	software.	

Figure	2.2	 shows	 the	 set-up	of	 the	 vapour	 generation	 system	 for	 the	 initial	
testing.	The	photoionisation	detector	continued	to	collect	and	 log	data	at	2	second	
intervals,	for	a	period	of	1	h,	and	the	average	concentration	and	standard	deviation	
values	over	this	time	period	were	calculated.		

	
Figure	2.2	 Initial	 vapour	 generation	 system,	used	by	McKenzie176,	 showing	 an	 aluminium	 injection	
block	 heated	 on	 a	 heating	 plate,	 with	 nitrogen	 flowing	 through.	 The	 syringe	 pump	 controls	 the	
dispensation	of	the	analyte	into	the	heated	injection	port.	The	analyte	vapour	is	sampled	at	the	outlet	
funnel	at	the	end	of	the	70	cm	Silcosteel®	outlet	tube	using	a	photoionisation	detector	or	the	dynamic	
solid	phase	microextraction	(SPME)	system	(not	pictured).	

2.1.1.3. Modifications	to	the	vapour	generation	system	

Changes	to	the	injection	block	

In	her	thesis,	McKenzie	reported	problems	with	the	glass	dowel	in	the	injection	
block,	which,	due	to	its	free-floating	nature,	was	sensitive	to	the	position	of	the	needle	
tip,	and	therefore	did	not	yield	reproducible	results.176	During	the	initial	testing	of	the	
system,	it	was	noted	that	the	glass	insert	would	move	either	upwards	or	downwards,	
depending	on	the	position	of	the	needle.	

To	first	establish	whether	the	insert	was	necessary	at	all,	an	experiment	was	
conducted	to	determine	the	variation	in	vapour	concentration	with	and	without	the	
glass	insert	inside	the	injection	tee-piece.	First,	the	experiment	was	carried	out	using	
a	regular	Swagelok®	union-tee	inside	the	injection	block.	Decane	was	injected	into	the	
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system	to	produce	~	500	mg	m-3	of	vapour	in	nitrogen,	and	the	concentration	was	
monitored	 using	 the	 photoionisation	 detector.	 Data	was	 collected	 every	 2	 s,	 for	 a	
period	of	15	min.		

Next,	the	union-tee	was	replaced	by	an	identical	tee	containing	the	bevelled	
glass	insert.	The	injection	block	was	heated	until	the	union	tee	had	reached	90	°C,	and	
then	the	decane	injection	experiment	was	repeated.		

Finally,	a	bevelled	SilcosteelÒ	insert	was	also	machined	for	the	same	purpose.	
Care	was	taken	to	ensure	that	the	dimensions	of	the	metal	insert	matched	the	internal	
diameter	 of	 the	union	 tee,	 so	 that	 a	 snug	 fit	was	obtained,	 and	 the	 insert	was	not	
displaced	by	the	insertion	and	removal	of	the	syringe	needle.	This	new	injection	tee	
was	also	trialled	in	the	same	manner.	

Figure	2.3	shows	a	comparison	of	the	cross-sectional	views	of	the	union	tees	
with	and	without	the	glass	or	metal	insert.		

	
Figure	2.3	Cross-sectional	 view	of	 the	 injection	port	 for	 the	 vapour	 generation	 system	with	 (a)	no	
insert,	(b)	bevelled	glass	insert	and	(c)	bevelled	metal	insert.	

Based	on	the	superior	performance	of	the	metal	insert,	it	was	used	all	further	
vapour	 generation	 experiments.	 This	was	 verified	 by	 repeating	 the	 experiment	 as	
described	 above,	 but	 using	 heptane	 as	 the	 analyte,	 with	 a	 concentration	 of		
204	mg	m-3	in	nitrogen.	

Incorporating	relative	humidity	

The	 experiments	 conducted	 by	 McKenzie	 involved	 the	 generation	 of	
methamphetamine	vapour	in	dry	nitrogen.177	This	system	was	not	comparable	to	a	
real-life	scenario,	where	the	high	relative	humidity	in	the	atmosphere	may	affect	the	
sorption	behaviour	of	the	analyte	on	the	SPME	fibre.	Therefore,	the	vapour	generation	
system	was	modified	to	control	the	relative	humidity	of	the	nitrogen	at	the	outlet.	It	
was	 hypothesised	 that	 bubbling	 a	 stream	 of	 dry	 nitrogen	 through	 an	 impinger	
containing	 water	 would	 saturate	 the	 stream	 with	 water	 vapour.	 To	 test	 this	
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hypothesis,	a	100	mL	borosilicate	glass	impinger,	fitted	with	a	Teflon	O-ring,	was	filled	
with	50	mL	of	Type	I	water.	A	female	Swagelok®	nut	(¼”)	and	PTFE	ferrules	were	
attached	 to	 the	 glass	 inlet	 and	 outlet,	 and	 secured	 in	 place	 using	 Teflon	 tape		
(Figure	2.4).	The	impinger	was	then	partially	submerged	in	an	electronically	heated	
water	bath,	to	maintain	its	temperature	at	~25°	C.	PFA	tubing	was	used	to	connect	
the	mass	flow	controller	to	the	inlet,	with	the	help	of	Swagelok®	fittings.	The	outlet	of	
the	impinger	was	connected	to	the	Silcosteel®	outlet	of	the	vapour	generation	system	
in	the	same	manner.			

	
Figure	2.4	Initial	setup	for	the	incorporation	of	humidity	in	the	vapour	generation	system.	Nitrogen	
was	bubbled	through	a	glass	impinger,	placed	in	a	water	bath	at	25°C,	containing	50	mL	Type	I	water.	
SwagelokÒ	fittings	and	PFA	tubing	were	used	for	nitrogen	flow	through.	

A	 humidity	meter	 (EasyLog	EL-USB-2-LCD,	 Lascar	Electronics)	was	used	 to	
measure	 the	 humidity	 of	 the	 nitrogen	 at	 the	 outlet.	 The	 humidity	 meter	 had	 an	
operational	range	of	0-100%	RH	(±	2.25%)	a	temperature	range	of	-35	°C	to	80	°C		
(±	0.5	°C).	It	could	record	and	store	both	temperature	and	relative	humidity	values	
every	10	s;	the	data	could	then	be	transferred	to	a	computer	using	a	standard	USB	2.0	
port,	and	analysed	using	EL-WIN-USB	software	(Lascar	Electronics).		

Nitrogen	flowed	through	the	system	at	100	mL	min-1,	for	a	period	of	20	min,	
and	 the	 relative	 humidity	 at	 the	 outlet	 was	 monitored.	 However,	 the	 maximum	
attainable	 value	 of	 relative	 humidity	 was	 only	 61%	 using	 this	 configuration,	 so	 a	
second	impinger	was	placed	in	series	with	the	first.	A	short	piece	of	¼”	PFA	tubing	
was	used	to	connect	the	nitrogen	flowing	out	from	the	first	impinger,	in	to	the	next.	A	
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maximum	relative	humidity	value	of	91%	was	attained	using	the	new	system.	Upon	
increasing	 the	 temperature	 of	 the	water	 bath	 from	 25	 °C	 to	 35	 °C,	 the	maximum	
relative	humidity	reached	95%.		

The	 large	 surface	 area	 of	 the	 Lascar	 humidity	 meter	 posed	 a	 slight	
disadvantage,	as	it	was	exposed	not	just	to	the	vapour	stream,	but	also	to	the	external	
environment.	 Therefore,	 a	 different	 type	 of	 humidity	meter	was	 tested.	 The	 USB-
TRH200	USB	temperature	and	humidity	sensor	from	Dracal	Technologies,	consists	of	
an	 exposed	 digital	 sensor	 chip,	 powered	 by	 a	USB	 cable.	 The	 sensor	 is	 capable	 of	
measuring	 relative	 humidity	 between	 0-100%	 ±	 2.0%	 and	 temperatures	 between		
-20	 °C	 to	70	 °C,	 and	 is	 supported	by	 the	 free	QTenki	data	 logger	 software	 (Dracal	
Technologies).				

The	 experiment	 described	 above	 was	 repeated	 with	 the	 new	 sensor.	 The	
relative	humidity	was	measured	over	a	period	of	20	min,	and	a	maximum	value	of	
100%	 was	 obtained.	 Therefore,	 the	 USB-TRH200	 sensor	 was	 used	 to	 verify	 the	
relative	humidity	values	for	all	following	experiments.		

Controlling	relative	humidity	

Dry	and	100%	humid	nitrogen	were	mixed	in	specific	ratios	to	control	the	final	
relative	humidity	 at	 the	outlet	of	 the	vapour	generation	 system.	The	nitrogen	was	
supplied	by	a	cylinder	(BOC	Gas,	NZ),	using	¼”	PFA	tubing	and	a	SwagelokÒ	union-tee	
to	split	the	flow	into	two.	An	Alicat	Mass	Flow	Controller	(Alicat	Scientific)	was	used	
in	conjunction	with	the	HyperTerminal	software	(Hilgraeve	Inc.)	to	control	the	flow	
of	dry	nitrogen.	A	multi-tube	rotameter	(Omega)	was	calibrated	using	an	independent	
mass	flowmeter	(TSI),	and	was	used	to	control	the	flow	of	nitrogen	into	the	impingers.	
A	flowmeter	tube	with	a	flow-through	capacity	of	0-2400	mL	min-1	of	nitrogen	was	
connected	 to	 the	 nitrogen	 cylinder	 supply,	 using	 ¼”	 PFA	 tubing	 with	 Swagelok®	
fittings.	¼”	PFA	tubing	connected	the	rotameter	outlet	to	the	two	impingers	in	series	
containing	 Type	 I	 water	 (50	 mL	 each),	 and	 the	 dry	 and	 humid	 nitrogen	 were	
connected	downstream	using	a	Swagelok®	union	tee.	Figure	2.5	shows	a	schematic	of	
the	set-up	for	humidity	control	within	the	vapour	generation	system.		
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Figure	2.5	Schematic	of	the	set-up	used	for	the	control	of	relative	humidity	in	the	vapour	generation	
system.	

The	new	set-up	was	used	to	control	the	relative	humidity	of	the	nitrogen	at	the	
outlet	and	measurements	were	obtained	over	20	minute	periods.		

2.1.1.4. Effect	of	relative	humidity	on	concentration	

To	observe	the	effect	of	relative	humidity	on	the	measured	concentration	of	
decane,	the	solution	was	injected	into	dry	nitrogen,	and	then	mixed	and	diluted	with	
humid	 nitrogen.	 To	 accomplish	 this,	 the	 injection	 port	 and	 syringe	 pump	 were	
installed	downstream	of	the	mass	flow	controller,	as	shown	in	Figure	2.6.	A	~70	cm	
long	outlet	tube	was	connected	to	the	union	tee	to	facilitate	proper	mixing	of	the	dry	
and	humid	nitrogen	streams.	

Figure	2.6	Schematic	showing	the	vapour	generation	system	used	to	test	the	effect	of	relative	humidity	
on	decane	concentration.	

The	injection	port	was	heated	to	an	internal	temperature	of	90	°C,	and	both	
impingers	were	filled	with	50	mL	of	Type	I	(Ultrapure)	water	and	placed	in	a	water	
bath	at	35	°C.	A	50	µL	gas-tight	syringe	was	filled	with	approximately	40	µL	of	decane,	
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and	placed	in	the	syringe	pump.	The	two	streams	of	nitrogen	were	allowed	to	flow	
through	the	system	so	that	at	any	given	time	the	flow	rate	at	the	outlet	was	1	L	min-1.	
The	decane	was	injected	at	0.137	µL	min-1,	and	the	concentration	was	measured	over	
30	minute	periods,	using	the	photoionisation	detector.	The	values	of	relative	humidity	
were	changed	in	a	random	order.	For	each	change	in	the	relative	humidity,	the	system	
was	allowed	to	equilibrate	for	20	min	before	measurements	were	undertaken.	The	
relative	humidity	and	temperature	at	the	outlet	were	monitored	continuously,	while	
the	nitrogen	flow	rate	was	measured	intermittently	using	the	mass	flowmeter.		

2.1.2. Preliminary	Dynamic	Solid	Phase	MicroExtraction	
(SPME)	

2.1.2.1. Conditioning	of	SPME	fibres	

Two	different	types	of	solid	phase	microextraction	(SPME)	fibres	were	used	
for	these	experiments-	a	100	µm	PDMS	(polydimethylsiloxane)	standard	23	Ga	needle	
(red),	 and	 a	 50/30	 µm	 DVB/CAR/PDMS	 (divinylbenzene/carboxen/	
polydimethylsiloxane)	StableFlex	needle	(grey).			

The	 dynamic	 SPME	 system	 used	 by	McKenzie	 consisted	 of	 a	 commercially	
available	 SPME	 fibre	 (Supelco),	 in	 a	 standard	 SPME	 fibre	 holder,	 that	 could	 be	
screwed	into	one	end	of	a	dynamic	sampler.169	The	sampler	consisted	of	a	length	of	
Silcosteel®	tubing,	with	a	side-arm	that	could	be	connected	to	an	air-sampling	pump	
(SKC	Model	224-PCXR4).	The	sampler	was	designed	in	a	way	that	allowed	the	exposed	
SPME	fibre	to	be	positioned	over	the	side-arm.	In	this	way,	when	the	air	sampler	was	
turned	on,	the	air	was	drawn	across	the	surface	of	the	fibre.	Figure	2.7	shows	a	cross-
section	of	the	dynamic	SPME	sampler.		

	
Figure	2.7	Cross-sectional	view	of	the	dynamic	SPME	sampler	used	by	McKenzie,	showing	the	position	
of	the	SPME	fibre	when	exposed.169	
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Before	 use,	 the	 SPME	 fibres	 were	 conditioned	 according	 to	 manufacturer	
instructions.	 An	 Agilent	 7890A	 gas	 chromatograph	 inlet	 was	 fitted	 with	 a	 SPME	
injection	 port	 liner	 and	 heated	 up	 to	 250	 °C	 with	 helium	 flowing	 through	 at		
1	mL	min-1.	For	the	CAR/DVB/PDMS	fibre,	the	inlet	temperature	was	set	to	270	°C.	
The	SPME	fibre	needle	was	inserted	into	the	injection	port,	and	the	fibre	was	exposed	
inside	the	injection	port	 liner,	 for	1	h.	At	the	end	of	that	time	period,	the	fibre	was	
retracted	and	removed,	and	the	column	oven	was	heated	up	to	300	°C	for	30	min.	The	
fibre	was	 then	 introduced	 into	 the	 injection	 port	 again,	 and	 a	 blank	 analysis	was	
conducted	 on	 the	 GC/MS.	 The	 method	 parameters	 for	 the	 SPME	 analysis	 are	
presented	in	Table	2.1.	If	the	background	trace	for	the	SPME	blank	analysis	was	too	
high,	or	contained	extraneous	peaks,	 the	conditioning	process	was	repeated,	 in	30	
minute	durations,	until	a	clean	background	was	obtained.		

Table	2.1	GC/MS	parameters	for	SPME	fibre	analysis	

Parameter	 Value	

Inlet	temperature	 250	°C	
Injection	mode	 Splitless	
Carrier	gas	 Helium	
Pressure	 6.38	psi	
Septum	purge	flow	 3.2	mL	min-1,	30	mL	min-1	after	1.5	min	to	vent	
Column	 Rx-i	5	MS	(5%	phenyl	methyl	siloxane)	
Oven	 temperature	
programme	

40	 °C	 for	 2.5	min,	 then	 40	 °C/min	 to	 300	 °C	 for		
3	min	

Transfer	line	temperature	 280	°C	
Source	temperature	 230	°C	
Ionisation	mode	 Electron	impact	(EI)	
Scan	parameters	 m/z	38-	m/z	280	
	

2.1.2.2. Repeatability	of	dynamic	solid	phase	microextraction	at	0%	
relative	humidity	using	a	PDMS	fibre	

A	100	µg	mL-1	solution	of	n-tetradecane	was	prepared	by	dissolving	1.31	mL	
of	n-tetradecane	up	to	10	mL	in	heptane.	A	50	µL	gas	tight	syringe	was	 filled	with		
~40	µL	of	the	n-tetradecane	solution.	The	vapour	generation	system	injection	block	
was	 heated	 to	 an	 internal	 temperature	 of	 111	 °C,	 as	 this	 had	 previously	 been	
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experimentally	determined	to	be	an	adequate	temperature	for	this	purpose.	Nitrogen	
flowed	through	the	system	at	2	L	min-1,	and	the	n-tetradecane	solution	was	injected	
to	 produce	 n-tetradecane	 concentration	 of	 ~8.33	 µg	 m-3	 in	 nitrogen.	 The	 vapour	
generation	system	was	allowed	to	equilibrate	for	20	min	before	sampling.	A	PDMS	
SPME	 fibre	 was	 attached	 to	 the	 dynamic	 sampler	 and	 placed	 at	 the	 outlet	 of	 the	
vapour	generation	system,	without	fully	occluding	it.	The	fibre	was	exposed,	and	the	
air	sampling	pump	sampled	the	air	at	1	L	min-1.	

The	sampling	was	continued	for	a	period	of	10	min,	after	which	the	pump	was	
turned	off,	the	fibre	retracted	and	immediately	desorbed	in	the	inlet	of	the	GC/MS	for	
analysis.	The	ions	m/z	57	and	m/z	43	were	used	to	identify	tetradecane,	and	the	peak	
area	for	the	former	was	used	for	quantitation.	Sampling	and	analysis	were	repeated	a	
total	 of	 6	 times,	 and	 the	 average	 peak	 area	 and	 standard	 deviation	 values	 were	
calculated.	Two	different	PDMS	fibres	were	used	for	the	measurements,	and	the	inter-	
and	intra-fibre	variations	were	also	determined.	

2.1.2.3. Relationship	between	dynamic	sampling	time	and	peak	area	

The	 relationship	 between	 the	 sampling	 time	 and	 the	 peak	 area	 for		
n-tetradecane	was	then	determined.	The	vapour	generation	system	was	equilibrated	
with	~8.33	µg	m-3	of	n-tetradecane	vapour	in	100%	dry	nitrogen.	The	dynamic	SPME	
sampler	was	 then	used	 to	sample	 the	n-tetradecane	vapour	at	1	L	min-1,	using	 the	
PDMS	 fibre,	 for	between	0.5	 to	40	min,	 in	 a	 randomised	order.	After	 the	 requisite	
sampling	time,	the	fibre	was	immediately	analysed	using	GC/MS	and	the	peak	area	of	
the	 n-tetradecane	 (m/z	 57)	 was	 calculated	 using	 the	 default	 autointegration	
parameters	on	the	MassHunter	software	(Agilent).	

2.1.2.4. Effect	of	relative	humidity	on	n-tetradecane	peak	area	

Once	 the	 dynamic	 sampling	 system	 had	 been	 tested	 under	 0%	 relative	
humidity	conditions,	the	vapour	generating	system	was	re-configured	to	incorporate	
relative	 humidity.	 The	 nitrogen	 supply	 was	 split	 using	 a	 Swagelok®	 union-tee	 to	
produce	two	separate	streams	of	dry	and	100%	humid	nitrogen,	and	the	flow	of	the	
two	 streams	 was	 controlled	 to	 produce	 ~8.33	 µg	 m-3	 of	 n-tetradecane	 vapour	 in	
nitrogen	 with	 0%,	 30%,	 50%,	 70%	 or	 90%	 relative	 humidity.	 n-tetradecane	 was	
always	injected	into	a	stream	of	dry	nitrogen,	and	then	diluted	with	humid	nitrogen	
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downstream.	The	various	relative	humidity	values	were	selected	in	a	random	order,	
and	 the	 relative	 humidity	 at	 the	 outlet	 was	 measured	 intermittently	 using	 the	
humidity	 meter.	 A	 total	 of	 three	 samples	 were	 taken	 for	 each	 value	 of	 relative	
humidity.	

A	 trend	 was	 observed	 in	 the	 peak	 area	 of	 n-tetradecane	 and	 the	 order	 of	
sampling,	i.e.	the	first	sample	in	a	series	had	a	significantly	smaller	peak	area	than	the	
last,	irrespective	of	the	relative	humidity.	This	led	us	to	hypothesise	that	the	~70	cm	
outlet	 tube	 that	 was	 used	 downstream	 of	 the	 injection	 port	 was	 not	 allowing	 for	
sufficient	mixing	of	the	dry	and	humid	nitrogen,	causing	some	of	the	n-tetradecane	to	
be	adsorbed	within	the	system.	To	correct	for	this,	the	use	of	a	stainless-steel	manifold	
and	a	1.5	L	glass	mixing	chamber	were	investigated	(Figure	2.8).		
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Figure	2.8	Schematic	showing	the	vapour	generation	system	with	(a)	stainless	steel	manifold	and	(b)	
a	1.5	L	glass	mixing	chamber,	installed	to	facilitate	improved	mixing	of	the	analyte	vapour	in	the	two	
streams	of	dry	and	humid	nitrogen.	

The	glass	mixing	chamber	provided	the	best	results	in	terms	of	measurement	
consistency,	however,	it	had	previously	been	noted	by	McKenzie	that	non-silanised	
surfaces	 tended	 to	 act	 as	 a	 reservoir	 for	 methamphetamine,	 causing	 carryover	
problems.176	To	prevent	this,	the	glass	mixing	chamber	was	replaced	with	a	Siltek®		
500	mL	sampling	canister	(Restek).	The	Siltek®	canister	is	a	stainless	steel	sampling	
canister	that	has	been	treated	with	a	passivating	surface	treatment	of	fused	silica	that	
prevents	surface	adsorption	of	chemical	compounds.194	The	outlet	tube	for	the	vapour	
generation	system	was	replaced	by	a	short	piece	of	Silcosteel®	tubing	to	decrease	the	
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size	of	the	overall	system,	and	the	Siltek®	canister	was	simply	connected	to	the	union	
tee	mixing	the	two	streams	of	nitrogen,	using	a	Silco®-treated	Swagelok®	¼	in	male	
connector.	 All	 subsequent	 vapour	 generation	 and	 sampling	 experiments	 were	
conducted	using	this	redesigned	system	(Figure	2.9).		

	
Figure	2.9	Vapour	generation	system	used	for	the	production	of	methamphetamine	vapour	in	dry	and	
humid	nitrogen.	

2.1.3. Preparation	of	free	base	methamphetamine	and	d9-
methamphetamine	

2.1.3.1. Chemicals	

Acetonitrile	(J.T.	Baker,	99.9%	HPLC	grade)	

Dichloromethane	A.R.	(J.T.	Baker,	99.5%)	

Methamphetamine	hydrochloride	(1	mg	mL-1)	in	methanol	(Cerilliant)	

Methamphetamine-	d9	(1	mg	mL-1)	in	methanol	(Cerilliant)	

Pesticide	grade	glass	wool	(Sigma	Aldrich)	

Sodium	hydroxide	pellets	(Scharlau,	assay	98.5%)	

Sodium	sulfate,	anhydrous	(ECP	Ltd.,	assay	99.0%)	

2.1.3.2. Procedure	 for	 the	 preparation	 of	 free-base	
methamphetamine	and	d9-methamphetamine	

100	 µg	 mL-1	 solutions	 of	 methamphetamine	 free	 base	 and	 d9-
methamphetamine	 free	 base	 in	 acetonitrile	 were	 prepared	 from	 the	 standard	
hydrochloride	solutions	 in	methanol	(1	mg	mL-1),	 following	the	procedure	used	by	
McKenzie.176	

Silcosteel	canister	

Water	Syringe	

Injection	block	
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Briefly,	 1	 mL	 of	 the	 standard	methamphetamine	 hydrochloride	 solution	 in	
methanol	 was	 transferred	 to	 a	 clean,	 16	 mm	 ×100	 mm	 screw-capped	 test	 tube	
(Kimax),	 and	 1	mL	 of	 dichloromethane	was	 added.	 1	mL	 of	 aqueous	 1	M	 sodium	
hydroxide	solution	was	added	to	the	test-tube,	which	was	then	capped	and	vortexed	
on	high	for	3	min,	and	then	centrifuged	at	990	rpm	for	5	min.	The	organic	layer	was	
passed	through	a	short	column	of	anhydrous	sodium	sulfate,	and	collected	in	a	glass	
vial.	 2	mL	 of	 dichloromethane	was	 added	 to	 the	 test-tube	 containing	 the	 aqueous	
layer,	 which	 was	 then	 vortexed	 and	 centrifuged.	 The	 organic	 layer	 was	 passed	
through	anhydrous	sodium	sulfate,	and	combined	with	the	first	organic	layer.	The	vial	
was	placed	in	a	digital	dry	bath	at	26	°C,	and	the	volume	was	reduced	to	~1	mL,	under	
a	gentle	stream	of	nitrogen.	The	dichloromethane	containing	the	methamphetamine	
free	base	was	then	transferred	to	a	10	mL	volumetric	flask,	and	made	up	to	the	mark	
with	acetonitrile,	to	produce	a	100	µg	mL-1	solution	of	methamphetamine	free	base	in	
acetonitrile.		

The	d9-methamphetamine	free	base	solution	(100	µg	mL-1	in	acetonitrile)	was	
prepared	in	an	identical	manner,	from	standard	d9-methamphetamine	in	methanol		
(1	mg	mL-1).	

2.1.3.3. Liquid	 injection	GC/MS	analysis	of	methamphetamine	and	
d9-methamphetamine	free	base	

To	confirm	total	extraction	of	 the	methamphetamine/d9-methamphetamine	
from	their	hydrochloride	standard,	the	solutions	were	analysed	using	liquid	injection	
GC/MS.	The	freshly	prepared	methamphetamine	free	base	solution	was	diluted	100×	
in	dichloromethane,	and	1	µL	of	this	solution	was	injected	into	the	GC	for	analysis.	An	
Agilent	7683	Autosampler	and	 injector	were	used	 for	 reproducible	 injections.	The	
parameters	 used	 for	 the	 liquid	 injection	 analysis	 are	 presented	 in	 Table	 2.2.	 A	
previously	prepared	100	µg	mL-1	methamphetamine	solution	in	acetonitrile	was	used	
for	 comparison.	 All	 samples	 were	 analysed	 in	 triplicate,	 with	 blank	 acetonitrile	
injected	 between	 samples	 to	 ensure	 that	 no	 carryover	 had	 occurred.	 The	 peak	
retention	times	and	ions	m/z	58	and	m/z	91	were	used	to	identify	methamphetamine,	
and	ions	m/z	65	and	m/z	93	were	used	to	identify	d9-	methamphetamine.	The	peak	
areas	of	ions	m/z	58	and	m/z	65	were	used	to	quantify	methamphetamine	and	d9-
methamphetamine,	respectively.	
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Table	 2.2	 GC/MS	 parameters	 used	 for	 liquid	 injection	 analysis	 of	 methamphetamine	 and	 d9-
methamphetamine	

Parameter	 Value	

Inlet	temperature	 250	°C	
Injection	mode	 Split	
Split	ratio	 5:1	
Carrier	gas	 Helium	
Pressure	 6.38	psi	
Split	flow	 5	mL	min-1	
Column	 Rx-i	5	MS	(5%	phenyl	methyl	siloxane)	
Oven	temperature	
programme	

40	 °C	 for	 2.5	 min,	 then	 40	 °C/min	 to		
300	°C	for	3	min	

Transfer	line	temperature	 280	°C	
Source	temperature	 230	°C	
Ionisation	mode	 Electron	impact	(EI)	
Scan	parameters	 m/z	38-	m/z	280	
	

A	calibration	curve	was	constructed	by	analysing	the	following	concentrations	
of	 methamphetamine	 in	 dichloromethane:	 5	 µg	 mL-1,	 10	 µg	 mL-1,	 15	 µg	 mL-1,		
20	µg	mL-1,	25	µg	mL-1,	and	50	µg	mL-1.	All	analyses	were	conducted	in	triplicate.	Base	
peak	chromatograms	were	extracted	(m/z	58),	and	integration	of	the	extracted	ion	
chromatograms	 was	 performed	 using	 the	 MassHunter	 (Agilent	 Technologies)	
software.	

2.1.4. Dynamic	SPME	sampling	of	methamphetamine	at	
varying	relative	humidity	

2.1.4.1. Effect	of	relative	humidity	on	methamphetamine	peak	area	

A	blank	SPME	analysis	was	conducted	before	each	set	of	experiments	to	ensure	
that	the	fibre	was	clean.	A	background	methamphetamine	reading	was	obtained	by	
collecting	a	10	min	SPME	exposure	sample	at	1	L	min-1,	with	 just	nitrogen	flowing	
through	the	system	(2	L	min-1)	at	0%,	30%,	50%	or	70%	relative	humidity.	

The	injection	port	of	the	vapour	generation	system	was	heated	to	an	internal	
temperature	of	185	°C.	A	100	µL	gas-tight	syringe	was	rinsed	with	both	acetonitrile	
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and	 the	 methamphetamine	 solution,	 before	 filling	 it	 with	 ~90	 µL	 of	 the	
methamphetamine	solution.	The	tip	of	the	syringe	was	allowed	to	remain	in	contact	
with	the	metal	insert	for	approximately	10	min,	to	allow	the	tip	to	be	heated	before	
the	 syringe	 pump	 was	 turned	 on	 at	 a	 flow	 rate	 of	 5	 µL	 h-1.	 The	 resulting	
methamphetamine	vapour	had	a	concentration	of	~4.2	µg	m-3	in	nitrogen.	

Before	conducting	any	methamphetamine	vapour	sampling	experiments,	the	
vapour	generation	system	was	saturated	with	methamphetamine	vapour	overnight,	
to	fully	equilibrate	the	system.	Subsequently,	the	vapour	dosing	system	was	allowed	
to	 equilibrate	 for	 a	minimum	of	 4.5	 h,	whenever	 the	 relative	 humidity	within	 the	
system	was	altered.	Once	it	had	reached	steady	state,	the	SPME	fibre	was	exposed	to	
the	vapour,	with	the	assistance	of	the	air	sampling	pump,	as	described	before.	

Six	replicates	of	10	min	exposure	samples	were	collected	for	each	of	the	four	
following	values	of	relative	humidity:	0%,	30%,	50%	and	70%.	All	humidity	values	
were	selected	in	a	random	order,	and	the	experiments	were	conducted	over	a	number	
of	days.	The	 flow	rate	of	nitrogen,	 temperature	and	 relative	humidity	values	were	
independently	 monitored	 at	 the	 start,	 end,	 and	 intermittently	 throughout	 the	
experiment.		

It	was	observed	early	on	that	the	concentration	of	methamphetamine	from	the	
vapour	dosing	system	would	decrease	in	the	samples	collected	immediately	after	a	
highly	humid	 stream	of	nitrogen	 (50%	or	70%	RH)	had	been	 flowing	 through	 the	
system.	Therefore,	a	longer	equilibration	time	of	12	h	was	employed.	

2.1.4.2. Relationship	 between	 sampling	 time	 and	
methamphetamine	peak	area	

To	 observe	 the	 effect	 of	 sampling	 time	 on	 methamphetamine	 peak	 area,	
another	 set	 of	 experiments	was	 conducted.	 Blank	 SPME	 analyses	were	 conducted	
using	both	SPME	fibres	to	ensure	that	they	were	free	of	contamination.	Dry	or	humid	
nitrogen	was	allowed	to	flow	through	the	vapour	generation	system	at	2	L	min-1,	and	
10	min	 dynamic	 SPME	 exposure	 samples	were	 collected	 at	 1	 L	min-1,	 to	 obtain	 a	
background	reading.	Methamphetamine	was	then	injected	through	the	system	using	
a	syringe	pump	at	5	µL	h-1,	and	the	system	was	allowed	to	equilibrate	for	a	period	of	
4.5	h.	Following	that,	the	fibre	was	exposed	to	the	vapour	for	a	period	of	0,	5,	10,	20	
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or	40	min,	in	a	random	order.	After	sampling,	the	fibre	was	retracted	and	immediately	
desorbed	in	the	injection	port	of	the	GC/MS	for	analysis.	

The	experiment	was	conducted	at	0%,	30%,	50%,	and	70%	relative	humidity,	
in	a	random	order.	The	temperature,	nitrogen	flow	rate	and	relative	humidity	values	
were	 independently	monitored	at	 the	start,	 end	and	 intermittently	 throughout	 the	
experiment.	 Three	 replicates	were	 collected	 for	 each	 specified	 sampling	 time,	 and	
each	of	the	values	of	relative	humidity,	resulting	in	a	total	of	60	samples	(n=	3×5×4).	
Whenever	 the	 value	 for	 relative	 humidity	was	 altered,	 the	 system	was	 allowed	 to	
equilibrate	for	a	suitable	period	of	time,	between	4.5	to	12	h.		

2.1.4.3. Effect	of	pulsed	sampling	of	methamphetamine	

It	 was	 necessary	 to	 establish	 whether	 the	 sampling	 of	 uncontaminated	 air	
resulted	in	the	displacement	of	adsorbed	methamphetamine	from	an	SPME	fibre.	To	
test	this,	methamphetamine	vapour	was	generated	in	dry	nitrogen	(4.2	µg	m-3),	and	
the	system	was	allowed	to	equilibrate	for	a	period	of	4.5	h.	At	the	end	of	this	time	
period,	 the	dynamic	 SPME	 sampler	was	placed	 at	 the	 system	outlet	 to	 sample	 the	
methamphetamine	vapour	at	1	L	min-1	for	10	min	and	20	min.	This	was	repeated	in	
triplicate,	and	the	average	GC/MS	peak	area	for	methamphetamine	for	each	of	the	two	
exposure	times	were	calculated.		

Once	the	instrument	response	was	established,	an	experiment	was	conducted	
to	 investigate	 the	 displacement	 of	methamphetamine	 from	 the	 SPME	 fibre	 during	
active	sampling	of	uncontaminated	air.	Methamphetamine	vapour	was	first	sampled	
for	10	min,	 after	which	 the	 sampling	pump	was	 switched	off.	 The	SPME	 fibre	 and	
dynamic	sampler	were	then	moved	to	an	adjacent	laboratory,	and	the	air	within	the	
laboratory	was	sampled	for	another	period	of	10	min,	at	1	L	min-1.	Directly	after	this,	
the	SPME	fibre	was	introduced	into	the	inlet	of	the	GC/MS	and	analysed.		

The	displacement	experiment	was	repeated	using	two	successive	iterations	of	
sampling	methamphetamine	vapour	for	10	min,	followed	by	uncontaminated	lab	air	
for	10	min,	before	analysis.	In	this	way,	the	fibre	was	exposed	to	methamphetamine	
vapour	for	a	total	of	20	min.	The	methamphetamine	peak	area	obtained	by	this	pulsed	
sampling	of	methamphetamine	vapour	was	then	compared	to	the	peak	area	for	10	
and	20	min	of	continuous	sampling.	
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2.1.4.4. Comparison	of	PDMS	and	DVB/CAR/PDMS	SPME	 fibres	 for	
the	dynamic	sampling	of	airborne	methamphetamine	

The	 sampling	 efficiencies	 of	 two	 different	 types	 of	 SPME	 fibres	 were	
compared:	 a	 100	 µm	 polydimethylsiloxane	 (PDMS)	 fibre	 and	 a	 50/30	 µm	
divinylbenzene/	 carboxen/	 polydimethylsiloxane	 (DVB/CAR/PDMS)	 fibre,	 both	
purchased	from	Supelco.	The	fibres	were	conditioned	at	270	°C	(DVB/CAR/PDMS)	or	
250	°C	(PDMS)	in	the	inlet	of	the	GC/MS	with	helium	flowing	through,	according	to	
manufacturer	instructions,	prior	to	use,	and	blank	analyses	were	conducted	with	each	
fibre	to	ensure	that	they	were	free	of	any	chemical	contamination.		

10	 min	 dynamic	 background	 samples	 were	 collected	 from	 the	 vapour	
generation	system,	prior	to	equilibrating	the	system	with	methamphetamine	in	dry	
or	humid	nitrogen	for	4.5	h.	The	two	SPME	fibres	were	used	alternately	to	sample	the	
methamphetamine	vapour	at	1	L	min-1,	so	that	a	total	of	six	samples	were	obtained	
using	each	fibre.	The	fibres	were	introduced	into	the	inlet	of	the	GC/MS	immediately	
after	sampling,	and	analysed	using	the	GC/MS	method	parameters	described	in	Table	
2.1.	This	was	repeated	for	methamphetamine	vapour	in	nitrogen	at	0%,	30%,	50%	
and	 70%	 relative	 humidity,	 and	 the	 average	 methamphetamine	 peak	 areas	 were	
calculated	and	compared.	
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2.2. Capillary	microextraction	for	sampling	
airborne	methamphetamine	

The	aims	of	the	experimental	research	described	below	were	to	create	the	high	
surface	 area	 capillary	microextraction	 devices	 described	 by	 Almirall	 et	 al.,	 and	 to	
study	 their	 application	 in	 the	 sampling	 and	 subsequent	 analysis	 of	 airborne	
methamphetamine.195	

2.2.1. Fabrication	of	devices	

2.2.1.1. Materials	

The	devices	were	fabricated	following	the	procedure	reported	by	Almirall	et	
al.,	 described	 below.195	 The	 following	 materials	 and	 chemicals	 were	 used	 for	 the	
process:	

Glass	fibre	filters	(Sartorius	Stedium	Biotech.,	4.7	cm	dia	.)	

Hydrogen	peroxide	(Univar,	30%)	

Sulfuric	acid	(J.	T.	Baker,	95-98%)	

Sodium	hydroxide	(ECP	Ltd.,	97%	assay)	

Polydimethylsiloxane,	vinyl-terminated	(Sigma	Aldrich,	m.w.	~25000)	

Polymethylhydrosiloxane	(Sigma	Aldrich	m.w.	~	1700-3200)	

Dichloromethane	A.R.	(Scharlau,	99.9%)	

Methyltrimethoxysilane	(Sigma	Aldrich,	98%)	

Trifluoroacetic	acid	(Applichem,	99.5%)	

Isopropanol	AR	(ECP	Ltd,	99.5%)	

Glass	NMR	tubes	(Norell	Inc.,	3	mm	o.d.)	

2.2.1.2. Reagent	preparation	

Piranha	cleaning	solution:	

	A	500	mL	glass	beaker	containing	40	mL	of	30%	hydrogen	peroxide	and	a	
magnetic	stirrer	bar,	was	placed	on	a	stirrer	plate	(IKA-RCT).	The	solution	was	stirred	
constantly,	at	a	slow	speed.	80	mL	concentrated	sulfuric	acid	was	slowly	added	to	the	
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hydrogen	peroxide	until	the	mixture	was	mixed	thoroughly.	The	solution	was	allowed	
to	cool	to	room	temperature	before	use.		

95%	trifluoroacetic	acid	(95%	aq.	TFAA)	solution:		

0.5	mL	of	Type	I	water	was	added	to	a	10	mL	volumetric	flask,	and	the	solution	
was	made	up	to	the	mark	by	the	dropwise	addition	of	trifluoroacetic	acid.	The	flask	
was	then	capped	and	mixed	thoroughly	by	inverting	it	3-5	times.		

Sol-gel	polydimethylsiloxane	solution:		

2.060	g	of	vinyl-terminated	polydimethylsiloxane	 (vt-PDMS)	was	 taken	 in	a		
25	 mL	 glass	 beaker,	 along	 with	 8	 mL	 of	 dichloromethane.	 0.535	 g	 of	
polymethylhydrosiloxane	 was	 taken	 in	 another	 25	 mL	 beaker,	 and	 1.10	 mL	 of	
methyltrimethoxysilane	was	 added	 to	 it.	 The	 PDMS	 solution	was	 poured	 into	 this	
mixture	 along	 with	 0.875	 mL	 of	 95%	 aq.	 TFAA.	 The	 polymer	 solution	 was	 then	
transferred	to	a	16	mm	×	100	mm	screw-capped	test	tube	(Kimax),	vortexed	on	high	
for	5	min,	and	allowed	to	stand	for	30	min	before	use.	

2.2.1.3. Cleaning	and	preparation	of	glass	fibre	filters	

Prior	 to	coating	with	 the	PDMS	solution,	 the	glass	 fibre	 filters	needed	 to	be	
cleaned	of	any	organic	contaminants.	Approximately	50	mL	of	the	piranha	solution	
was	 poured	 into	 a	 glass	 petri	 dish,	 and	 the	 filter	 circles	were	 introduced	 into	 the	
solution	using	Teflon	tweezers.	The	circles	were	dipped	into	the	solution	repeatedly	
for	2-3	min	until	the	small	bubbles	on	the	surface	disappeared.	The	filters	were	then	
removed	from	the	solution,	rinsed	thoroughly	with	Type	I	water,	placed	on	pieces	of	
aluminium	foil	and	dried	in	an	oven	at	90	°C,	for	20	min.		

The	dried	filter	circles	were	then	placed	in	another	glass	petri	dish	containing		
~50	mL	of	a	1M	sodium	hydroxide	solution,	to	expose	the	silanols	on	the	surface.	After	
soaking	 the	 filters	 for	 1	 h,	 they	were	 removed	 using	 Teflon	 tweezers,	 and	 rinsed	
thoroughly	with	Type	I	water	and	placed	on	pieces	of	aluminium	foil	and	dried	in	an	
oven	at	120	°C	for	12	h.	

2.2.1.4. Sol-gel	PDMS	coating	

Initial	attempts	at	coating	the	filters	with	PDMS	solution	by	dipping	resulted	
in	the	formation	of	a	thick,	uneven	congealed	layer.	Instead,	the	PDMS	was	spin	coated	
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onto	the	surface.	A	single	pre-cleaned	filter	was	placed	on	a	silicon	wafer	to	be	held	
on	the	chuck	of	a	spin	coater	(Laurell	WS650-MZ-23NPP).	Using	a	plastic	dropper,	
approximately	1	mL	of	the	PDMS	solution,	described	in	Section	2.2.1.2,	was	deposited	
onto	the	middle	of	the	circle.	The	filter	was	then	spun	at	a	rate	of	1000	rpm,	for	1	min.	
This	was	later	reduced	to	20	s.	The	silicon	wafer	was	wiped	clean	with	a	piece	of	tissue	
wetted	 with	 isopropanol	 between	 coating	 samples.	 The	 coated	 filters	 were	 then	
placed	on	pieces	of	aluminium	foil	inside	a	desiccator,	and	allowed	to	dry	for	a	period	
of	12	h.		

The	dried	filters	were	introduced	into	a	glass	petri	dish	containing	~50	mL	of	
dichloromethane,	using	tweezers,	and	soaked	for	a	period	of	90	min.	This	allowed	the	
PDMS	to	gelate	and	dissolved	any	excess	PDMS	that	may	have	been	present.	The	filters	
were	then	placed	on	a	sheet	of	aluminium	foil,	transferred	to	an	oven	held	at	40	°C	
and	allowed	to	dry	for	12	h.	Teflon	tweezers	were	not	used	to	transfer	the	filters	in	
and	out	of	dichloromethane,	instead	clean	stainless-steel	tweezers	were	used	to	hold	
them	at	the	edges.		

To	cure	 the	PDMS-coated	 filters,	 the	 filters	were	placed	 in	a	muffle	 furnace,	
which	was	continuously	purged	with	a	slow	flow	of	nitrogen.	The	furnace	was	held	at	
120	°C	for	1	h,	at	240	°C	for	1	h,	then	held	at	300	°C	for	3	h,	before	being	allowed	to	
slowly	cool	to	room	temperature.	

2.2.1.5. Scanning	 electron	 microscopy	 (SEM)	 imaging	 of	 PDMS	
coated	filters	

In	 order	 to	 visualise	 the	 sol-gel	 coating,	 the	 filters	 were	 observed	 under	 a	
scanning	electron	microscope.	The	filters	needed	to	be	sputter	coated	with	gold,	in	
order	to	make	them	conductive.	A	PDMS-coated	filter	was	sliced	into	sections	using	a	
razor	blade,	and	mounted	onto	the	SEM	sample	stubs,	using	conductive	carbon	tape,	
in	 a	 configuration	 that	 allowed	 both	 the	 lateral	 and	 the	 transverse	 surfaces	 to	 be	
visualised.	The	sample	stubs	were	placed	in	the	chamber	of	a	sputter	coater	which	
was	then	evacuated,	until	the	pressure	inside	the	chamber	was	~0	mbar.	Argon	gas	
was	 slowly	 leaked	 into	 the	 chamber	 until	 a	 faint	 purple	 glow	was	 visible	 and	 the	
current	had	reached	40	mA.	The	sputter	coater	was	allowed	to	coat	the	sample	for		
30	 s,	 then	 turned	 off.	 Argon	was	 slowly	 leaked	 into	 the	 chamber,	which	was	 then	
vented,	and	the	sample	stubs	were	removed.		
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Scanning	 electron	 micrographs	 (SEM)	 were	 obtained	 on	 a	 JEOL	 JCM-6000	
NeoScope	benchtop	SEM,	operating	at	an	accelerating	voltage	of	15	kV	in	secondary	
electron	imaging	mode.	The	focus	as	well	as	other	parameters	were	adjusted	until	a	
clear	image	was	obtained,	and	imaging	was	conducted	at	different	magnifications,	as	
required.	

2.2.1.6. Preparation	of	CME	devices	

The	 capillary	 microextraction	 (CME)	 devices	 consisted	 of	 strips	 of	 PDMS	
coated	glass	 fibre	 filters,	housed	 inside	a	heat-resistant	glass	 tube.	The	glass	 tubes	
used	for	this	purpose	were	fashioned	out	of	3	mm	o.d.	(2.4	mm	i.d.)	NMR	tubes.	Each	
tube	was	cut	into	2	cm	long	sections	by	scoring	them	with	a	ceramic	blade,	such	that	
six	sections	were	obtained	from	a	single	tube.	The	ends	of	the	sections	were	sanded	
down	 and	 smoothed,	 as	 required,	 and	 the	 tubes	 were	 cleaned	 by	 sonication	 in	
isopropanol.		

The	sol-gel	PDMS	coated	filters	were	sliced	into	3	cm	x	2	mm	thin	strips,	using	
a	razor	blade	and	a	ruled	template.	These	strips	were	then	inserted	into	a	glass	tube	
section,	one	at	a	time,	using	thin	stainless-steel	tweezers.	A	total	of	seven	strips	could	
be	inserted	into	a	tube,	creating	a	tight	fit	that	prevented	the	individual	strips	from	
falling	out,	but	still	allowed	the	passage	of	air	through	the	tube	(Figure	2.10).	The	glass	
tube	section	was	weighed,	using	an	analytical	balance,	before	and	after	the	insertion	
of	the	sorbent	strips	to	determine	the	mass	of	PDMS	coated	sorbent.	A	total	of	25	CME	
devices	were	created	during	the	course	of	 this	study.	The	 individual	masses	of	 the	
devices	are	provided	in	the	Appendix.	

	
Figure	 2.10	 A	 capillary	 microextraction	 device.	 The	 device	 consists	 of	 a	 heat-resistant	 glass	 tube	
containing	strips	of	polydimethylsiloxane	(PDMS)	coated	glass	fibre	filters.	Each	device	measures	2	cm	
x	3	mm.	
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2.2.2. Chromatoprobe	
A	 Chromatoprobe	 is	 a	 thermal	 desorption	 unit/direct	 sample	 introduction	

(TDU/DSI)	 device	 that	 can	 be	 attached	 to	 a	 traditional	 gas	 chromatograph/mass	
spectrometer	(GC/MS).	 It	was	created	by	Prof.	Amir	Amirav	to	allow	for	the	direct	
introduction	of	volatile	or	 semi-volatiles	 from	solid	or	dirty	 liquid	 samples.196	The	
device,	shown	in	Figure	2.11,	consists	of	an	adapter	that	is	installed	on	the	injection	
port	of	a	gas	chromatograph,	with	the	gas	inlet	attached	to	the	arm	of	the	device.	A	
probe	 with	 a	 sample	 vial	 holder	 can	 carry	 sample	 vials	 with	 a	 maximum	 outer	
diameter	of	3	mm	directly	into	the	injection	port	liner,	where	the	high	temperature	
causes	the	analytes	to	volatilise,	and	be	carried	into	the	GC	column	by	the	carrier	gas.	

	
Figure	2.11	A	Chromatoprobe	(left)	attached	to	the	inlet	of	an	Agilent	7890	A	gas	chromatograph	(GC).	
The	probe	(right)	 is	screwed	into	the	top	of	the	Chromatoprobe	adapter,	allowing	the	sample	to	be	
introduced	directly	into	the	inlet	of	the	GC.		

Because	the	CME	devices	have	almost	the	same	dimensions	as	the	glass	vials	
used	by	 the	Chromatoprobe,	we	hypothesised	 that	 it	would	be	possible	 to	use	 the	
Chromatoprobe	as	 a	direct	 sample	 introduction	device	 for	 them.	The	CME	devices	
could	be	transferred	in	and	out	of	the	vial	holder	of	the	sample	probe	using	stainless	
steel	tweezers.	
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The	 Chromatoprobe	was	 installed	 on	 an	Agilent	 7890A	 gas	 chromatograph	
according	 to	 manufacturer’s	 instructions,	 and	 the	 system	 was	 checked	 for	 the	
presence	of	any	leaks.	An	air	and	water	check	and	MSD	Tune	were	also	carried	out,	
and	the	system	was	found	to	be	air-tight.	Once	this	was	established,	one	of	the	sample	
probes	was	introduced	into	the	Chromatoprobe,	and	the	inlet	was	heated	to	260	°C	
with	helium	flowing	through.	This	step	was	taken	to	ensure	that	any	contaminants	on	
the	Chromatoprobe	inlet	and	sample	probe	were	effectively	removed.	After	an	hour,	
a	 blank	 GC/MS	 run	was	 conducted	with	 the	 sample	 probe	 still	 in	 place,	 and	 four	
contaminant	peaks	were	observed	(Figure	2.12).	Two	of	these	were	identified	as	the	
plasticisers	 bis-2-(ethylhexyl)	 adipate,	 commonly	 known	 as	 DEHA,	 and	 dioctyl	
adipate	(C1	and	C4	in	Figure	2.12)	using	the	NIST08	Mass	Spectral	Database,	while	two	
of	 the	 peaks,	 C2	 and	 C3,	 were	 simply	 identified	 as	 long	 chain	 fatty	 acid	 esters,	
presumably	from	accidental	skin	contact,	based	on	their	mass	spectra.	Longer	heating	
times	of	6	h	and	12	h	were	then	employed,	however,	this	did	not	appear	to	have	a	
significant	impression	on	the	contaminants.		

	
Figure	 2.12	 Total	 ion	 chromatograms	 (TIC)	 of	 blank	 GC/MS	 analyses	 conducted	 with	 the	
Chromatoprobe	attachment,	after	a)	1	h,	b)	6	h	and	c)12	h	of	installation	and	heating	at	260	°C,	showing	
contaminant	peak.	C1	and	C4	were	identified	as	the	plasticisers	DEHA	(bis-2-(ethylhexyl)	adipate)	and	
dioctyl	 adipate	 respectively	using	 the	NIST08	Mass	 Spectral	Database.	 Compounds	C2	 and	C3	were	
unidentified.		

It	was	then	recommended	by	Prof.	Amirav	that	 the	Chromatoprobe	adapter	
and	 sample	 probes	 be	 gently	 agitated	 in	 methanol,	 followed	 by	 hexane,	 without	
touching	 the	 passivation	 layer	 on	 the	 probe	 itself,	 to	 remove	 the	 plasticiser	



	 55	

contaminants,	and	then	dried	 in	an	oven	at	80	°C	(pers.	comm.	A.	Amirav,	19	May,	
2015).	Accordingly,	the	O-rings	in	the	Chromatoprobe	were	removed	and	the	probe	
attachments	 were	 disassembled	 and	 successively	 sonicated	 in	 beakers	 containing	
methanol,	and	then	hexane,	for	20	min	each,	and	then	dried	in	a	GC	oven	at	80	°C	for	
1	h.	The	Chromatoprobe	was	then	reassembled	and	installed,	and	another	blank	run	
was	conducted	on	the	GC.	Figure	2.13	shows	the	total	ion	chromatogram	of	the	blank	
run	conducted	after	the	solvent	cleaning	of	the	Chromatoprobe,	showing	removal	of	
the	contaminants.		

	
Figure	 2.13	 Total	 ion	 chromatograms	 (TIC)	 of	 blank	 GC/MS	 analyses	 conducted	 with	 the	
Chromatoprobe	attachment,	after	sonication	first	in	methanol	and	then	hexane,	followed	by	drying	at	
80	°C.	

Since	 it	 was	 highly	 likely	 that	 the	 contaminants	 on	 the	 probe	 were	 from	
storage,	 it	was	 ensured	 that	when	 the	 Chromatoprobe	was	 not	 being	 used,	 it	was	
covered	 in	aluminium	foil	and	stored	 in	a	glass	container	 to	minimise	exposure	 to	
plasticizers.	

2.2.3. Conditioning	of	capillary	microextraction	devices	
The	capillary	microextraction	devices	were	conditioned	in	the	inlet	of	the	GC	

in	a	similar	manner	to	SPME	fibres.	Each	device	was	placed	in	the	sample	probe,	and	
introduced	into	the	inlet,	held	at	280	°C,	for	a	period	of	1	h,	after	which	the	GC	method	
was	 run.	 A	 number	 of	 siloxane,	 fatty	 acids	 and	 plasticiser	 peaks	 were	 observed	
initially	which	would	diminish	over	multiple	conditioning	cycles	until	only	a	steady	
siloxane	background	was	obtained.	It	was	determined	early	on	that	touching	the	CME	
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devices	with	bare	or	gloved	hands	resulted	in	significant	contamination	which	would	
require	 the	devices	 to	be	 reconditioned.	Hence,	 care	was	 taken	 to	 ensure	 that	 the	
devices	were	only	ever	handled	with	 tweezers,	 or	using	a	piece	of	 aluminium	 foil.	
When	not	in	use,	the	devices	were	wrapped	in	aluminium	foil,	and	a	blank	run	was	
conducted	with	 each	 device	 before	 use,	 to	 remove	 any	 contaminants.	 Figure	 2.14	
shows	a	typical	background	trace	obtained	for	a	conditioned	CME	device.		

	
Figure	2.14	Total	ion	chromatogram	(TIC)	of	a	blank	analysis	conducted	with	a	conditioned	capillary	
microextraction	(CME)	device.		

2.2.4. Methamphetamine	vapour	sampling	

2.2.4.1. Development	of	sampling	system	

The	sampling	system	used	for	dynamic	SPME	could	not	be	used	for	the	CME	
devices.	For	the	dynamic	SPME	system,	the	gas	stream	was	drawn	over	the	surface	of	
the	fibre,	however,	 in	the	case	of	the	CME	devices,	the	vapour	needed	to	be	drawn	
through	the	device,	to	allow	maximum	contact	between	the	vapour	and	the	surfaces	
of	the	PDMS	coated	strips.	Therefore,	a	length	of	PFA	tubing	with	a	similar	internal	
diameter	as	the	external	diameter	of	the	CME	device	(~	3	mm)	was	used.	One	end	of	
the	tubing	was	connected	to	the	sampling	pump	while	the	CME	device	was	inserted	
into	 the	 other	 end.	 To	 ensure	 a	 snug	 fit,	 the	 tubing	 was	 initially	 heated	 and	
compressed	around	a	CME	tube.	A	hydrocarbon	scrubber	and	a	flow	dampener	were	
installed	 between	 the	 sampling	 tube	 and	 the	 pump,	 in	 order	 to	 prevent	 any	
unadsorbed	analytes	from	entering	the	sampling	pump.	

Once	 the	 sampling	pump	was	 turned	on,	 it	was	 sometimes	noticed	 that	 the	
CME	 devices	 were	 sucked	 further	 into	 the	 tubing,	 and	 were	 difficult	 to	 remove.	
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Therefore,	once	the	CME	device	was	inserted	into	the	tubing,	another	short	piece	of	
PFA	tubing	with	a	slightly	larger	diameter	was	inserted	over	it,	effectively	holding	it	
in	place	(Figure	2.15).	This	system	was	found	to	be	efficient,	and	gas-tight,	and	was	
used	for	further	experiments.	

	
Figure	2.15	CME	device	placed	at	 the	mouth	of	 the	vapour	generation	system	showing	 its	position	
inside	the	sampling	tube,	with	a	short	piece	of	tubing	inserted	around	the	outside,	holding	it	in	place.	

		

	
Figure	2.16	System	used	for	sampling	methamphetamine	vapour	using	CME	devices.	The	device	was	
inserted	 into	a	piece	of	PFA	tubing	(3	mm	i.d.)	which	was	connected	to	an	air	sampling	pump,	and	
placed	at	the	outlet	of	the	vapour	generation	system.	

Sampling	pump	

Dosing	outlet	

CME	device	
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The	methamphetamine	vapour	generation	system	used	for	these	experiments	
was	 identical	 to	 the	 one	 described	 in	 Section	 2.1.1.	No	 changes	were	made	 to	 the	
vapour	generation	system	as	it	produced	a	fairly	steady,	reproducible	concentration,	
and	also	because	we	wanted	 to	 compare	 the	 sampling	 ability	 of	 the	new	capillary	
microextraction	technique	to	the	previously	described	dynamic	SPME	method.	The	
sampling	device	was	placed	as	 close	 to	 the	mouth	of	 the	outlet	 funnel	as	possible,	
without	 fully	 occluding	 it.	 The	 methamphetamine	 vapour	 concentration	 used	 for	
these	experiments	was	4.2	µg	m-3,	unless	otherwise	specified.		

2.2.4.2. GC/MS	method	development	

All	 sample	 analyses	 were	 carried	 out	 using	 an	 Agilent	 7890A	 gas	
chromatograph,	coupled	to	an	Agilent	5975	C	mass	spectrometer.	A	few	changes	were	
made	to	the	SPME	GC/MS	method,	to	ensure	that	the	analytes	trapped	on	the	CME	
device	 post-sampling	 were	 fully	 desorbed	 and	 detected	 by	 the	 GC/MS.	 The	 inlet	
temperature	was	increased	to	260	°C	to	allow	the	analytes	to	desorb	fully.	The	initial	
oven	temperature	was	reduced	from	40	°C	to	30	°C,	to	ensure	that	all	the	desorbed	
analytes	were	pre-concentrated	at	the	head	of	the	column	at	the	start	of	the	analysis.	
The	 carrier	 gas	 flow	 rate	was	 also	 increased	 from	 1	mL	min-1	 to	 1.9	mL	min-1	 to	
facilitate	 the	 movement	 of	 the	 analytes.	 A	 comparative	 summary	 of	 the	 GC/MS	
parameters	used	for	the	two	sampling	methods	is	shown	in	Table	2.3	
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Table	2.3	Comparison	of	GC/MS	method	parameters	used	for	CME	and	SPME	analysis	

2.2.4.3. Sampling	ability,	repeatability	and	reproducibility	of	CME	

The	vapour	generation	system	was	allowed	to	run	for	~4.5	h	prior	to	sampling,	
to	equilibrate	 the	system	and	generate	a	steady	vapour	concentration.	As	noted	 in	
Section	 2.1.4.2,	 increasing	 the	 humidity	 resulted	 in	 increased	 desorption	 of	
methamphetamine	from	the	internal	walls	of	the	vapour	dosing	system.	Therefore,	if	
the	 vapour	 dosing	was	 conducted	 at	 70%	 relative	 humidity,	 the	 equilibrium	 time	
before	the	next	trial	was	increased	to	12	h.		

A	0.1	mg	mL-1	solution	of	methamphetamine	in	acetonitrile	was	injected	into	
the	vapour	generating	unit	at	the	rate	of	5	µL	h-1,	with	dry	nitrogen	flowing	through	
at	 2	 L	 min-1.	 The	 vapour	 generating	 unit	 injection	 port	 was	 held	 at	 185	 °C.	 This	
generated	methamphetamine	vapour	in	dry	nitrogen	at	a	concentration	of	4.2	µg	m-3.	

	A	CME	device	was	connected	to	the	personal	air	sampling	pump,	as	described	
previously.	The	device	was	placed	at	the	outlet	of	the	vapour	generating	unit	and	air	

Parameter	 CME	 SPME	

Inlet	liner	 Agilent	 2	 mm	 ultra-inert	
split/splitless	gooseneck	

Supelco	 0.75	 mm	 direct	
SPME	liner	

Inlet	temperature	 260	°C	 250	°C	

Carrier	gas	 Helium	 Helium	

Carrier	gas	pressure	 14.49	psi	 7.06	psi	

Column	 Restek	 Rx1-5MS	 30	 m	 x	
250	µm	x	0.25	µm	

Restek	 Rx1-5MS	 30	 m	 x	
250	µm	x	0.25	µm	

Oven	temperature	
programme	

30	°C,	2.5	min,	40	°C/min,	
260	°C,	2.5	min	

40	°C,	2.5	min,	40	°C/min,	
300	°C,	3	min	

Ionisation	mode	 Electron	ionisation	 Electron	ionisation	

Source	temperature	 230	°C	 230	°C	

Transfer	line	temperature	 280	°C	 280	°C	

Total	run	time	 10.5	min	 12	min	
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was	sampled	at	a	rate	of	1	L	min-1.	After	10	min,	the	device	was	inserted	into	the	inlet	
through	 the	 Chromatoprobe,	 and	 the	 GC	 method	 was	 started	 simultaneously	 to	
minimise	 the	delay	between	analyte	desorption	and	 the	start	of	 the	analysis.	After	
each	analysis,	a	blank	run	was	conducted	with	the	device	still	in	the	probe	to	ensure	
that	all	the	analytes	had	been	desorbed	and	that	there	was	no	instrument	carryover.	

To	study	the	repeatability	of	each	device,	the	same	process	was	repeated	six	
times,	 using	 the	 same	 CME	 device.	 To	 study	 the	 variation	 between	 devices,	 four	
different	devices	were	used	to	sample	the	methamphetamine	vapour	for	10	minutes.	
This	was	repeated	three	times	each	for	each	device,	so	that	there	was	a	total	of	12	
analyses.		

The	repeated	use	of	a	CME	device	did	result	in	a	gradual	loss	of	its	sorption	
capabilities,	as	evidenced	by	the	decrease	in	methamphetamine	peak	area	over	time,	
all	 other	 parameters	 being	 equal.	 This	 loss	 in	 sorption	 was	 only	 seen	 after	 ~50	
repeated	uses.	Therefore,	it	was	decided	that	a	CME	device	would	only	be	used	for	a	
total	of	40	samples,	after	which	it	was	discarded.	

2.2.4.4. Effect	of	relative	humidity	on	vapour	sampling	

The	effect	of	relative	humidity	on	the	ability	of	the	CME	devices	to	retain	the	
analytes	 was	 also	 studied.	 As	 described	 in	 Section	 2.1.1.3,	 the	 vapour	 generation	
system	could	be	modified	to	incorporate	relative	humidity.		

Methamphetamine	vapour	(4.2	µg	m-3)	was	generated	in	nitrogen	at	relative	
humidity	values	of	0%,	30%,	50%,	and	70%.	These	values	were	identical	to	those	used	
in	the	dynamic	SPME	studies,	described	in	Section	2.1.		

A	 total	 of	 six	 samples	were	 collected	 at	 each	 relative	humidity	 value,	 using	
three	different	CME	devices,	as	described	in	the	previous	section.	The	extracted	ion	
chromatogram	 peak	 area	 for	 m/z	 58	 was	 used	 to	 determine	 methamphetamine	
concentration.	Blanks	were	run	between	each	sample.	The	results	of	this	experiment	
provided	a	direct	comparison	to	the	results	from	the	dynamic	SPME	study.		

2.2.4.5. Relationship	between	sampling	time	and	GC/MS	peak	area	

The	 relationship	between	 the	 sampling	 time	and	 the	GC/MS	peak	area	was	
studied	 to	 determine	 if	 it	 could	 be	 used	 as	 a	means	 of	 calibration.	 To	 do	 this,	 the	
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vapour	generation	system	was	allowed	to	run	and	equilibrate,	as	before,	producing	
4.2	µg	of	methamphetamine	vapour	per	cubic	metre	of	nitrogen.	Three	different	CME	
devices	were	used	to	sample	the	vapour	for	different	lengths	of	time,	varying	from		
30	s	to	30	min.	The	sampling	times	were	selected	randomly,	to	ensure	that	any	trends	
observed	were	not	caused	due	to	a	systematic	increase	or	decrease	in	sampling	time.	
The	three	devices	were	used	alternately.		

2.2.4.6. Pre-loading	devices	with	internal	standard	

Since	it	was	noted	that	the	devices	lost	sensitivity	over	multiple	uses,	it	was	
necessary	 to	 implement	 a	 measure	 of	 quality	 control,	 in	 the	 form	 of	 an	 internal	
standard.	A	deuterated	form	of	the	analyte	is	considered	to	be	ideal	for	this	purpose,	
as	it	is	has	a	distinct	molecular	mass	and	is	expected	to	behave	in	a	similar	manner	to	
the	original	analyte	of	interest.197	For	this	purpose,	we	used	d9-	methamphetamine	as	
the	internal	standard	for	methamphetamine	analysis.		

A	separate,	but	identical,	vapour	generation	system	was	used	to	produce	d9-	
methamphetamine	vapour,	which	was	to	be	pre-loaded	as	the	internal	standard.	The	
d9-methamphetamine	 (Cerilliant)	 was	 extracted	 and	 prepared	 as	 described	 in	
Section	2.1.3.3.	The	solution	was	injected	into	a	heated	injection	port	to	produce	a	d9-
methamphetamine	 vapour	 in	 nitrogen	 with	 a	 concentration	 of	 ~4.2	 µg	 m-3.	 The	
system	was	allowed	to	equilibrate	for	a	minimum	period	of	4.5	h,	before	sampling	was	
conducted.	

A	 clean	 CME	 device	 was	 inserted	 into	 a	 sampling	 tube,	 and	 the	 d9-
methamphetamine	vapour	was	sampled	at	a	rate	of	1	L	min-1,	for	a	period	of	10	min.	
The	device	was	then	removed	using	clean	stainless	steel	 tweezers	and	wrapped	 in	
aluminium	foil.	The	wrapped	device	was	then	placed	in	a	clean	glass	vial,	and	sealed.	
This	process	was	repeated	twice	more,	so	that	a	total	of	three	CME	devices	 loaded	
with	d9-methamphetamine,	were	obtained.		

The	d9-methamphetamine	vapour	generating	unit	was	then	replaced	by	the	
non-deuterated	system,	which	was	left	to	equilibrate	for	4.5	h.	The	three	pre-loaded	
CME	devices	were	each	used	 to	 sample	 the	methamphetamine	vapour,	 for	10	min	
each,	and	analysed	immediately.	
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The	 experiment	 was	 also	 repeated	 in	 reverse,	 with	 the	 methamphetamine	
sampled	first,	and	the	deuterated	analyte	sampled	after.		

2.2.4.7. Analyte	retention	during	sampling	

Air	 inside	 a	 former	 clandestine	 laboratory	 could	 be	 contaminated	 in	 some	
areas	and	uncontaminated	in	others,	depending	on	where	the	cook	was	conducted,	
and	air	flow	within	the	structure.	We	needed	to	establish	if	the	sampling	or	passage	
of	 contaminated	 air	 through	 a	 CME	 device	 containing	 the	 analytes	 would	 cause	
displacement	of	the	sorbed	methamphetamine.		

To	do	this,	three	CME	devices	were	used	to	sample	methamphetamine	vapour,	
with	a	concentration	of	4.2	µg	m-3	in	nitrogen,	for	a	period	of	10	min,	after	which	the	
sampling	pump	was	turned	off.	The	device	and	air	sampling	pump	were	then	moved	
to	an	adjacent	laboratory,	where	the	pump	was	turned	on	again,	and	the	device	used	
to	sample	the	laboratory	air	for	10	min.	The	pump	was	then	turned	off,	and	the	device	
introduced	into	the	Chromatoprobe	and	analysed	immediately.	A	total	of	six	samples	
were	taken,	using	three	devices.		

Since	no	loss	of	analyte	was	observed	over	10	min,	the	process	was	repeated,	
with	uncontaminated	air	being	sampled	for	15-60	min.	These	samples	were	carried	
out	in	a	random	order,	with	a	total	of	six	samples	taken	for	each	uncontaminated	air	
sampling	time.		

2.2.4.8. Analyte	retention	during	storage	

One	of	the	primary	shortcomings	of	the	dynamic	solid	phase	microextraction	
sampling	method	was	that	the	analysis	needed	to	be	undertaken	within	three	hours	
of	 sampling,	 or	 else	 a	 gradual	 loss	 of	 analyte	 was	 observed.176	 This	 might	 not	 be	
practically	 possible	 in	 a	 field	 sampling	 scenario,	 where	 delays	 might	 occur	 for	 a	
number	of	reasons.	Therefore,	it	was	important	to	establish	whether	loss	of	analyte	
occurred	during	storage.			

Three	different	CME	devices	were	used	to	sample	methamphetamine	vapour,	
with	a	concentration	of	4.2	µg	m-3	in	nitrogen,	for	a	period	of	10	minutes,	after	which	
the	sampling	pump	was	turned	off.	The	CME	device	was	removed	from	the	sampling	
tube	using	tweezers,	and	placed	on	a	small	square	piece	of	aluminium	foil.	The	device	
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was	 then	 wrapped	 up	 in	 the	 aluminium	 foil	 and	 placed	 inside	 a	 glass	 vial.	 The	
stoppered	 vial	 was	 then	 stored,	 at	 room	 temperature,	 away	 from	 the	 vapour	
generating	system.	The	devices	were	then	analysed	at	various	time	periods,	varying	
from	1	h	to	7	days,	post-sampling.	For	each	time	period-	1	day,	3	days,	and	5	days	
post-sampling-	three	samples	were	collected	using	the	three	different	CME	devices.			

2.2.5. On-sorbent	derivatisation	of	methamphetamine	
The	derivatisation	of	amines	for	GC/MS	analysis	is	a	commonly	encountered	

practice,	aimed	to	improve	not	only	the	detection	limit	for	the	compound,	but	also	to	
provide	 better	 separation	 and	 improved	 peak	 shape.198 The	 use	 of	 on-fibre	
derivatisation	 techniques	 have	 been	 popular,	 since	 they	 combine	 the	 sample	
extraction,	preconcentration	and	derivatisation	steps	into	a	single	process,	thereby	
reducing	 chances	of	 analyte	 loss.	The	on-fibre	derivatisation	of	methamphetamine	
has	 been	 extensively	 studied	 using	 a	 number	 of	 different	 derivatising	 agents,	
including	various	alkyl	chloroformates,	silylating	agents	and	acetic	anhydrides.	198-202	

The	feasibility	of	on-sorbent	derivatisation	of	methamphetamine	using	CME	
devices	 was	 investigated.	 On-sorbent	 derivatisation	 using	 pentafluorobenzyl	
hydroxylamine	was	previously	attempted	successfully	by	a	member	of	our	research	
group	 for	 the	 analysis	 of	 pentanal	 vapour.203	 Pentafluorobenzyl	 chloroformate	 is	 a	
derivatising	 agent	 that	 has	 previously	 been	used	 for	 the	 on-fibre	 derivatisation	 of	
atmospheric	amines,	and	was	the	derivatising	agent	of	choice	for	the	purpose	of	this	
study.204 

2.2.5.1. Derivatisation	 of	 methamphetamine	 using	
pentafluorobenzyl	chloroformate	(PFBCF)	

To	our	knowledge,	the	derivatisation	of	methamphetamine	has	not	previously	
been	carried	out	using	PFBCF.	The	reaction	of	methamphetamine	with	PFBCF	was	
expected	to	proceed	according	to	a	standard	Schotten-Baumann	reaction	to	produce	
the	carbamate	as	shown	in	Figure	2.17.205	To	determine	the	retention	time	and	mass	
spectrum	 of	 the	 methamphetamine	 carbamate	 derivative,	 an	 initial	 liquid	 phase	
derivatisation	reaction	was	carried	out,	according	to	a	procedure	adapted	from	the	
Handbook	of	Analytical	Derivatization	Reactions.205	
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Figure	2.17	Reaction	between	pentafluorobenzyl	chloroformate	and	methamphetamine	resulting	 in	
the	formation	of	the	carbamate	derivative.	

Pentafluorobenzyl	chloroformate	was	obtained	as	a	clear	 liquid	 from	Sigma	
Aldrich	(density:	1.601	g	mL-1,	100	mg;	unknown	purity).	50	µL	of	methamphetamine	
free	base	in	acetonitrile	(100	µg	mL-1)	was	taken	in	a	1	mL	conical	vial.	The	solution	
was	evaporated	to	dryness	under	a	gentle	stream	of	nitrogen,	in	a	dry	bath	held	at	
	26	°C.	200	µL	of	heptane	and	5	µL	of	PFBCF	were	then	added,	along	with	~	1	mg	of	
sodium	carbonate	(Scharlau).	An	air	condenser	was	attached	to	the	vial,	which	was	
heated	at	40	°C	for	30	min.	Then	500	µL	of	a	1	M	sodium	hydroxide	solution	was	added	
to	decompose	the	excess	derivatising	agent	to	pentafluorobenzyl	alcohol.	100	µL	of	
the	organic	layer	was	extracted	and	diluted	to	1	mL	in	heptane,	and	analysed	using	
the	GC/MS	method	described	in	Table	2.2.		

2.2.5.2. Initial	on-sorbent	derivatisation	

The	initial	setup	used	for	the	on-sorbent	derivatisation	experiment	was	similar	
to	the	setup	used	by	Zhao,	in	her	study.203	A	1	mg	mL-1	solution	of	PFBCF	was	prepared	
by	dissolving	6.25	µL	of	the	pure	PFBCF	solution	in	10	mL	of	HPLC	grade	acetonitrile.	
2	mL	of	this	solution	was	taken	in	a	10	mL	glass	impinger,	which	was	placed	in	a	dry	
bath	at	30	°C.	Nitrogen	was	bubbled	through	the	impinger	at	50	mL	min-1	for	a	period	
of	20	min	to	allow	the	vapour	within	the	impinger	and	tubing	to	reach	steady	state.	A	
clean,	conditioned	CME	device	was	then	connected	to	the	outlet	of	the	impinger	using	
a	short	piece	of	PFA	tubing	(Figure	2.18).	It	was	assumed	that	the	nitrogen	bubbling	
through	 the	 impinger	would	entrain	 the	acetonitrile	and	PFBCF	which	would	pass	
through	the	CME	device,	allowing	the	PFBCF	molecules	to	be	sorbed	onto	the	device.							
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Figure	2.18	Setup	used	for	initial	loading	of	derivatising	agent	(pentafluorobenzyl	chloroformate)	onto	
CME	devices.	The	impinger	contained	2	mL	of	a	1	mg	mL-1	solution	of	PFBCF	in	acetonitrile.	Nitrogen	
was	bubbled	through	the	impinger	at	a	rate	of	50	mL	min-1	causing	the	derivatising	agent	vapour	to	
flow	through	the	CME	device.	

The	vapour	generation	system	detailed	in	Section	2.1.1	was	used	to	produce	
methamphetamine	in	dry	nitrogen	at	a	concentration	of	4.2	µg	m-3,	and	allowed	to	
equilibrate	for	a	period	of	12	h	before	sampling	was	undertaken.	The	CME	device,	pre-
loaded	 with	 the	 derivatising	 agent,	 was	 then	 used	 to	 sample	 methamphetamine	
vapour	for	a	period	of	10	min,	at	1	L	min-1.	Immediately	after	sampling,	the	device	was	
desorbed	into	the	inlet	of	a	GC/MS	using	a	Chromatoprobe	attachment.	A	modified	
method	was	used	for	the	analysis	of	methamphetamine	derivatives.	The	inlet	of	the	
GC	 was	 held	 at	 260	 °C,	 and	 helium	 was	 used	 as	 the	 carrier	 gas	 at	 1.8	 mL	min-1.	
Injections	were	carried	out	in	splitless	mode,	on	a	DB-5MS	(30	m	×	250	µm	×	0.25	µm,	
Agilent)	column.	The	oven	was	held	at	an	initial	temperature	of	40	°C	for	2.5	min,	then	
ramped	up	to	280	°C	at	a	rate	of	15	°C/min,	where	it	was	held	for	a	further	3	min.	Ions	
were	created	via	electron	ionisation	and	the	mass	detector	scanned	from	m/z	40-400.	
The	ionisation	source	was	held	at	280	°C,	and	a	solvent	delay	of	6	min	was	used	for	all	
analyses	to	prevent	the	mass	spectrometer	from	being	overloaded	by	the	derivatising	
agent.		
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An	 analysis	 of	 the	 CME	 devices	 showed	 the	 presence	 of	 a	 large	
methamphetamine	 peak,	 however	 there	 were	 no	 signals	 corresponding	 to	 the	
pentafluorobenzyl	methamphetamine	carbamate	derivative,	or	the	derivatising	agent	
on	the	CME	device.	The	CME	devices	were	then	used	to	sample	the	methamphetamine	
vapour	 separately	 and	 analysed,	 and	 a	 clear	 peak	 for	 methamphetamine	 was	
obtained.	However,	when	the	device	was	placed	in	the	outlet	of	the	impinger	to	be	
loaded	with	the	derivatising	agent	and	then	analysed,	no	peaks	were	observed.	The	
loading	time	was	increased	to	20	min,	but	still	no	peaks	were	observed.		

Therefore,	a	different	approach	was	used	to	pre-load	the	CME	devices	with	the	
PFBCF.	The	CME	device	was	attached	 to	 the	 tip	of	 a	disposable	20	mL	syringe,	by	
means	of	a	 trimmed	polypropylene	pipette	 tip	(Figure	2.19).	The	syringe,	with	 the	
CME	 device	 was	 held	 over	 the	 mouth	 of	 the	 vial	 containing	 neat	 PFBCF,	 and	
approximately	 5	 mL	 of	 air	 was	 pulled	 through	 the	 syringe.	 The	 device	 was	 then	
removed	from	the	syringe	and	analysed	by	GC/MS,	and	multiple	large	peaks	for	the	
derivatising	 agent	 and	 pentafluorobenzyl	 alcohol	 were	 observed.	 Thereafter,	 this	
headspace	syringe	sampling	method	was	used	to	pre-load	the	CME	devices	with	the	
derivatising	agent.				
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Figure	 2.19	 System	 used	 to	 pre-load	 CME	 devices	 with	 the	 derivatising	 agent.	 The	 device	 was	
connected	to	a	20	mL	disposable	syringe	using	a	trimmed	pipette	tip	and	held	over	the	vial	containing	
the	neat	derivatising	agent.	5	mL	of	air	was	drawn	up	into	the	syringe,	through	the	CME	device.	

2.2.5.3. On-sorbent	 derivatisation:	 repeatability	 and	
reproducibility	

To	study	the	reproducibility	of	CME	devices	using	an	on-sorbent	derivatisation	
process,	two	CME	devices	were	used	to	repeatedly	sample	methamphetamine	vapour	
for	a	period	of	10	min,	after	being	pre-loaded	with	the	derivatising	agent.	A	total	of	
eight	samples	were	obtained	and	analysed	using	the	two	devices.	The	devices	were	
first	used	to	sample	the	headspace	of	the	derivatising	agent	using	a	syringe	to	draw	
up	5	mL	of	air.	Methamphetamine	vapour	(4.2	µg	m-3	in	dry	nitrogen)	was	produced	
using	 the	 vapour	 generation	 system	 described	 earlier.	 The	 device	 was	 then	
transferred	 to	 the	 air	 sampling	 pump	 and	 used	 to	 sample	 the	methamphetamine	
vapour	at	1	L	min-1,	for	a	period	of	10	min,	after	which	the	device	was	desorbed	into	
the	 GC	 inlet	 for	 analysis.	 The	 ions	 m/z	 181,	 282,	 and	 238	 were	 used	 to	 identify	
pentafluorobenzyl	 methamphetamine	 carbamate,	 and	 m/z	 282	 was	 used	 for	
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quantitation.	A	blank	analysis	was	conducted	with	 the	CME	device	 in	 the	probe	 to	
ensure	that	there	was	no	sample	carryover	occurring	between	analyses.	

2.2.5.4. Relationship	 between	methamphetamine	 carbamate	 peak	
area	and	sampling	time	

To	 determine	 if	 there	 was	 a	 correlation	 between	 the	 amount	 of	
methamphetamine	 carbamate	 formed	 on	 the	 sorbent	 during	 the	 sampling	 of	
methamphetamine	 and	 the	 total	 sampling	 time,	 another	 set	 of	 experiments	 was	
conducted.	Two	different	CME	devices	were	pre-loaded	with	the	derivatising	agent,	
as	 described	 in	 Section	 2.2.5.2.	 The	 devices	 were	 then	 used	 to	 sample	 the	
methamphetamine	vapour	for	sampling	times	between	0-15	min,	in	a	random	order.	
The	devices	were	desorbed	in	the	inlet	of	the	GC	immediately	after	sampling,	and	the	
extracted	ion	chromatogram	peak	area	for	m/z	282	was	used	for	quantitation.	

2.2.5.5. Retention	of	derivatising	agent	on	CME	devices	

Since	 the	CME	devices	are	designed	 to	be	on-site	 sampling	devices	 that	are	
analysed	back	at	a	laboratory,	it	was	important	to	determine	if	the	derivatising	agent	
was	retained	by	the	CME	device	once	it	was	loaded.	To	do	this,	the	CME	devices	were	
pre-loaded	with	the	PFBCF	by	sampling	the	headspace	using	a	syringe.	The	devices	
were	 then	 used	 to	 sample	 methamphetamine	 vapour,	 for	 a	 period	 of	 10	 min	 at		
1	 L	min-1,	 immediately	 after	 pre-loading,	 or	were	wrapped	 in	 aluminium	 foil	 and	
stored.	 The	 stored	 CME	 devices	were	 then	 used	 to	 sample	 the	methamphetamine	
vapour	after	being	stored	for	up	to	48	h,	and	the	peak	areas	for	pentafluorobenzyl	
methamphetamine	carbamate	were	compared.		

Three	pre-loaded	devices	were	also	used	to	sample	methamphetamine,	after	
which	 they	were	 stored	 for	 up	 to	5	days,	 before	being	 analysed,	 to	 determine	 the	
stability	of	the	derivatised	product	on	the	device.	

	 	



	 69	

2.3. Decontamination	of	methamphetamine	by	
oxidation	

The	 aim	 of	 this	 research	was	 to	 gain	 an	 understanding	 of	 the	 oxidation	 of	
methamphetamine,	to	study	the	applicability	of	the	process	as	a	means	of	chemical	
decontamination	of	 former	 clandestine	 laboratories.	An	 attempt	was	 also	made	 to	
identify	the	reaction	products	formed	as	a	result.		

2.3.1. Materials	and	methods	

2.3.1.1. Chemicals	

1-methylimidazole	(Acros	Organics,	99%)	

Acetic	anhydride	(J.T.	Baker,	98%)	

Ammonium	hydroxide	(Mallinckrodt,	28-30%)	

Ammonium	molybdate	(M&B	Chemicals,	98.5%)	

BioOxygen®	Chem-Decon	(ArtemisÒ	BioSolutions)	

Chloroform	(Sigma	Aldrich,	99%.)		

Deionised	water	

Dichloromethane,	AR	(J.	T.	Baker,	99/9%)	

Ethanol,	AR	(ECP	Ltd.,	95%)	

Ethyl	acetate,	AR	(Honeywell,	99.5%)	

Fe-TAML®	catalyst	(GreenOx	Catalysts)	

Hydrochloric	acid	(Scharlau,	37%)	

Hydrogen	peroxide	(Ajax	Finechem,	30%)	

Magnesium	sulfate	(A.	K.	Scientific,	99%)	

Manganese	dioxide	(M&B,	98%)	

Methamphetamine	hydrochloride	(acquired	from	ESR,	New	Zealand)	

Methanol,	HPLC	grade	(Macron	Fine	Chemicals,	99.8%)	

Phenylacetic	acid	(Riedel-de-Haen,	>99%)	



	 70	

Potassium	carbonate	(ECP	Ltd.,	99.9%)	

Potassium	iodate	(Scharlau,	99%)	

Potassium	iodide	(Sigma	Aldrich,	>99.0%)	

Pseudoephedrine	hydrochloride	(Sigma	Aldrich,	³	98%)	

Sodium	carbonate	(Scharlau,	99.5%)	

Sodium	sulfate,	anhydrous	(ECP	Ltd.,	99.0%)	

Sodium	thiosulfate	(ECP	Ltd.,	³98%)	

Starch,	soluble	(M&B)	

Sulfuric	acid	(J.T.	Baker,	95%)	

2.3.1.2. Preparation	of	reagents	

0.1	M	Sodium	thiosulfate	solution:	

12.5	 g	 of	 sodium	 thiosulfate	 was	 weighed	 in	 a	 500	 mL	 glass	 beaker	 and	
approximately	 450	 mL	 of	 freshly	 boiled	 deionised	 water	 was	 added	 to	 it.	 The	
deionised	water	was	boiled	to	expel	any	dissolved	oxygen.	The	solution	was	allowed	
to	cool,	then	transferred	into	a	500	mL	volumetric	flask,	and	made	up	to	the	mark	with	
deionised	water.	Three	drops	of	chloroform	were	added	as	a	preservative.	

1	M	Sulfuric	acid:	

400	mL	of	deionised	water	was	taken	in	a	1	L	glass	beaker,	with	a	magnetic	
stirrer	bar.	The	beaker	was	placed	on	a	 stirrer	plate,	 and	 the	 solution	was	 stirred	
constantly	at	a	slow	rate.	50	mL	of	concentrated	sulfuric	acid	was	measured	using	a	
100	mL	glass	measuring	cylinder.	The	acid	was	added	to	the	beaker	containing	water,	
a	few	drops	at	a	time.	When	all	the	acid	had	been	added,	the	stirring	was	stopped,	and	
the	 solution	 was	 allowed	 to	 cool	 to	 room	 temperature.	 The	 solution	 was	 then	
transferred	to	a	500	mL	volumetric	flask,	and	made	up	to	the	mark	with	deionised	
water.		

Starch	solution:	

1	g	of	starch	was	weighed	in	a	100	mL	glass	beaker.	Approximately	5	mL	of	
deionised	water	was	added	to	the	starch,	and	the	mixture	was	stirred	with	a	glass	rod	



	 71	

to	make	 a	 thin	 slurry.	 Then,	 approximately	 80	mL	of	 boiling	 deionised	water	was	
added	to	the	slurry	with	constant	stirring.	The	mixture	was	cooled	and	transferred	to	
a	100	mL	volumetric	flask,	and	made	up	to	the	mark	with	deionised	water.	

Potassium	iodate	solution:	

0.3567	g	of	potassium	iodate	was	dissolved	in	100	mL	of	deionised	water,	to	
produce	a	1.667	mmol	solution.		

Potassium	iodide	solution:	

10	g	of	potassium	iodide	was	dissolved	in	100	mL	deionised	water,	to	produce	
a	10%	w/v	potassium	iodide	solution.	

Ammonium	molybdate	solution:	

10	mL	of	deionised	water	was	added	to	0.3	g	of	ammonium	molybdate,	 in	a	
glass	beaker.	The	solution	was	ultrasonicated	until	 the	ammonium	molybdate	was	
fully	dissolved	to	form	a	3%	w/v	ammonium	molybdate	solution.	

10%	w/v	Hydrogen	peroxide	solution:	

16.5	mL	of	30%	hydrogen	peroxide	was	dissolved	in	approximately	30	mL	of	
deionised	water.	The	solution	was	transferred	to	a	50	mL	volumetric	flask,	and	made	
up	to	volume	with	deionised	water.		

2.3.2. Iodometric	titration	of	hydrogen	peroxide	and	
BioOxygenÒ	Chem-Decon	

2.3.2.1. Standardisation	of	sodium	thiosulfate	

In	order	to	verify	the	actual	concentration	of	the	sodium	thiosulfate	solution	
prepared,	a	titrimetric	analysis	was	conducted.	A	50	mL	burette	was	rinsed	and	filled	
with	 the	 sodium	 thiosulfate	 solution.	 20	mL	 of	 the	 potassium	 iodate	 solution	was	
transferred	to	a	100	mL	conical	flask,	using	a	pipette.	3	mL	of	1	M	sulfuric	acid	was	
added	to	the	flask	using	a	plastic	pipette.	The	solution	was	mixed	by	swirling,	and	then	
titrated	against	the	sodium	thiosulfate	solution,	until	the	solution	turned	orange,	at	
which	point	2	mL	of	the	starch	solution	was	added,	and	the	titration	carried	out,	until	
the	solution	was	colourless.	The	equations	for	the	reaction	are	as	follows:	

FGH
I 	+ 		KFI + LMN 	→ 		HFP 	+ HMPG	 	 	 (equation	2.1)	
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PQPGH
PI 	+		 FP 		→ 	 QRGL

PI + PFI			 	 	 (equation	2.2)	

Therefore,	the	overall	reaction	is	as	follows,		
	

FGH
I + LQPGH

PI + LMN 	→ HQRGL
PI +		 FI + 	HMPG		

(equation	2.3)	

The	 titration	 was	 carried	 out	 in	 triplicate,	 and	 the	 concentration	 was	
determined	using	the	following	equation:		

	 	 	 	 C1V1	=	C2V2	

Where	C1	was	the	concentration	of	the	potassium	iodate	solution,	V1	was	the	
volume	of	the	potassium	iodate	solution	and	V2	was	the	average	titre	value.	

2.3.2.2. Iodometric	titration	of	peroxide	containing	solutions	

1	mL	each	of	the	30%	hydrogen	peroxide	and	Part	B	of	the	Bio-OxygenÒ	Chem-
Decon	 solutions	were	diluted	up	 to	10	mL	 in	deionised	water,	 using	 two	 separate	
volumetric	flasks	and	these	dilute	solutions	were	used	for	the	titrations.			

1	mL	of	the	dilute	solution	to	be	tested	was	taken	in	a	250	mL	conical	 flask	
along	with	100	mL	of	the	1	M	sulfuric	acid,	10	mL	of	aqueous	potassium	iodide	and		
3	mL	of	3%	aqueous	ammonium	molybdate.	A	50	mL	burette	was	rinsed	and	filled	
with	 the	 standardised	 0.1	 M	 sodium	 thiosulfate	 solution.	 The	 dilute	 solution	 was	
titrated	against	the	sodium	thiosulfate	slowly,	as	described	above.	The	concentration	
calculations	for	the	titrations	are	provided	in	the	Appendix.		

2.3.3. Preparation	of	methamphetamine	free	base	
All	methamphetamine	oxidation	reactions	were	carried	out	with	either	50	mg	

or	 20	 mg	 of	 free	 base	 methamphetamine,	 derived	 from	 the	 hydrochloride	 salt.	
Methamphetamine	hydrochloride	was	obtained	from	the	Institute	of	Environmental	
Science	and	Research,	New	Zealand	(ESR),	as	a	crystalline	powder	of	unknown	purity.	
It	was	stored	in	a	sealed	vial	at	4°	C	until	use.	The	free	base	conversion	was	conducted	
using	a	similar	procedure	as	described	in	Section	2.1.3.2,	as	needed,	just	prior	to	any	
oxidation	experiment.	
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Approximately	62.4	mg	or	24.9	mg	of	methamphetamine	hydrochloride	was	
weighed	out,	using	an	analytical	balance,	into	a	16	mm	×	100	mm	glass	screw-capped	
test-tube	(Kimax).	1	mL	of	1	M	aqueous	sodium	hydroxide	was	transferred	to	the	test-
tube	using	 an	auto	pipette,	 and	2	mL	of	dichloromethane	 (AR)	was	 added	using	 a		
1	mL	gas-tight	syringe	(SGE).	The	mixture	was	vortexed	on	high	for	3	min,	and	allowed	
to	 stand	 until	 the	 aqueous	 and	 organic	 layers	 had	 fully	 separated.	 A	 column	was	
prepared	by	plugging	the	neck	of	a	glass	Pasteur	pipette	with	pesticide	grade	glass	
wool,	and	filling	 it	with	anhydrous	sodium	sulfate	to	a	height	of	7	cm.	The	organic	
layer	was	passed	through	the	column	and	collected	in	a	20	mL	scintillation	vial,	while	
the	 extraction	 process	 was	 repeated	 once	 more	 with	 the	 aqueous	 layers.	 The	
combined	organic	layers	were	reduced	under	a	slow	stream	of	dry	nitrogen,	until	a	
pale	yellow,	oily	liquid	was	obtained.	

2.3.4. Characterisation	of	methamphetamine	free	base	
The	methamphetamine	 free	base	extracted	 from	the	hydrochloride	salt	was	

characterised	 using	 NMR	 spectroscopy	 and	 GC/MS	 analyses.	 The	 yellow	 liquid	
obtained	 was	 dissolved	 in	 1	 mL	 of	 deuterated	 chloroform	 (134	 mM)	 containing	
tetramethylsilane	as	 an	 internal	 reference	 standard.	 1H	NMR	was	obtained	 for	 the	
solution	on	a	Bruker	Avance	III	400	MHz	spectrometer.	After	the	analysis,	the	solution	
was	evaporated	to	near	dryness	under	a	gentle	stream	of	nitrogen	and	then	dissolved	
in	2	mL	of	dichloromethane.		

10	µL	of	this	solution	was	extracted	using	a	gas-tight	syringe,	diluted	100×	in	
dichloromethane	 and	 analysed	 using	 GC/MS,	 to	 confirm	 total	 extraction.	 The	
parameters	 for	 the	 GC/MS	 analysis	 method	 used	 are	 presented	 in	 Table	 2.4.	 The	
remaining	organic	extract	was	reduced	to	near	dryness	under	nitrogen,	and	used	for	
the	oxidation	reactions.	 	
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Table	2.4	GC/MS	parameters	used	for	the	liquid	injection	analysis	of	methamphetamine	free	base.	

Parameter	 Value	

Injection	volume	 0.2	µL	
Inlet	temperature	 250	°C	
Injection	mode	 Splitless	
Carrier	gas	 Helium	
Pressure	 6.3806	psi	
Septum	purge	flow	 3.2	mL	min-1,	 30	mL	min-1	 after	 1.5	

min	to	vent	
Column	 DB-5	 MS	 (5%	 phenyl	 methyl	

siloxane)	
Oven	temperature	programme	 40	 °C	 for	 4	min,	 then	 15	 °C/min	 to	

280	°C	for	2.5	min	
Transfer	line	temperature	 280	°C	
Source	temperature	 230	°C	
Ionisation	mode	 Electron	impact	(EI)	
Scan	parameters	 m/z	38-	m/z	280	

2.3.5. Preparation	of	oxidation	reagents	
10%	w/v	hydrogen	peroxide:	

3.33	 mL	 of	 30%	 aqueous	 hydrogen	 peroxide	 was	 diluted	 to	 10	 mL	 in	 a	
volumetric	flask,	using	deionised	water.	The	solution	was	prepared	freshly	before	use	
to	prevent	its	decomposition.	

Fe-TAML	catalyst	solution:	

17.42	mg	of	Fe-TAML	catalyst	(mol.	mass	650	g	mol-1)	was	dissolved	in	~8	mL	
of	analytical	grade	ethanol	(96%).	The	solution	was	transferred	into	a	10	mL	amber	
glass	volumetric	flask,	and	made	up	to	volume	with	ethanol,	to	produce	a	134	µmol	
solution.	

2.3.6. Preliminary	catalytic	and	non-catalytic	oxidation	of	
methamphetamine	

Initially,	two	different	oxidation	reactions	were	conducted	in	this	study.	The	
reaction	 conditions	 were	 identical	 to	 those	 reported	 by	 Do	 Pham	 et	 al.	 for	 the		
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Fe-TAML	 catalysed	 n-demethylation	 of	 atropine.206-207	 In	 their	 study,	 the	 authors	
conducted	the	reactions	in	the	following	general	manner:	50	mg	of	the	substrate	was	
dissolved	in	1.5	mL	of	96%	ethanol	containing	either	1	mol%	of	the	Fe-TAML	catalyst,	
or	no	catalyst,	and	50	molar	equivalents	of	30%	hydrogen	peroxide.	The	reaction	was	
carried	out	for	a	period	of	1	h.		

The	 reactions	 in	 this	 experiment	 adopted	 the	 same	 reaction	 parameters,	
tailoring	it	to	methamphetamine	free	base	and	the	specific	reactants	in	use.	Therefore,	
50	mg	of	methamphetamine	free	base	(0.134	mmol)	was	reacted	either	with	1.5	mL	
ethanol	(AR,	ECP	Ltd.)	+	1.61	mL	of	10%	hydrogen	peroxide	(50	molar	equivalents)	
or	with	1.5	mL	of	134	µmol	ethanolic	Fe-TAML	catalyst	+	1.61	mL	of	10%	hydrogen	
peroxide	(50	molar	equivalents).	

Each	reaction	was	stirred	constantly	and	allowed	to	continue	for	1	h.	At	the	
end	of	that	time	period,	~2	mg	of	MnO2	(M&B)	was	added	to	the	mixture	to	consume	
any	remaining	peroxide.	A	control	 reaction	was	also	conducted	 in	which	20	mg	of	
methamphetamine	was	reacted	with	1.5	mL	of	ethanol	and	1.5	mL	of	water.	

2.3.7. Acid-base	extraction	
Acid-base	extraction	was	performed	on	the	reaction	mixtures	obtained,	similar	

to	 the	process	 reported	by	Do	Pham	et	 al.206	The	 completed	 reaction	mixture	was	
basified	by	the	addition	of	10%	aq.	ammonia,	up	to	pH	11.	3	mL	of	analytical	grade	
dichloromethane	was	added,	and	the	mixture	was	vortexed	 for	2	min.	The	organic	
layer	was	passed	through	a	column	of	anhydrous	Na2SO4	and	collected.	The	extraction	
was	repeated	3	times	and	the	organic	layers	combined	to	form	extract	A.		

The	aqueous	layer	was	acidified	by	the	addition	of	3	mL	of	1	M	hydrochloric	
acid	 and	 extracted	 three	 times	 with	 3	 mL	 each	 of	 dichloromethane.	 The	 organic	
extracts	were	combined	and	dried	by	passing	through	anhydrous	Na2SO4	(ECP	Ltd.),	
and	reduced	to	1	mL	by	the	passage	of	a	slow	stream	of	N2,	to	form	the	acidic	extract.		

The	remaining	aqueous	layer	was	once	again	basified	with	10%	aq.	ammonia,	
and	the	extraction	process	was	repeated,	 to	 form	extract	B.	Extracts	A	and	B	were	
combined	and	reduced	to	1	mL	by	the	passage	of	a	slow	stream	of	N2,	to	form	the	basic	
extract.		
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2.3.8. Preliminary	GC/MS	analysis	
The	 acidic	 and	 basic	 extracts	 were	 analysed	 by	 GC/MS,	 along	with	 sample	

blanks.	Each	 sample	extract	was	diluted	100×	 in	dichloromethane	before	analysis.		
1	 µL	 of	 the	 sample	 was	 injected	 in	 splitless	 mode,	 into	 an	 Agilent	 7890A	 gas	
chromatograph	with	 a	DB-5	MS	 column	 (30m,	 0.25mm,	 0.25um,	Agilent),	 coupled	
with	an	Agilent	5975	C	mass	spectrometer.	The	inlet	was	held	at	250	°C	and	helium	
was	used	as	the	carrier	gas,	at	a	constant	flow	rate	of	1	mL	min-1.	The	oven	was	held	
at	40	°C	for	2.5	min	then	heated	to	300	°C	at	40	°C/min,	and	held	there	for	a	further		
3	min.	The	GC/MS	total	run	time	for	an	analysis	was	12	min.	The	ions	m/z	58	and	m/z	
91	were	used	to	 identify	methamphetamine,	with	 the	extracted	 ion	chromatogram	
peak	 for	 the	 former	 being	 used	 for	 quantitation.	 The	 percentage	 decrease	 in	 the	
extracted	ion	peak	area	for	m/z	58,	compared	to	the	control,	was	used	as	an	indicator	
of	the	loss	of	methamphetamine	due	to	oxidation.	

It	was,	 however,	 observed	 that	 a	 number	 of	 by-products	 resulted	 from	 the	
acid-base	 treatment	 in	 the	 extraction	 process.	 In	 order	 to	 identify	 the	 products	
formed	only	 from	 the	oxidation	 reaction,	 and	not	 as	by-products	of	 the	 extraction	
process,	a	solid	phase	extraction	(SPE)	procedure	was	used	for	all	remaining	analyses.	

2.3.9. Solid	Phase	Extraction	(SPE)	method	development	
The	 use	 of	 Solid	 Phase	 Extraction	 (SPE)	 for	 sample	 preparation	 and	

preconcentration	 of	 methamphetamine	 and	 related	 drugs	 has	 been	 popular,	
especially	 when	 dealing	 with	 complex	 matrices	 such	 as	 urine	 and	 other	 body	
fluids.208-209	C8	cartridges	were	used	in	this	study,	with	a	method	based	on	a	generic	
workflow	 generated	 on	 the	 manufacturer’s	 website.	 The	 cartridges	 were	 first	
conditioned	with	2	mL	of	methanol	(AR),	then	washed	with	2	mL	of	Type	I	water.	The	
sample	was	then	loaded	onto	the	cartridge,	following	which	it	was	washed	with	1	mL	
of	water	and	then	with	2	mL	of	10%	aqueous	methanol.	Both	washes	were	collected	
and	stored	for	analysis.	Finally,	the	cartridge	was	eluted	with	2	mL	of	methanol,	so	
that	a	total	of	three	extracts-	100%	aqueous,	10%	methanolic	and	100%	methanolic-	
were	obtained.		

A	control	analysis	was	conducted,	to	test	the	effectiveness	of	the	SPE	extraction	
process,	 in	which	20	mg	of	methamphetamine	free	base	was	mixed	with	0.5	mL	of	
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ethanol	and	0.645	mL	of	water	instead	of	hydrogen	peroxide.	The	mixture	was	then	
worked	up	as	described	above,	and	the	three	SPE	extracts-	aqueous,	10%	methanolic	
and	100%	methanolic-	were	analysed	by	GC/MS,	as	described	in	Table	2.4.	

It	 was	 expected	 that	 the	 GC/MS	 chromatograms	 for	 the	 aqueous	 and	 10%	
methanolic	extracts	would	not	contain	any	peaks,	while	that	of	the	100%	methanolic	
extract	 was	 expected	 to	 have	 a	 large	 peak	 at	 11.5	 min,	 with	 a	 shoulder	 peak	 at		
12.0	min,	for	methamphetamine	and	dimethylamphetamine,	respectively.	

Figure	2.20	shows	the	GC/MS	total	ion	chromatograms	for	the	three	extracts	
obtained	 for	 the	 control	 sample.	 The	 peaks	 observed	 between	 5.4-8.5	 min	 were	
attributed	to	contaminants	from	the	SPE	sorbent	bed,	and	were	also	present	in	the	
procedural	 blanks.	 Surprisingly,	 only	 a	 very	 small,	 broad	 peak	 was	 observed	 at		
11.5	 min,	 whose	 mass	 spectrum	 matched	 that	 of	 methamphetamine.	 This	 was	
unexpected,	as	no	reaction	was	anticipated	to	occur	in	the	control	sample.	This	led	us	
to	 believe	 that	 the	 SPE	 method,	 as	 initially	 planned,	 would	 not	 allow	 for	 all	 the	
components	of	interest	to	be	eluted	in	the	three	fractions.		

	
Figure	2.20	GC/MS	total	ion	chromatograms	for	the	(a)	aqueous,	(b)	10%	methanolic	and	(c)	100%	
methanolic	 extracts	 of	 a	 control	 reaction	 (methamphetamine	 +	 water)	 diluted	 100×	 in	
dichloromethane.	No	discernible	peaks	were	observed	in	the	aqueous	of	10%	methanolic	extracts,	and	
only	a	trace	amount	of	methamphetamine	was	observed	in	the	100%	methanolic	extract.	

	A	 review	 was	 conducted	 of	 the	 various	 SPE	 extraction	 methods	 used	 for	
methamphetamine	 and	other	drugs.	 Several	 studies	 added	buffers	 to	 their	 sample	
before	 SPE	 extraction,	 to	 increase	 the	pH	of	 the	 solution,	which	 allowed	 the	 basic	
compounds	to	elute	in	the	organic	fractions.208-210	However,	there	was	some	concern	
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that	increasing	the	pH	of	the	reaction	mixture	too	much	would	result	in	the	formation	
of	condensation	products.	Therefore,	the	extraction	was	performed	without	changing	
the	 pH	 of	 the	 reaction	 mixture,	 but	 changing	 the	 elution	 solvent	 to	 methanol	
containing	2%	ammonia	(pH	of	ammoniacal	methanol=10).	The	wash	solvents	were	
the	same	as	before	(100%	water	and	10%	aqueous	methanol).	

The	new	SPE	extraction	process	was	compared	to	the	previous	method	using	
isopropylbenzylamine,	a	structural	isomer	of	methamphetamine,	as	the	test	analyte.	
Two	control	reactions	were	conducted	with	20	mg	of	isopropylbenzylamine	taken	in	
a	vial	with	0.5	mL	of	ethanol	and	1.61	mL	of	water.	The	vial	was	left	for	a	period	of	
one	 hour,	 after	 which	 it	 was	 processed	 using	 either	 100%	 methanol	 or	 2%	
ammoniacal	methanol	as	the	organic	eluent,	and	the	extractions	were	compared.	The	
new	 SPE	 extraction	 method	 was	 found	 to	 be	 far	 more	 superior	 to	 the	 previous	
method.		

Prior	 to	 conducting	 any	 oxidation	 experiments,	 the	 new	 SPE	 extraction	
process	 was	 tested	 on	 a	 methamphetamine	 control	 sample	 (methamphetamine+	
ethanol+	water).	

2.3.10. Catalytic	and	non-catalytic	oxidation	of	
methamphetamine	

The	oxidation	of	methamphetamine	was	repeated,	both	in	the	presence	and	
absence	of	the	Fe-TAML	catalyst.	The	reactions	were	conducted	on	a	smaller	scale,	
using	20	mg	of	methamphetamine	free	base	to	react	with	50	mol	eq.	(0.645	mL)	of	
10%	hydrogen	peroxide	and	0.5	mL	of	ethanol/	135	µmol	ethanolic	Fe-TAML.		

The	 reaction	was	 allowed	 to	 occur	 for	 1	 h,	 at	 the	 end	 of	which	~	 2	mg	 of	
manganese	dioxide	was	added	to	the	mixture.	SPE	cartridges	were	equilibrated	with	
methanol	and	washed	with	water.	Then,	the	filtered	reaction	mixture	was	loaded	onto	
the	 SPE	 cartridge.	 The	 cartridge	 was	 washed	 with	 1	 mL	 of	 100%	 Type	 I	 water,	
followed	by	2	mL	of	10%	aqueous	methanol,	and	eluted	with	2	mL	of	98%	methanol:	
2%	ammonia.	All	three	extracts	were	collected.		

A	control	reaction	was	also	carried	out	in	which	20	mg	of	methamphetamine	
was	mixed	with	0.5	mL	of	ethanol	and	0.5	mL	of	Type	I	water.	After	an	hour,	~2	mg	of	
manganese	dioxide	was	added,	the	mixture	was	filtered	and	extracted,	as	above.	An	
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SPE	blank	was	also	carried	out,	to	account	for	any	peaks	that	may	be	originating	from	
the	sorbent	bed.		

2	µL	of	each	of	the	three	extracts	was	first	extracted	and	diluted	to	1	mL	in	
methanol,	for	LC/MS	analysis.	The	remaining	aqueous	and	10%	methanolic	extracts	
were	then	acidified	by	the	addition	of	0.1	M	HCl	and	extracted	into	dichloromethane.	
All	 three	 extracts	were	 then	diluted	100×	 in	dichloromethane,	 and	analysed	using	
GC/MS,	using	the	method	described	in	Table	2.4.	

Data	 was	 analysed	 using	 the	 MassHunter	 (Agilent)	 software.	 The	 reaction	
products	were	identified	by	comparison	with	the	mass	spectra	and	retention	of	time	
of	standards,	where	possible,	or	by	comparing	the	mass	spectrum	of	the	unidentified	
compound	with	those	in	the	NIST08	Mass	Spectral	Library.	Solvent	blanks	were	run	
between	each	sample	and	at	 the	start	and	end	of	each	sequence	 to	ensure	 that	no	
sample	carryover	was	occurring.	

2.3.11. Synthesis	of	phenyl-2-propanone	and	preparation	
of	standards	

Preliminary	 GC/MS	 analysis	 of	 the	 methamphetamine	 oxidation	 reaction	
indicated	 the	 formation	 of	 a	 compound	 whose	 mass	 spectrum	 matched	 that	 of		
phenyl-2-propanone	 (P2P)	 in	 the	 NIST	 08	 Mass	 Spectral	 Library.	 Since	 P2P	 is	 a	
precursor	to	methamphetamine	using	the	Leuckart	or	reductive	amination	processes,	
its	presence	as	an	oxidation	product	is	significant.	Hence,	phenyl-2-propanone	was	
synthesised	to	confirm	the	identity	of	the	compound	formed.	A	Dakin-West	synthesis	
of	phenyl-2-propanone	was	carried	out	according	to	the	procedure	reported	by	Tran	
and	Bickar.211		

6.8075	g	(0.05	mol)	of	phenylacetic	acid	(Riedel	de-Haen)	was	taken	in	a	two-
necked	100	mL	round-bottomed	flask	with	rubber	septa,	along	with	25	mL	of	acetic	
anhydride	 (AR,	 J.T.	Baker)	and	a	magnetic	 stirrer	bar.	The	 flask	was	placed	over	a	
stirrer	 plate,	 and	 stirred	 constantly.	 A	 long-tipped	 glass	 Pasteur	 pipette	 was	
introduced	into	the	flask,	with	the	tip	 just	below	the	surface	of	the	 liquid,	and	was	
used	to	bubble	nitrogen	slowly	through	the	mixture	for	5	min.	A	hypodermic	syringe	
needle	 was	 pierced	 through	 the	 rubber	 septa	 to	 prevent	 pressure	 build-up.	 The	
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reaction	was	initiated	by	the	addition	of	2	mL	of	1-methylimidazole	(Acros	Organics)	
and	allowed	to	proceed	for	~12	h,	with	constant	stirring	and	purging	with	nitrogen.	

At	the	end	of	that	time	period,	10	mL	of	deionised	water	was	added	to	the	oily,	
pale	yellow	liquid	to	induce	hydrolysis.	The	mixture	was	extracted	twice	with	50	mL	
aliquots	of	saturated	potassium	carbonate	(ECP	Ltd.)	and	then	twice	with	50	mL	of	
ethyl	acetate	(AR,	Honeywell).	The	organic	layer	was	extracted	twice	with	50	mL	of	
deionised	water,	and	then	dried	over	anhydrous	magnesium	sulfate	(A.K.	Scientific).	
The	 solvent	 was	 removed	 under	 high	 vacuum	 until	 a	 pale,	 dense,	 oily	 liquid	 was	
obtained.	

100	µL	of	the	liquid	was	dissolved	in	1	mL	of	deuterated	chloroform	containing	
tetramethylsilane	as	the	internal	reference	standard,	and	characterised	by	1H	and	13C	
NMR	analysis	using	a	Bruker	Avance	III	400	MHz	spectrometer.	The	liquid	was	also	
diluted	 to	100	µg	mL-1	 in	dichloromethane	and	analysed	using	 the	GC/MS	method	
described	in	Table	2.4.	

2.3.12. Other	oxidation	reactions	
The	 oxidation	 of	 methamphetamine	 was	 also	 carried	 out	 using	 two	 other	

reagents-	 15%	 alkalised	 hydrogen	 peroxide	 and	 the	 commercially	 available	
proprietary	 formula	 Bio-Oxygen®	 Chem-Decon.	 The	 reagents	 were	 prepared	 as	
follows:	

Alkalised	hydrogen	peroxide:		

Alkalised	hydrogen	peroxide	was	prepared	according	to	the	method	described	
by	 Owens.190	 A	 15%	 hydrogen	 peroxide	 solution	 was	 prepared	 by	 diluting	 30%	
hydrogen	peroxide	with	deionised	water	(1:1),	and	a	calibrated	pH	meter	(Mettler	
Toledo),	was	 used	 to	 determine	 the	 pH	 of	 the	 solution	 (pH=4.1).	 A	 0.1	M	 sodium	
carbonate	solution	was	prepared	by	dissolving	1.06	g	of	anhydrous	sodium	carbonate	
in	~80	mL	of	deionised	water,	and	then	transferred	to	a	100	mL	volumetric	flask	and	
made	up	to	volume	with	water.	A	50	mL	burette	was	rinsed	and	filled	with	the	sodium	
carbonate	solution,	and	 the	15%	hydrogen	peroxide	was	 taken	 in	a	50	mL	conical	
flask.	The	hydrogen	peroxide	solution	was	slowly	titrated	by	the	dropwise	addition	of	
0.1	M	aqueous	sodium	carbonate	(pH	11.6),	until	the	solution	reached	a	pH	of	8.5.	The	
solution	was	prepared	freshly	for	each	oxidation	reaction,	and	used	immediately.	
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BioOxygenÒ	Chem-Decon	solution:	

The	manufacturer	 instructions	 provided	with	 the	 BioOxygenÒ	 Chem-Decon	
solution	stated	that	the	two	parts	of	the	solution	were	to	be	mixed	in	a	1:1	ratio,	and	
used	immediately	without	any	further	dilution,	so	this	was	the	procedure	that	was	
followed.		

To	effectively	compare	the	four	reactions,	the	volumes	of	alkalised	hydrogen	
peroxide	 and	 BioOxygen®	 Chem-Decon	 corresponding	 to	 50	 mol	 eq.	 of	 hydrogen	
peroxide	was	used.		

Therefore,	the	reactions	contained	20	mg	of	methamphetamine	with	0.5	mL	of	
ethanol	and	either	0.44	mL	of	the	15%	alkalised	hydrogen	peroxide	or	0.776	mL	of	
the	mixed	BioOxygen®	Chem-Decon	solution	(1:1	mixture	of	Part	A	and	Part	B).	The	
reactions	proceeded	for	a	period	of	1	h,	after	which	~2	mg	of	manganese	dioxide	was	
added	to	decompose	the	excess	hydrogen	peroxide.	The	reaction	mixtures	were	then	
processed	using	the	SPE	extraction	method	described	in	Section	2.3.9.			

Thus,	 a	 total	 of	 3	 extracts:	 aqueous,	 10%	methanolic	 and	 2%	 ammoniacal	
methanolic	were	 obtained	 from	 the	 two	 reaction	mixtures.	 The	 aqueous	 and	10%	
methanolic	extracts	were	acidified	by	the	addition	of	0.1	M	HCl	and	then	extracted	in	
2	 mL	 of	 dichloromethane.	 All	 three	 extracts	 were	 then	 diluted	 100×	 in	
dichloromethane	and	0.2	µL	of	each	sample	was	injected	into	the	GC/MS	for	analysis,	
using	 the	 method	 parameters	 described	 in	 Table	 2.4.	 Solvent	 blanks	 were	 run	
between	each	sample	and	at	 the	start	and	end	of	each	sequence	 to	ensure	 that	no	
sample	carryover	was	occurring.		

2.3.13. Liquid	chromatography/mass	spectrometry	
analysis	

Liquid	 chromatography/mass	 spectrometry	 (LC/MS)	 analysis	 of	 the	 SPE	
extracts	was	also	conducted	on	an	Agilent	1290	Infinity	coupled	with	an	Agilent	6460	
triple	 quadrupole	 mass	 spectrometer.	 The	 aqueous,	 10%	 methanolic	 and	 2%	
ammoniacal	methanolic	extracts	of	the	four	reaction	mixtures,	as	well	as	the	control	
sample	and	SPE	procedural	blanks,	were	diluted	500×	in	methanol	and	spiked	with	
	1	µg	mL-1	d9-methamphetamine,	as	an	internal	standard	prior	to	analysis.	A	Kinetex®	
2.6	µm	C18	100	Å	LC	Column	(50	x	2.1	mm)	was	used	along	with	a	SecurityGuard™	
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ULTRA	guard	column.	The	parameters	used	for	the	LC/MS	analysis	of	the	SPE	extract	
samples	are	presented	in	Table	2.5.	

Table	 2.5	 LC/MS	 parameters	 used	 for	 the	 analysis	 of	 the	 reaction	 products	 of	 methamphetamine	
oxidation.	

Parameter	 Value	

Column	 Kinetex®	2.6	µm	C18,	100	Å	(50	x	2.1	mm)	
Column	temperature	 25	°C	
Injection	volume	 5	µL	
Solvent	A	 0.1%	ammonium	formate	in	Type	I	water	
Solvent	B	 0.1%	ammonium	formate	in	methanol	
Solvent	flow	rate	 0.400	mL	min-1	
Solvent	gradient	 0-3	min,	5%	Solvent	B	

3-10	min,	95%	Solvent	B	
10-13	min,	5%	Solvent	B	

MS	Source	 Agilent	JetStream	ElectroSpray	Ionisation	(ESI)	
Ionisation	mode	 Positive		
Capillary	voltage	 4000	V	
Gas	temperature	 350	°C	
Scan	parameters	 m/z	50-	500	

The	samples	were	spiked	with	1	µg	mL-1	d9-methamphetamine	as	an	internal	
standard.	 The	 synthesised	 phenyl-2-propanone	 (10	 µg	 mL-1	 in	 methanol)	 and	
standard	methamphetamine	free	base	(10	µg	mL-1	in	methanol)	were	run	alongside	
the	samples	for	comparison.	Solvent	blanks	were	injected	between	samples	to	ensure	
that	no	sample	carryover	was	occurring.	At	 the	end	of	 the	 sequence,	 the	data	was	
analysed	using	the	MassHunter	(Agilent)	software.	
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3.	Airborne	methamphetamine	

sampling	and	analysis	

3.1. Dynamic	Solid	Phase	MicroExtraction	
The	 presence	 of	 airborne	 methamphetamine	 at	 former	 clandestine	 drug	

laboratories	 has	 been	noted	by	 various	 authors.66,	 150,	 169	McKenzie	 developed	 and	
reported	 the	use	 of	 a	 dynamic	 solid	 phase	microextraction	 (SPME)	 technique	 that	
could	 be	 used	 in	 field	 to	 sample	 the	 air	 within	 a	 suspected	 methamphetamine	
contaminated	structure,	and	then	analysed	using	GC/MS.176	Since	the	system	was	only	
able	 to	 detect	 methamphetamine	 at	 sites	 that	 had	 significant	 (>60	 µg/100	 cm2)	
contamination,	we	attempted	to	understand	the	influence	of	variables	such	as	relative	
humidity	and	fibre	chemistries	on	the	methamphetamine	sorbed,	in	a	bid	to	improve	
the	sampling	ability	of	the	dynamic	SPME	technique.		

3.1.1. Initial	testing	of	the	vapour	dosing	system	
The	dynamic	SPME	sampling	system	was	first	validated	using	a	custom-built	

vapour	 generation	 system	 that	 could	 consistently	 produce	 analyte	
(methamphetamine)	vapour	in	nitrogen.193	However,	McKenzie	had	noted	that	there	
were	some	flaws	in	the	design	of	the	system,	specifically	in	relation	to	the	injection	
port,	 which	 may	 have	 resulted	 in	 potential	 inconsistencies	 in	 the	 vapour	
concentration	at	the	outlet.176		

To	verify	this,	preliminary	testing	of	the	vapour	dosing	system	was	conducted	
using	decane	as	an	analyte,	as	described	in	Section	2.1.1.2.	Decane	was	injected	into	
the	 system	 to	 produce	 vapour	 with	 a	 theoretical	 concentration	 of	 85.29	 ppm		
(500	mg	m-3)	in	nitrogen.	The	concentration	of	the	vapour	at	the	outlet	was	measured	
using	 a	 photoionisation	 detector,	 over	 a	 period	 of	 one	 hour,	 and	 the	 average	
concentration	observed	was	68.3	±	3.1	ppm	(397	±	18	mg	m-3,	Figure	3.1).	
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Figure	3.1	Concentration	of	decane	vapour	(500	mg	m-3	in	nitrogen)	measured	(solid)	over	a	period	of	
1	h,	using	a	calibrated	photoionisation	detector.	Data	points	collected	every	2	s,	and	adjusted	a	using	
response	factor	(RF)	value	of	1.6,	as	reported	in	the	literature.212	Average	concentration=	68.3	±	3.1	
ppm.	Dotted	line	represents	the	theoretical	concentration.			

This	was	significantly	lower	than	the	theoretical	concentration	and	indicated	
that	 some	 of	 the	 analyte	 was	 either	 being	 retained	 within	 the	 vapour	 generation	
system	or	leaking	out	of	the	system.	Since	the	flow	rate	of	nitrogen	at	both	the	inlet	
and	 the	outlet	was	 consistent,	 it	was	unlikely	 that	 there	was	a	 leak	 in	 the	 system.	
McKenzie	suspected	that	the	free-floating	glass	bevel	insert	in	the	injection	port	of	the	
vapour	generation	 system	was	 responsible	 for	 the	 inconsistency.176	Therefore,	 the	
glass	 insert	 was	 replaced	 by	 a	 fixed	 Silcosteel®	 insert.	 A	 comparison	 of	 the	
concentration	of	decane	vapour	produced	by	the	vapour	generation	system	without	
any	inserts,	with	the	free-floating	glass	insert	and	with	a	fixed	SilcosteelÒ	insert	was	
conducted	and	is	presented	in	Table	3.1.	
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Table	3.1	Average	decane	concentration	produced	by	the	vapour	generation	system,	with	and	without	
the	presence	of	a	glass	or	metal	insert	within	the	injection	block,	measured	using	a	photoionisation	
detector.	

Average	decane	concentration	(ppm)	

Without	insert	 With	glass	insert	 With	metal	insert	
68.5	 69.8	 74.4	
±	4.8%	 ±	4.8%	 ±	3.8%	

The	 presence	 of	 the	metal	 insert	 resulted	 in	 an	 increased	 concentration	 of		
74.4	ppm	at	the	outlet,	and	also	displayed	better	reproducibility,	and	therefore	the	
metal	insert	was	used	for	all	further	experiments.		

The	experiment	was	repeated	using	heptane	as	an	analyte,	as	it	has	a	boiling	
point	 closer	 to	 that	 of	 acetonitrile,	 which	 was	 the	 carrier	 solvent	 used	 for	
methamphetamine	 vapour	 generation.	 Heptane	 vapour	 with	 a	 theoretical	
concentration	 of	 50	 ppm	 (204	mg	m-3)	 in	 nitrogen	was	 generated	 and	 consistent,	
accurate	results	were	obtained	(Figure	3.2).	

	
Figure	3.2	Concentration	of	heptane	vapour	(204	mg	m-3	in	nitrogen)	measured	(solid)	over	a	period	
of	1	h,	using	a	calibrated	photoionisation	detector.	Data	points	collected	every	2	s,	and	adjusted	a	using	
response	factor	(RF)	value	of	2.5,	as	reported	in	the	literature.212	Average	concentration=	48.0	±	1.9	
ppm.	Dotted	line	represents	the	theoretical	concentration.			
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3.1.2. Changes	in	relative	humidity	
The	 methamphetamine	 vapour	 for	 the	 validation	 of	 the	 dynamic	 SPME	

sampling	 system	 was	 generated	 in	 dry	 nitrogen	 instead	 of	 air,	 to	 prevent	 the	
incidental	formation	of	methamphetamine	breakdown	or	oxidation	products	at	the	
high	temperatures	within	the	injection	port.	However,	the	amount	of	humidity	in	the	
air	present	during	SPME	sampling	has	previously	been	reported	 to	 impact	analyte	
loading	on	the	SPME	fibre.172,	213	It	was	possible	that	the	relative	humidity	present	at	
the	 clandestine	 laboratory	 sites	 tested	 by	 McKenzie	 was	 adversely	 impacting	 the	

sorption	of	methamphetamine.169	This	could	possibly	explain	why	methamphetamine	

was	not	detected	in	some	of	the	samples.		

Dry	and	100%	humid	nitrogen	were	mixed	in	specific	ratios	to	produce	final	
relative	 humidity	 values	 of	 0%,	 30%,	 50%	 and	 70%.	 The	 relative	 humidity	 was	
monitored	over	20	min	 intervals,	and	 the	change	 in	 relative	humidity	over	 time	 is	
shown	 in	 Figure	 3.3.	 The	 average	 values	 of	 relative	 humidity	 were	 found	 to	 be		
0.00	±	0.08%,	31.13	±	0.03%,	51.31	±	0.12%,	and	69.72	±	0.08%.		

	
Figure	 3.3	 Change	 in	 the	 relative	 humidity	 of	mixed	 streams	 of	 dry	 and	 humid	 nitrogen,	with	 the	
percentage	flow	of	humid	nitrogen	changed	to	30%	(T1),	50%	(T2)	and	70%	(T3).	Relative	standard	
deviation	for	each	value	of	relative	humidity	~2.7%.	

The	relative	humidity	produced	using	this	system	was	fairly	reproducible,	with	
an	overall	relative	standard	deviation	of	less	than	2.7%.		
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3.1.3. Effect	of	relative	humidity	on	concentration	of	
decane	

Before	testing	the	effect	of	relative	humidity	on	the	efficiency	of	SPME	fibres,	
it	was	 deemed	necessary	 to	 ensure	 that	 the	 vapour	 generation	 system	 functioned	
reproducibly	when	the	two	streams	of	dry	and	humid	nitrogen	were	flowing	through	
it.	Therefore,	a	preliminary	experiment	was	carried	out	using	decane	vapour	in	dry	or	
humid	 nitrogen,	 at	 a	 theoretical	 concentration	 of	 17.2	 ppm.	 Table	 3.2	 provides	 a	
summary	of	the	concentrations	observed	at	the	different	values	of	relative	humidity.		

Table	 3.2	 Concentration	 of	 decane	 vapour	 in	 dry	 or	 humid	 nitrogen	 produced	 using	 the	 vapour	
generation	 system,	 measured	 using	 a	 photoionisation	 detector	 (n=900).	 Relative	 error	 calculated	
compared	to	theoretical	vapour	concentration	of	17.2	ppm.	

Mass	 Flow	
Controller	
Flow	Rate	

Calibrated	
Gas	Flow	
Meter	Rate	

Average	
Conc.	
(ppm)	

Standard	
Deviation
(ppm)	

Relative	
Standard	
Deviation	

Relative	
Error%	

1000	ml	min-1	 0	ml	min-1	 15.32	 0.70	 4.6%	 -10.8	
700	ml	min-1	 300	ml	min-1	 17.26	 0.86	 5.0%	 0.5	
500	ml	min-1	 500	ml	min-1	 16.43	 0.81	 4.9%	 -4.4	
300	ml	min-1	 700	ml	min-1	 17.38	 0.81	 4.7%	 1.2	

The	average	concentration	was	found	to	be	precise,	with	a	maximum	relative	
standard	deviation	of	5%.	The	results	were	also	fairly	accurate,	with	the	greatest	error	
observed	 for	 the	 vapour	 generated	 at	 0%	 relative	 humidity	 (-10.8%).	 This	 could	
possibly	be	due	to	some	of	the	decane	vapour	passing	through	the	tee-joint	and	into	
the	tubing	for	the	humid	nitrogen.	To	prevent	this,	all	further	0%	relative	humidity	
experiments	 were	 carried	 out	 without	 the	 tee-joint	 and	 humid	 nitrogen	 stream	
connected.	 No	 other	 trends	 were	 observed	 for	 the	 change	 in	 concentration,	 with	
relation	to	relative	humidity.	

3.1.4. SPME	fibre	conditioning	
SPME	fibres	were	conditioned	according	to	manufacturer	recommendations,	

before	they	were	first	used.	Figure	3.4	shows	a	comparison	of	 the	GC/MS	total	 ion	
chromatograms	of	a	new	SPME	fibre	before	and	after	conditioning.	
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Figure	 3.4	 GC/MS	 total	 ion	 chromatograms	 of	 a	 blank	 SPME	 fibre	 obtained	 a)	 before	 and	 b)	 after	
conditioning	in	a	heated	GC	injection	port	at	250	°C,	for	1	h.	Peaks	consist	mostly	of	various	siloxanes	
and	some	plasticizers.	

The	chromatogram	of	the	new	SPME	fibre	contained	a	lot	of	extraneous	peaks	
from	siloxanes,	as	well	as	plasticizers	adsorbed	 from	different	sources	such	as	 the	
packaging	and	storing	containers,	and	from	handling	the	fibre	with	or	without	gloves.	
These	contaminants	are	easily	removed,	and	conditioning	the	fibre	in	the	heated	inlet	
of	a	GC,	with	carrier	gas	flowing	through,	is	the	easiest	and	most	effective	method	to	
do	 so.	 Some	 contaminants	 such	as	 fatty	 acids	 and	esters	 from	 fingerprints	or	 skin	
contact	 require	 a	 longer	 conditioning	 time	 for	 efficient	 removal.	 A	 blank	 run	was	
conducted	at	the	end	of	each	conditioning	cycle	to	verify	that	there	were	no	remaining	
contaminants	on	the	fibre.		

3.1.5. Dynamic	sampling	of	n-tetradecane	at	0%	RH-	intra-	
and	inter-device	variability	

Two	 identical	 but	 separate	 PDMS	 SPME	 fibres	 were	 used	 to	 dynamically	
sample	 tetradecane	vapour	 for	a	period	of	10	min,	 five	 times	each.	The	 two	 fibres	
yielded	fairly	reproducible	results,	with	a	relative	standard	deviation	of	9.3%	for	the	
first	fibre	and	10.3%	for	the	second	fibre.	The	inter-fibre	variability	was	also	found	to	
be	acceptable,	with	a	relative	standard	deviation	of	12.7%	between	the	two	fibres.	

3.1.6. Improper	mixing	of	dry	and	humid	nitrogen	
During	initial	experiments,	it	was	noted	that	a	dynamic	SPME	sample	collected	

immediately	after	changing	the	value	of	relative	humidity	showed	a	decreased	analyte	
concentration.	However,	there	did	not	appear	to	be	a	relationship	between	the	value	
of	relative	humidity	and	the	n-tetradecane	peak	area.	It	was	hypothesised	that	the	two	
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streams	of	nitrogen	were	not	mixing	properly,	and	the	vapour	generation	system	may	
require	some	time	to	equilibrate	after	the	relative	humidity	had	been	changed,	and	so	
a	 20	 min	 equilibration	 time	 was	 included	 prior	 to	 sampling.	 Figure	 3.5	 shows	 a	
comparison	between	the	peak	areas	obtained	for	n-tetradecane	for	samples	obtained	
immediately	after	a	change	in	relative	humidity,	and	after	a	20	min	equilibration.		

	
Figure	3.5	Comparison	between	GC/MS	extracted	ion	chromatogram	(EIC)	peak	areas	for	8.33	µg	m-3	
n-tetradecane	in	nitrogen	sampled	for	10	min	at	1	L	min-1,	using	dynamic	SPME,	at	different	values	for	
relative	humidity	when	the	vapour	dosing	system	was	allowed	to	equilibrate	for	20	min,	after	changing	
relative	humidity	 (crosses),	vs	 samples	 taken	 immediately	after	 the	relative	humidity	was	changed	
(triangles).	Relative	humidity	values	were	changed	in	a	random	order.	The	relative	standard	deviations	
for	 the	 two	 sets	 of	 data	 are	 ±	 34.2%	 for	 immediate	 sampling	 and	 ±	 9.4%	 for	 sampling	 post-
equilibration.		

The	initial	discrepancy	is	clearly	observed	in	Figure	3.5	for	the	samples	that	
were	not	equilibrated	(triangles),	where	the	extracted	ion	chromatogram	peak	area	
for	n-tetradecane	at	90%	relative	humidity	is	significantly	greater	than	that	at	50%	
or	 70%	 relative	 humidity.	 Allowing	 for	 equilibration	 yielded	 more	 reproducible	
results,	lowering	the	relative	standard	deviation	from	34.2%	to	9.4%.	There	was	also	
an	overall	increase	in	the	actual	peak	area,	showing	that	the	vapour	contained	more	
n-tetradecane	when	it	was	allowed	to	equilibrate.	
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The	~70	cm	long	SilcosteelÒ	tube	in	the	original	vapour	generation	system	was	
also	replaced	with	a	500	cm3	SilcosteelÒ	canister.	Figure	3.6	shows	a	comparison	of	
the	average	GC/MS	extracted	ion	chromatogram	peak	areas	obtained	at	the	different	
values	of	 relative	humidity	 in	 the	vapour	generation	system,	with	and	without	 the	
canister	 in	 place.	 Apart	 from	 the	 increase	 in	 peak	 area,	 the	 n-tetradecane	
concentration	was	more	 reproducible,	 with	 a	 relative	 standard	 deviation	 of	 3.5%	
compared	 to	 the	 earlier	 9.4%.	 Therefore,	 all	 further	 experiments	were	 conducted	
with	the	canister	in	place.		

	
Figure	3.6	GC/MS	extracted	ion	chromatogram	(EIC)	peak	areas	for	10	min	dynamic	SPME	samples	of		
8.33	µg	m-3	n-tetradecane	in	nitrogen	(at	0%,	30%	50%	and	70%	relative	humidity)	generated	in	a	
vapour	dosing	system	with	or	without	the	presence	of	a	Silcosteel®	canister	to	facilitate	proper	mixing,	
using	dynamic	SPME.	Error	bars	represent	one	standard	deviation,	n=4.		

3.1.7. Relationship	between	sampling	time	and	peak	area	
McKenzie	had	reported	that	a	fairly	linear	relationship	was	observed	between	

the	dynamic	SPME	sampling	time	and	the	amount	of	methamphetamine	sorbed	on	the	
fibre,	 which	 could	 be	 used	 as	 a	 means	 for	 calibration.177	 This	 was	 independently	
verified	using	n-tetradecane	as	 the	analyte,	sampled	 for	different	 intervals	of	 time,	
between	 0-40	 min.	 As	 can	 be	 seen	 from	 Figure	 3.7,	 there	 is	 a	 positive	 linear	
relationship	between	the	sampling	time	and	the	peak	area	for	tetradecane.	
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Figure	3.7	Relationship	between	GC/MS	extracted	 ion	peak	area	 (m/z	57)	obtained	 from	sampling		
n-tetradecane	vapour	(8.33	µg	m-3	in	nitrogen)	for	various	sampling	times,	using	dynamic	solid	phase	
microextraction.	Each	data	point	represents	a	single	measurement.	R2=0.999	

3.1.8. Effect	of	relative	humidity	on	peak	area	
Before	 conducting	 any	 experiments	 with	 our	 analyte	 of	 interest,	

methamphetamine,	 the	effect	of	relative	humidity	on	the	sorption	of	n-tetradecane	
was	studied.	n-tetradecane	vapour	was	generated	 in	dry	nitrogen	or	at	30%,	50%,	
70%	or	90%	relative	humidity.	The	relative	humidity	was	changed	in	a	random	order,	
and	all	sampling	was	conducted	for	10	min,	at	1	L	min-1.		
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Figure	3.8	GC/MS	extracted	ion	chromatogram	(EIC)	peak	areas	for	n-tetradecane	(m/z	57)	vapour		
(8.33	µg	m-3)	in	dry	or	humid	nitrogen,	sampled	using	dynamic	SPME	at	1	L	min-1,	for	10	min.	Error	
bars	represent	one	standard	deviation.	n=6.	

The	results	showed	that	there	was	no	significant	difference	in	the	amount	of	
n-tetradecane	 sorbed	 on	 the	 SPME	 fibre,	 with	 a	 change	 in	 relative	 humidity.	 The	
results	demonstrated	reasonable	reproducibility,	with	an	average	relative	standard	
deviation	of	less	than	15%.	

3.1.9. Liquid	injection	GC/MS	analysis	of	
methamphetamine	free	base	

3.1.9.1. Identification	of	methamphetamine	free	base	

The	1	µg	mL-1	solution	of	methamphetamine	free	base	was	prepared	as	described	
in	Section	2.1.3.2.	 In	order	to	confirm	the	 identity	of	the	methamphetamine	and	to	
ensure	total	extraction,	a	liquid	injection	GC/MS	analysis	was	conducted.	A	previously	
prepared	standard	methamphetamine	solution	of	 the	same	concentration	was	also	
injected,	 for	 comparison.	 Figure	 3.9	 demonstrates	 the	 retention	 time	 and	 mass	
spectra	obtained	for	the	extracted	methamphetamine.	
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Figure	3.9	GC/MS	extracted	ion	chromatogram	(EIC)	of	ion	m/z	58	for	the	liquid	injection	analysis	of		
1	 µg	 mL-1	 methamphetamine	 free	 base	 in	 dichloromethane,	 extracted	 from	 standard	
methamphetamine	hydrochloride,	with	the	mass	spectrum	of	the	peak	(inset).	

The	retention	 time	of	methamphetamine	 for	 the	 liquid	 injection	GC	method	
used	was	6.3	min.	The	 ions	m/z	58	(base	peak)	and	m/z	91	were	used	 to	 identify	
methamphetamine.	The	peak	exhibited	 fairly	good	shape,	with	some	minor	 tailing,	
which	is	expected	in	the	gas	chromatographic	analysis	of	amines.214	No	other	peaks	
apart	from	methamphetamine	were	observed.		

A	calibration	curve	was	constructed	by	analysing	the	following	concentrations	
of	 methamphetamine	 in	 dichloromethane:	 5	 µg	 mL-1,	 10	 µg	 mL-1,	 15	 µg	 mL-1,		
20	µg	mL-1,	and	25	µg	mL-1.	The	average	extracted	ion	chromatogram	peak	areas	for	
methamphetamine	 (m/z	 58)	 were	 plotted	 against	 the	 concentration	 used		
(Figure	3.10).	



	 94	

	
Figure	3.10	Average	GC/MS	extracted	 ion	 chromatogram	 (m/z	58)	peak	area	obtained	 from	 liquid	
injection	analysis	vs	methamphetamine	concentration	(n=3).	All	error	bars	represent	one	standard	
deviation.	R2=	0.9942.	

The	 calibration	 curve	 yielded	 a	 fairly	 straight	 line,	 with	 a	 coefficient	 of	
determination	(R2)	value	of	0.9942.	All	injections	were	carried	out	in	triplicate	and	
the	relative	standard	deviation	values	for	the	peak	areas	were	under	5%.		

3.1.9.2. Deuterated	methamphetamine	analysis	

A	 1	 µg	mL-1	 solution	 of	 d9-methamphetamine	was	 also	 analysed	 via	 liquid	
injection	 GC/MS.	 The	 extracted	 ion	 chromatogram	 and	 mass	 spectrum	 of	 the	
deuterated	methamphetamine	are	shown	in	Figure	3.11.	
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Figure	3.11	GC/MS	extracted	ion	chromatogram	(EIC)	of	ion	m/z	65	for	the	liquid	injection	analysis	of		
1	µg	mL-1	d9-methamphetamine	in	dichloromethane,	extracted	from	standard	d9-methamphetamine	
hydrochloride,	with	the	mass	spectrum	of	the	peak	(inset).	

The	deuterated	methamphetamine	also	displayed	good	peak	shape,	with	some	
minor	tailing,	and	had	a	retention	time	of	6.27	min.		

Since	the	retention	times	of	the	two	forms	of	methamphetamine	(deuterated	
and	non-deuterated)	were	 so	 close,	 a	mixed	 sample	 containing	10	µg	mL-1	each	of	
methamphetamine	and	d9-methamphetamine	was	prepared	and	analysed.	As	seen	in	
Figure	3.12,	the	peaks	were	fairly	well-resolved,	with	a	fixed	area	ratio	of	1:1.1	for	
m/z	58:	m/z	65.	This	was	identical	to	what	McKenzie	had	observed.176	As	the	ratio	
between	 the	 two	 peaks	 was	 found	 to	 be	 constant,	 d9-methamphetamine	 was	
considered	suitable	for	use	as	an	internal	standard.		

During	 the	 course	 of	 this	 study,	 issues	with	 changing	 inlet	 pressures	were	
encountered,	which	caused	the	retention	times	to	drift	by	±	0.3	min.	To	account	for	
this,	 a	 standard	 solution	 of	 methamphetamine	 was	 injected	 at	 the	 start	 of	 each	
experiment,	 to	 establish	 the	 retention	 time.	 The	 same	 was	 done	 for	 d9	
methamphetamine.		
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Figure	3.12	GC/MS	extracted	ion	chromatograms	for	the	liquid	injection	analysis	of	a	mixed	solution	
containing	10	µg	mL-1	each	of	methamphetamine	(m/z	58-	black)	and	d9-methamphetamine	(m/z	65-	
blue).	

3.1.10. Vapour	dosing	of	methamphetamine	
In	order	to	study	the	effect	of	relative	humidity	on	dynamic	SPME	sampling	of	

methamphetamine	 vapour,	 an	 experiment	 was	 carried	 out	 using	 a	 100	 µg	 mL-1	
solution	of	methamphetamine	base	in	acetonitrile.	The	amount	of	time	required	for	
equilibration	 of	 the	 system	 was	 determined	 experimentally	 by	 dosing	
methamphetamine	through	the	system	and	collecting	10	min	dynamic	SPME	samples	
every	30	minutes	over	a	period	of	6	h	(Figure	3.13).		
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Figure	 3.13	GC/MS	 extracted	 ion	 chromatogram	 (EIC)	 peak	 areas	 for	methamphetamine	 (m/z	 58)	
vapour	with	a	concentration	of	4.2	µg	m-3,	sampled	for	10	min,	every	30	min,	using	dynamic	SPME,	to	
determine	the	amount	of	time	required	for	the	vapour	dosing	system	to	equilibrate.	The	peak	area	after	
4	h	remained	fairly	constant,	with	a	relative	standard	deviation	of	2.7%.	

The	peak	area	 for	methamphetamine	was	 fairly	 constant	after	~4	h,	with	a	
relative	standard	deviation	of	±2.7%,	and	it	was	concluded	that	a	4	h	equilibration	
time	should	be	allowed	for	methamphetamine	dosing.	

3.1.11. Background	methamphetamine	within	the	vapour	
dosing	system	

In	the	previous	experiment,	it	was	noted	that	the	blank	N2	sample	collected	at	
the	start	of	the	experiment,	i.e.	before	the	dosing	had	commenced,	showed	a	positive,	
significant	 background	 reading	 for	 methamphetamine.	 This	 sample	 was	 obtained	
after	 the	 vapour	 dosing	 system	 had	 undergone	 a	 12	 h	 preliminary	 equilibration.	
However,	nitrogen	was	allowed	to	flow	through	the	system	at	2	L	min-1	for	at	least		
1	h	prior	to	sampling.	This	indicated	that	a	certain	amount	of	methamphetamine	was	
being	retained	within	the	vapour	dosing	system,	despite	attempts	to	reduce	that	by	
using	passivated	materials	such	as	Silcosteel®.		

To	 verify	 this,	 the	 injection	 of	 methamphetamine	 into	 the	 vapour	 dosing	
system	was	suspended	after	6	h	of	equilibration.	10	min	dynamic	SPME	samples	were	
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then	obtained	every	30	min,	for	3	h.	Figure	3.14	shows	the	extracted	ion	peak	areas	
for	methamphetamine	(m/z	58),	sampled	post-dosing.	

	
Figure	 3.14	GC/MS	 extracted	 ion	 chromatogram	 (EIC)	 peak	 areas	 for	methamphetamine	 (m/z	 58)	
obtained	 from	10	min	dynamic	 SPME	 samples	 collected	 every	30	min	 from	 the	 vapour	 generation	
system	with	just	nitrogen	flowing	through.		

The	 average	 methamphetamine	 peak	 area	 was	 found	 to	 be	 stable	
approximately	 2	 h	 after	 dosing	 was	 suspended,	 and	 had	 a	 similar	 value	 to	 the	
background	methamphetamine	observed	at	the	start	of	the	experiment	(±2.4%).	This	
confirmed	that	methamphetamine	was	being	retained	within	the	vapour	generation	
system.	However,	since	the	background	signal	was	consistent,	this	was	not	considered	
to	be	a	problem.	

3.1.12. Effect	of	relative	humidity	on	methamphetamine	
peak	area	

Figure	 3.15	 shows	 a	 plot	 of	 the	 average	 extracted	 ion	 peak	 area	 for	
methamphetamine	for	vapour	generated	at	various	values	of	relative	humidity.	The	
average	extracted	 ion	 chromatograms	 (m/z	58)	peak	areas	 for	methamphetamine	

samples	under	the	same	values	for	relative	humidity	(0%,	30%	50%	and	70%)	were	

compared	and	found	to	be	quite	similar	(RSD	~18%).		
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Figure	 3.15	 Average	 GC/MS	 extracted	 ion	 chromatogram	 (EIC)	 peak	 areas	 for	 methamphetamine	
vapour	in	nitrogen	(4.2	µg	m-3)	sampled	for	10	min,	using	dynamic	solid	phase	microextraction,	at	0%,	
30%,	50%	and	70%	relative	humidity.	Error	bars	represent	one	standard	deviation,	n=6.		

An	 interesting	point	of	 observation	was	 that	 the	 average	peak	area	 at	70%	

relative	 humidity	 was	 higher	 than	 those	 for	 the	 lower	 humidity	 values.	 This	 was	

contradictory	to	previous	studies	that	have	observed	a	drop	in	the	sampling	capacity	

of	SPME	fibres,	with	an	increase	in	relative	humidity.215-217	Since	this	was	observed	

only	 in	 the	 case	of	methamphetamine	 and	not	with	 the	preliminary	n-tetradecane	

experiments,	 it	 was	 hypothesised	 that	 a	 competitive	 interference	 was	 occurring	

between	the	methamphetamine	on	the	surface	of	the	Silcosteel®	mixing	canister	and	

the	water	molecules,	with	the	latter	displacing	the	former.		

To	test	this,	10	min	dynamic	SPME	samples	of	nitrogen	flowing	through	the	

vapour	dosing	system	were	taken	~8	h	after	a	dosing	experiment	had	finished,	and	

compared	to	 the	background	methamphetamine	signals	 that	were	collected	before	

the	start	of	each	dosing	experiment.	A	comparison	of	the	GC/MS	methamphetamine	

extracted	ion	chromatogram	peak	area	for	pre-dose	and	post-dose	samples	at	each	

value	of	relative	humidity	(0%,	30%,	50%	and	70%)	is	exhibited	in	Figure	3.16.	It	was	
observed	 while	 the	 pre-	 and	 post-dose	 background	 methamphetamine	 signals	

remained	 fairly	constant	(RSD:	15%)	 for	 low	to	moderate	humidity,	after	a	dosing	

experiment	 at	 70%	 RH,	 there	 was	 a	 significant	 decrease	 in	 background	
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methamphetamine	within	the	vapour	dosing	system.	This	supported	the	hypothesis	

that	 the	 water	 molecules	 were	 displacing	 methamphetamine	 molecules	 from	 the	

internal	surfaces	of	the	canister.	

	
Figure	 3.16	 Comparison	 of	 background	 methamphetamine	 signals	 within	 the	 vapour	 generation	
system	before	(black)	and	after	(grey)	methamphetamine	dosing	for	~8	h,	at	various	values	of	relative	
humidity.	Sampling	was	conducted	using	dynamic	SPME	at	1	L	min-1,	for	10	min,	and	values	of	relative	
humidity	were	cycled	in	a	random	order.		

To	overcome	 this	displacement	of	methamphetamine	 and	 retain	 a	 constant	
background	signal,	it	was	decided	that	a	longer	equilibration	time	of	~12	h	would	be	
employed	 each	 time	 after	 the	 system	 had	 highly	 humid	 nitrogen	 (50%	 or	 70%)	
flowing	through,	and	a	background	methamphetamine	sample	was	collected	before	
and	after	each	experiment.	The	peak	area	of	the	background	signal	collected	at	the	
start	of	each	experimental	run	was	subtracted	from	each	reading,	to	provide	a	more	
accurate	depiction	of	the	concentration	of	methamphetamine	in	the	vapour.	Figure	
3.17	 shows	 the	 baseline	 corrected	 average	 methamphetamine	 peak	 areas	 for	
methamphetamine	sampling	at	0%,	30%,	50%	and	70%	relative	humidity.		
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Figure	 3.17	GC/MS	 extracted	 ion	 chromatogram	 (EIC)	 peak	 areas	 for	methamphetamine	 (m/z	 58)	
vapour	in	nitrogen	at	various	values	of	relative	humidity,	sampled	using	dynamic	SPME.	All	data	points	
have	been	corrected	by	subtracting	the	background	methamphetamine	signal.	

Subtracting	the	background	methamphetamine	signal	reduced	the	variation	in	
the	average	peak	area	(RSD:	14.8%);	however,	the	average	methamphetamine	peak	
area	at	70%	was	still	higher	when	compared	to	the	others,	as	the	methamphetamine	
within	the	vapour	generation	system	would	continue	to	be	displaced	throughout	the	
experimental	run.		

3.1.13. Sampling	time	vs.	peak	area	
To	 determine	 if	 the	 pre-equilibrium	 linear	 relationship	 for	 dynamic	 SPME	

sampling	of	methamphetamine,	as	observed	by	McKenzie,	was	valid	when	the	vapour	
was	produced	under	humid	 conditions,	dynamic	SPME	samples	were	 collected	 for	
different	time	periods.169	A	maximum	sampling	time	of	40	min	was	selected,	as	it	is	
unlikely	 that	 sampling	 times	 longer	 than	 that	 would	 be	 feasibly	 used	 during	
commercial	remediation	of	actual	clandestine	laboratory	sites.		
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Figure	 3.18	 GC/MS	 extracted	 ion	 chromatogram	 (EIC)	 peak	 areas	 for	 methamphetamine	 vapour		
(m/z	58),	as	a	function	of	exposure	time	to	a	SPME	fibre,	with	dynamic	sampling	at	1	L	min-1,	at	a)	0%	
relative	humidity,	b)	30%	relative	humidity,	c)	50%	relative	humidity	and	d)	70%	relative	humidity.	

As	observed	in	Figure	3.18a,	the	relationship	between	methamphetamine	peak	
area	and	sampling	time	is	positive	and	linear	for	methamphetamine	vapour	produced	
in	 nitrogen	 at	 0%	 relative	 humidity,	 for	 the	 time	 intervals	 investigated.	 This	 is	 in	
accordance	 with	 McKenzie,	 who	 reported	 a	 near-linear	 trend	 for	 sampling	 times	
between	5-60	min.169	Figure	3.18	b-d	shows	the	relationship	between	sampling	time	
and	peak	area	for	methamphetamine	vapour	produced	in	nitrogen	at	30%,	50%	and	
70%	relative	humidity.	In	all	cases,	a	fairly	linear	trend	was	observed	for	sampling	
times	between	0-20	min.	The	40	min	samples	deviated	slightly	from	the	linear	trend,	
especially	at	higher	humidity.			
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3.1.14. Retention	of	methamphetamine	during	
uncontaminated	air	sampling	

To	ensure	the	retention	of	the	sorbed	methamphetamine	on	the	SPME	fibre,	
pulse	 sampling	 of	 methamphetamine	 vapour	 in	 dry	 or	 humid	 nitrogen	 and	
uncontaminated	air	was	conducted.	In	a	control	set	of	experiments,	the	SPME	fibre	
was	desorbed	after	sampling	the	methamphetamine	vapour	for	either	10	or	20	min.	
Figure	3.19	shows	a	comparison	of	the	average	peak	areas	obtained	for	10	min	and	
20	min	 dynamic	 samples	with	 and	without	 actively	 sampling	 lab	 air.	 As	 is	 clearly	
observed,	 sampling	 uncontaminated	 air	 did	 not	 affect	 the	 retention	 of	
methamphetamine	on	the	SPME	fibre.	

	
Figure	 3.19	 GC/MS	 extracted	 ion	 chromatogram	 (EIC)	 peak	 area	 for	 methamphetamine	 (m/z	 58)	
vapour	in	dry	or	humid	nitrogen,	sampled	using	dynamic	SPME	at	1	L	min-1,	with	(grey)	and	without	
(black)	intermittent	sampling	of	uncontaminated	air.	Error	bars	represent	one	standard	deviation,	n=3.	

3.1.15. Comparison	of	PDMS	and	triple	phase	fibres	
It	was	originally	hypothesised	that	relative	humidity	in	the	atmosphere	was	

responsible	for	reducing	the	sorption	capacity	of	the	SPME	fibres	used	in	McKenzie’s	
studies.	However,	since	it	was	now	established	that	this	was	not	the	case,	the	next	aim	
was	 to	 improve	 the	 sorption	 so	 that	 dynamic	 SPME	 collection	 could	 be	 a	 feasible	
method	for	sampling	airborne	methamphetamine	at	clandestine	laboratories.		
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In	 their	 study,	 Kuwayama	 et	 al.	 investigated	 three	 different	 SPME	 fibre	
chemistries	 and	 found	 that	 a	 divinylbenzene/carboxen/polydimethylsiloxane	 fibre	
(DVB/	 CAR/PDMS)	 was	 most	 effective	 for	 the	 head	 space	 sampling	 of	 milligram	
quantities	 of	 methamphetamine.218	 Therefore,	 the	 triple	 phase	 (DVB/CAR/PDMS)	
fibre	and	the	PDMS	fibre	were	used	to	sample	methamphetamine	vapour	and	their	
performances	were	compared.		

	
Figure	 3.20	 Comparison	 of	 the	 GC/MS	 extracted	 ion	 chromatogram	 (EIC)	 peak	 areas	 for	
methamphetamine	 (m/z	 58)	 dynamically	 sampled	 for	 10	 min	 using	 a	 PDMS	 fibre	 (filled)	 and	 a	
DVB/CAR/PDMS	fibre	(unfilled).	Error	bars	represent	one	standard	deviation,	n=6.	

Under	identical	conditions	of	relative	humidity	and	vapour	concentration,	the	
PDMS	 fibre	 used	 all	 along	 in	 this	 study	 was	 able	 to	 sorb	 almost	 twice	 as	 much	
methamphetamine	 compared	 to	 the	 triple	 phase	 fibre.	 The	 triple	 phase	 fibre	 also	
appeared	 to	 be	 unaffected	 by	 changes	 to	 relative	 humidity,	 and	 showed	 a	 similar	
overall	 relative	 standard	 deviation	 (±18%)	 to	 that	 exhibited	 by	 the	 PDMS	 fibre	
(±16.5%).	
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3.2. Capillary	microextraction	
Capillary	microextraction	was	first	developed	by	Fan	and	Almirall,	as	a	high	

surface	 area	 solid	 phase	 microextraction	 technique	 that	 could	 be	 used	 to	 sample	
volatile	organic	compounds.195	Due	to	their	larger	surface	area,	these	devices	exhibited	
30	times	greater	sensitivity	when	compared	to	traditional	static	headspace	sampling	
of	compounds	studied.	Since	these	were	PDMS-based	microextraction	devices,	it	was	
hypothesised	that	they	could	be	used	for	airborne	methamphetamine	sampling.	

3.2.1. Preparation	of	PDMS	coated	glass	filters	
A	total	of	25	CME	devices	were	prepared	and	used	during	the	course	of	this	

study.	The	procedure	used	to	prepare	the	CME	devices	was	adapted	from	Fan	et	al.,	
with	a	few	modifications	and	are	detailed	in	Section	2.2.1.195		

3.2.2. Characterisation	of	the	PDMS	coated	filters	
Once	the	filters	had	been	cleaned,	spin-coated	with	the	PDMS	and	cured,	they	

were	 surface	 characterised	 by	 scanning	 electron	 microscopy.	 Figure	 3.21	 shows	
scanning	electron	micrographs	of	 the	 surfaces	of	 the	glass	 fibre	 filters	before,	 and	
after,	spin	coating	them	with	the	PDMS	solution.	
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Figure	3.21	Scanning	electron	microscopy	(SEM)	images	of	the	top	surface	of	a)	uncoated	and	b)	PDMS-
coated	glass	fibre	filters,	magnified	450×.	

In	the	first	 image,	the	 individual	 fibres	of	the	filter	are	apparent,	along	with	
dark,	empty	interstitial	spaces.	The	fibres	appear	to	be	of	varying	thicknesses,	and	are	
tightly	 woven	 together,	 in	 a	 random	 fashion.	 In	 the	 second	 image,	 the	
polydimethylsiloxane	is	clearly	present	as	a	translucent	film.	Upon	closer	scrutiny,	the	
film	 can	 be	 seen	 in	 the	 interstitial	 spaces	 embedded	 deeper	 in	 the	 filter.	 This	
demonstrated	 that	 the	 PDMS	 solution	was	 not	 just	 present	 as	 a	 surface	 layer,	 but	
penetrated	the	filter	and	is	dispersed	throughout	it.	An	examination	of	the	underside	
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of	the	filter	under	magnification	showed	that	it	was	identical	to	the	top	surface	of	the	
filter.		

The	cross-sections	of	three	coated	and	uncoated	filters	were	studied	and	their	
thickness	was	measured	at	various	points	along	their	length,	using	the	scale	bar	for	
reference.	The	 strips	were	 selected	 from	both	 the	periphery	and	 the	 centre	of	 the	
filter,	to	provide	an	accurate	representation.	The	average	values	of	filter	thickness	are	
presented	in	Table	3.3.	

Table	3.3	Comparison	of	cross-sectional	thickness	of	glass	fibre	filters,	before	and	after	spin	coating	
with	PDMS	solution.	n=	13	

	 Uncoated	
filter	

PDMS-coated	
filter	

Average	thickness	 251.9	µm	 228.8	µm	
Standard	deviation	 ±	18.7	µm	 ±	9.9	µm	

The	average	thickness	of	the	coated	filter	appears	to	be	~10%	lesser	than	that	
of	 the	 uncoated	 filter.	 Due	 to	 the	 nature	 of	 the	 glass	 fibre	 filters,	 there	was	 some	
variation	 in	 the	 thickness	 at	 various	 points	 throughout	 the	 filter.	 Some	 areas	 had	
larger	interstitial	spaces,	while	the	fibres	were	tightly	knit	in	other	areas.	In	contrast,	
once	 the	 filters	 were	 spin	 coated	 with	 the	 PDMS	 solution,	 the	 fibres	 were	 held	
together	 by	 the	 glue-like	 polymer,	 creating	 a	 denser	 structure,	 with	 a	more	 even	
thickness.	This	is	corroborated	by	the	greater	standard	deviation	in	the	thickness	of	
the	uncoated	filters,	as	compared	to	the	coated	filter.		

Overall,	 the	 scanning	 electron	 microscopy	 images	 demonstrated	 that	 the	
polymer	solution	was	evenly	dispersed	throughout	the	filter.	

3.2.3. Initial	spiking	experiments	
In	 order	 to	 introduce	 the	 CME	 devices	 into	 the	 GC	 inlet,	 the	 sample	 probe	

needed	to	be	screwed	into	the	Chromatoprobe	adapter	quickly,	while	simultaneously	
starting	 the	 GC	 method.	 There	 was	 some	 concern	 that	 the	 sample	 introduction	
process	 would	 not	 be	 reproducible	 enough.	 Therefore,	 an	 initial	 experiment	 was	
conducted	where	1	µL	of	a	1	µg	mL-1	solution	of	n-tetradecane	was	loaded	onto	one	
end	of	a	CME	device.	The	extracted	ion	peak	areas	for	n-tetradecane	for	each	of	the	
samples	is	presented	in	Table	3.4.				
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Table	3.4	GC/MS	extracted	ion	chromatogram	(m/z	57)	peak	areas	for	1	µL	of	1	µg	mL-1	n-tetradecane	
solution	in	acetonitrile	spiked	onto	CME	devices,	and	desorbed	into	a	GC	inlet	using	a	Chromatoprobe	

Replicate	
number	

Peak	area/106	

1	 1.41	
2	 1.33	
3	 1.32	
4	 1.41	
5	 1.30	
6	 1.46	
7	 1.18	
8	 1.47	

Average	 1.36	
Relative	 standard	
deviation	

±	7.25%	

The	 experiment	 was	 then	 repeated	 with	 a	 1	 µg	 mL-1	 solution	 of	
methamphetamine,	 and	 once	 again	 a	 reproducible	 result	was	 obtained,	 as	 seen	 in	
Table	3.5.	

Table	 3.5	 GC/MS	 extracted	 ion	 chromatogram	 (m/z	 58)	 peak	 areas	 for	 1	 µL	 of	 1	 µg	 mL-1	
methamphetamine	solution	in	acetonitrile	spiked	onto	CME	devices,	and	desorbed	into	a	GC	inlet	using	
a	Chromatoprobe.	

Replicate	
number	

Peak	area/106	

1	 1.85	
2	 1.84	
3	 2.15	
4	 2.08	
5	 2.32	
6	 2.04	
7	 2.13	
8	 1.95	

Average	 2.06	
Relative	 standard	
deviation	

±	7.95%	



	 109	

Based	 on	 the	 results	 obtained,	 the	 sample	 introduction	 method	 was	
considered	to	be	adequately	reproducible.		

3.2.4. Airborne	methamphetamine	sampling	using	CME	
Four	separate	CME	devices	were	used	to	sample	methamphetamine	vapour,	to	

first	establish	if	the	CME	devices	could	be	used	to	reproducibly	sample	and	analyse	
methamphetamine	vapour.	The	devices	were	analysed	 immediately	post-sampling,	
and	a	total	of	3	samples	were	collected	using	each	device,	giving	a	total	of	12	samples.	
Figure	3.22	shows	a	comparison	of	the	extracted	ion	peak	area	for	the	three	samples	
of	methamphetamine	collected	using	each	of	the	4	CME	devices.		

	
Figure	 3.22	 GC/MS	 extracted	 ion	 chromatogram	 (EIC)	 peak	 areas	 for	 methamphetamine	 vapour	
sampled	using	 four	different	CME	devices,	 showing	 inter-	 and	 intra-device	 variability.	 The	 relative	
standard	 deviation	 for	 each	 device	 was	 less	 than	 ±	 14%	while	 the	 inter-device	 relative	 standard	
deviation	was	±	16%.	

The	GC/MS	peak	areas	for	methamphetamine	obtained	using	the	four	devices	
seemed	to	be	reasonably	consistent,	displaying	a	relative	standard	deviation	of	16%.	
This	was	similar	to	the	inter-fibre	variation	seen	between	the	different	SPME	fibres.	
The	 intra-device	variation	 for	 the	devices	were	 still	 lower,	with	a	maximum	 intra-
device	RSD	of	14%	seen	for	CME	device	4,	and	RSD	values	of	13%,	12%	and	13%	for	
devices	1,	2	and	3	respectively.	This	showed	that	the	CME	devices	were	very	suitable	
for	use	as	sampling	devices	for	airborne	methamphetamine.		
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3.2.5. Effect	of	relative	humidity	on	CME	sampling	
Once	it	was	established	that	capillary	microextraction	could	be	reproducibly	

used	 as	 a	 sampling	 technique	 for	 methamphetamine	 vapour	 generated	 in	 dry	
nitrogen,	the	effect	of	relative	humidity	on	the	sorption	capacity	of	the	CME	devices	
was	studied.		

A	total	of	6	samples	was	collected	using	3	CME	devices	for	each	value	of	relative	
humidity.	 Figure	 3.23	 shows	 a	 comparison	 of	 the	 average	 peak	 areas	 for	
methamphetamine	at	0%,	30%,	50%	and	70%	relative	humidity.	

	
Figure	3.23	Average	GC/MS	extracted	ion	chromatogram	(EIC)	peak	area	for	methamphetamine	(m/z	
58)	vapour	 in	nitrogen,	sampled	at	1	L	min-1,	using	capillary	microextraction,	at	different	values	of	
relative	humidity.	Three	different	CME	devices	were	used	to	collect	the	data.	Each	error	bar	represents	
one	standard	deviation,	n=6.	Relative	humidity	changes	were	conducted	in	a	random	order.	

The	average	peak	area	for	methamphetamine	in	dry	and	humid	nitrogen	was	
found	 to	 be	 quite	 consistent,	 with	 a	 relative	 standard	 deviation	 of	 15.2%	 for	 an	
average	 of	 all	 readings.	 This	 was	 quite	 similar	 to	 the	 standard	 deviation	 for	 the	
samples	 at	 each	 individual	 value	 of	 relative	 humidity,	which	 varied	 from	10-15%.	
There	did	not	appear	to	be	a	relationship	between	the	change	in	relative	humidity	and	
the	amount	of	methamphetamine	sorbed	on	the	CME	device.	However,	as	observed	
with	the	vapour	generation	system,	there	did	seem	to	be	a	decrease	in	the	background	
methamphetamine	reading	after	highly	humid	nitrogen	flowed	through	the	system,	
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and	therefore	the	12	h	equilibration	time	was	established	before	any	sampling	was	
conducted.	

3.2.6. Comparison	between	CME	and	dynamic	SPME	
It	was	 noted	 during	 preliminary	 experiments	 that	 the	 peak	 areas	 obtained	

during	 CME	 sampling	 were	 significantly	 larger	 than	 the	 peak	 areas	 previously	
obtained	using	SPME	fibres.	To	conduct	a	fair	comparison,	two	CME	devices	and	two	
SPME	 fibres	 were	 used	 to	 successively	 collect	 10	 min	 dynamic	 samples	 of	
methamphetamine	vapour	(4.2	µg	m-3)	in	nitrogen	at	0%,	30%,	50%	and	70%	relative	
humidity.	The	results	are	presented	in	Figure	3.24.		

Under	 identical	conditions	of	vapour	generation	and	sampling,	 the	capillary	
microextraction	devices	exhibited	vastly	superior	results	compared	to	the	solid	phase	
microextraction	devices.	On	average,	the	peak	area	for	the	CME	samples	was	over	30	
times	greater	than	the	peak	area	obtained	for	the	SPME	samples.	The	two	sampling	
methods	also	showed	similar	 reproducibility,	with	a	 relative	standard	deviation	of	
12.4%	for	the	CME	devices,	and	14.5%	for	the	SPME	devices.		

	
Figure	 3.24	 Comparison	 between	 the	 extracted	 ion	 chromatogram	 (EIC)	 peak	 area	 for	
methamphetamine	(m/z	58)	vapour	(4.2	µg	m-3)	in	dry	or	humid	nitrogen,	sampled	dynamically	for	10	
min,	 using	 capillary	 microextraction	 (CME)	 devices	 (filled),	 and	 PDMS	 SPME	 fibres.	 Error	 bars	
represent	one	standard	deviation,	n=6.		
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The	 superior	 performance	 of	 the	 CME	 devices	 in	 comparison	 to	 the	 SPME	
fibres	is	rational	when	a	comparison	is	made	of	the	phase	volumes	of	the	two	devices.	
For	a	commercially	available	100	µm	PDMS	SPME	fibre,	the	phase	volume	calculated	
on	the	basis	of	the	following	equation:168	

lmnopq	rstuvq = 	xℎz{s{ot	|}~�q
Ä − 	xℎz|}~�q	Çs�q	

Ä 																															equation	3.1	

An	average	1	cm	long	100	µm	PDMS	fibre	has	a	total	diameter	of	0.300	mm,	
and	 a	 fused	 silica	 core	diameter	 of	 0.110	mm,	which	 results	 in	 a	phase	 volume	of		
0.612	mm3.		

A	CME	device	is	made	up	of	2	cm	x	2	mm	long	PDMS	coated	strips	with	an	
average	calculated	thickness	of	228.8	µm	(Table	3.3).	If	each	strip	were	considered	to	
be	a	cuboid	with	the	dimensions	20	mm	x	2	mm	x	0.23	mm,	it	would	have	a	phase	
volume	of	9.2	mm3.	Since	each	CME	device	has	a	total	of	7	strips,	the	average	phase	
volume	of	a	capillary	microextraction	device	would	be	64.4	mm3,	which	is	over	100	
times	greater	than	the	phase	volume	of	a	single	SPME	fibre.		

3.2.7. Relationship	between	sampling	time	and	peak	area	
To	determine	 the	pre-equilibrium	behaviour	of	methamphetamine	 sorption	

on	CME	devices,	three	CME	devices	were	used	to	sample	methamphetamine	vapour	
with	a	concentration	of	4.2	µg	m-3,	in	dry	nitrogen.	This	concentration	was	selected	in	
order	 to	 allow	 a	 consistent	 comparison	 between	 the	 CME	 and	 SPME	 sampling	
techniques.	 Sampling	 was	 conducted	 for	 time	 periods	 ranging	 from	 0-30	 min.	
However,	 for	 sampling	 times	over	15	min,	 the	methamphetamine	peak	 shape	was	
distorted	and	could	not	be	integrated	reproducibly,	since	the	mass	spectral	detector	
was	overloaded.	Therefore,	a	pre-equilibrium	calibration	curve	was	constructed	for	
sampling	times	between	0-10	min	(Figure	3.25).	
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Figure	3.25	GC/MS	average	extracted	ion	chromatogram	(EIC)	peak	area	for	methamphetamine	(m/z	
58)	as	a	function	of	CME	sampling	time.	Each	error	represents	one	standard	deviation,	n=6,	R2=	0.995.	

For	 the	 sampling	 times	 studied,	 the	 CME	 devices	 exhibited	 a	 reproducible,	
curvilinear	relationship	between	sampling	time	and	methamphetamine	peak	area.	It	
was	hypothesised	that	the	CME	device	did	not	reach	equilibrium	even	when	sampling	
was	carried	out	for	longer	periods	of	time.	Due	to	the	limitations	of	the	mass	spectral	
detector,	this	could	not	be	confirmed.	The	near-linear	behaviour	of	the	CME	devices	
indicated	that	the	devices	were	not	fully	saturated	by	the	methamphetamine,	under	
the	conditions	used,	and	there	were	still	multiple	free	adsorption	sites	available	on	
the	CME	device.	

3.2.8. Issues	with	reproducibility	over	multiple	use	
The	GC/MS	peak	areas	obtained	 for	methamphetamine	 seemed	 to	diminish	

after	 multiple	 use	 of	 any	 given	 CME	 device.	 This	 was	 not	 observed	 as	 a	 sudden	
deterioration,	but	rather	as	a	slow	decline.	Figure	3.26	demonstrates	the	difference	in	
the	extracted	ion	chromatograms	for	methamphetamine	using	a	single	CME	device.	
The	solid	line	represents	the	chromatogram	obtained	when	the	device	was	first	used,	
and	the	dotted	line,	which	shows	a	37%	decrease	in	peak	area,	was	obtained	using	the	
device	for	the	50th	time.	Since	all	other	conditions	for	sampling	and	vapour	generation	
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were	 identical,	 it	was	established	 that	 the	CME	device	deteriorated	over	 time,	and	
therefore	 a	 device	 was	 only	 used	 for	 a	 maximum	 of	 40	 samples,	 before	 being	
discarded.	It	was	also	established	that	an	internal	standard	would	be	required	as	a	
means	of	calibration,	in	order	to	account	for	any	changes	in	the	CME	device.	

	
Figure	3.26	GC/MS	extracted	ion	chromatograms	(EIC)	for	methamphetamine,	showing	a	decrease	in	
peak	area	between	a	sample	collected	using	a	new	CME	device	(solid)	and	after	50	uses	(dotted).	All	
other	conditions	for	vapour	generation	and	sampling	were	identical.	

3.2.9. Pre-loading	devices	with	an	internal	standard	
The	 pre-equilibrium	 relationship	 of	methamphetamine	 on	 the	 CME	devices	

suggested	 that	 there	were	 still	 free	 adsorption	 sites	 available	 on	 the	 device.	 This	
indicated	 that	 it	 could	 be	 possible	 to	 pre-load	 the	 CME	 devices	 with	 an	 internal	
standard	for	calibration	purposes.	As	noted	in	Section	3.1.9.2,	d9-methamphetamine	
acted	 as	 a	 suitable	 deuterated	 internal	 standard	 for	 methamphetamine,	 and	 was	
selected	for	the	purposes	of	this	study.		

Three	 CME	 devices	 were	 used	 to	 sample	 methamphetamine	 vapour,	 after	
which	they	were	wrapped	in	foil	and	stored.	These	pre-loaded	CME	devices	were	used	
to	 sample	 d9-methamphetamine	 vapour,	 after	 which	 they	 were	 analysed.	 The	
experiment	was	 then	 repeated	 in	 reverse,	with	 the	methamphetamine	 pre-loaded	
onto	the	devices.		
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Figure	3.27	Comparison	of	GC/MS	extracted	 ion	peak	areas	 for	methamphetamine	 (white)	and	d9-
methamphetamine	(grey)	sampled	on	the	same	CME	devices.	In	the	first	 instance,	the	devices	were	
used	 to	 sample	 d9-methamphetamine	 vapour,	 then	 stored	 for	 a	 minimum	 period	 of	 4	 h,	 before	
sampling	methamphetamine	vapour.	In	the	second	instance,	methamphetamine	vapour	was	sampled	
first,	and	d9-methamphetamine	after.	Error	bars	represent	one	standard	deviation,	n=3.	

As	can	be	observed	in	Figure	3.27,	pre-loading	the	devices	with	the	internal	
standard	caused	no	competitive	displacement.	The	ratio	of	the	peak	areas	for	the	two	
(m/z	58:	m/z	65)	was	1:	1.1,	which	was	identical	to	the	peak	ratio	observed	during	
liquid	injection	GC/MS	analysis	(Section	3.1.9.2).	There	also	did	not	appear	to	be	any	
loss	 of	 analyte	 during	 storage,	 with	 the	 relative	 standard	 deviation	 between	 the	
different	 devices	 being	 ±12.92%	 for	 methamphetamine	 and	 ±	 16.76%	 for	 d9-
methamphetamine.	

3.2.10. Analyte	retention	during	active	sampling	
To	 ensure	 that	 any	 analyte	 sorbed	 onto	 a	 CME	 device	was	 retained	 on	 the	

device	 during	 subsequent	 sampling,	 three	 CME	 devices	 were	 used	 to	 sample	
methamphetamine	 followed	 by	 uncontaminated	 air	 for	 different	 lengths	 of	 time	
between	0-60	min.		
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Figure	3.28	Average	GC/MS	extracted	ion	chromatogram	(EIC)	peak	areas	for	methamphetamine	(m/z	
58)	sampled	for	10	min	using	a	CME	device,	then	used	to	actively	sample	uncontaminated	lab	air	for	
various	lengths	of	time.	Error	bars	represent	one	standard	deviation,	n=6.	

Figure	3.28	shows	the	average	methamphetamine	peak	area	obtained	for	each	
of	the	samples.	In	general,	it	was	observed	that	actively	sampling	air	did	not	affect	the	
amount	of	methamphetamine	retained	on	the	CME	device.	For	uncontaminated	air	
sampling	between	15-60	min,	the	relative	standard	deviation	was	11%,	compared	to	
the	 average	 methamphetamine	 peak	 area	 obtained	 when	 the	 CME	 devices	 were	
analysed	immediately	post-sampling.		

The	average	methamphetamine	peak	area	obtained	for	10	min	sampling	was	
substantially	 higher	 than	 the	 other	 values.	 This	 was	 attributed	 to	 a	 flaw	 in	 the	
experimental	design,	in	which	all	the	samples	which	were	exposed	to	uncontaminated	
air	for	10	min	were	collected	at	the	start	of	the	experiment,	while	the	other	samples	
were	collected	in	a	random	order.	This	may	have	introduced	a	systematic	error	in	to	
the	experiment,	resulting	in	the	higher	values.	However,	the	consistency	observed	in	
the	remaining	samples	could	confirm	that	there	was	no	significant	analyte	loss	during	
active	sampling	of	uncontaminated	air.	
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3.2.11. Analyte	retention	during	passive	storage	
One	of	the	biggest	shortcomings	of	the	dynamic	SPME	sampling	method	was	

that	analytes	were	only	retained	on	the	fibre	for	a	limited	period	of	time,	and	that	loss	
of	internal	standard	was	observed	after	~3	h	storage.	When	the	feasibility	of	using	
d9-methamphetamine	as	an	internal	standard	was	being	explored,	it	was	noted	that	
during	the	>4	h	required	for	the	vapour	generation	system	to	be	equilibrated,	the	pre-
loaded	analyte	was	 fully	 retained	on	 the	devices.	This	was	a	promising	result,	 and	
therefore	 the	 retention	of	 analytes	 on	 the	CME	device	during	passive	 storage	was	
studied	further.		

CME	devices	were	used	to	sample	methamphetamine	vapour,	then	stored	in	a	
glass	vial,	wrapped	in	foil,	for	different	lengths	of	time,	from	24	hours	to	7	days,	before	
being	analysed.	Figure	3.29	provides	a	graphical	representation	of	the	extracted	ion	
chromatogram	peak	area	for	methamphetamine	sorbed	on	CME	devices	stored	for	the	
different	time	periods.	

	
Figure	 3.29	 GC/MS	 extracted	 ion	 chromatogram	 (EIC)	 peak	 area	 for	 methamphetamine	 (m/z	 58)	
obtained	for	CME	devices	stored	for	various	time	periods	after	sampling	4.2	µg	m-3	methamphetamine	
vapour	in	nitrogen,	for	10	min.	Each	data	point	represents	a	single	sample.	
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The	average	methamphetamine	peak	area	appeared	to	be	consistent	for	CME	
devices	that	were	stored	for	up	to	72	h,	with	a	relative	standard	deviation	of	13.4%.	
However,	 the	peak	area	for	CME	devices	stored	up	to	120	h	(5	days)	and	168	h	(7	
days)	showed	a	slight	decline.		

To	confirm	this,	 three	CME	devices	were	used	to	sample	methamphetamine	
vapour	after	which	they	were	wrapped	and	stored	for	0,	3	and	5	days.	All	three	devices	
were	stored	in	a	sealed	glass	vial,	wrapped	in	aluminium	foil,	for	each	time	period.	At	
the	end	of	that	period,	the	stored	devices	were	used	to	sample	d9-methamphetamine	
vapour	at	the	same	concentration,	and	then	analysed.	This	allowed	us	to	make	a	fair	
comparison	of	the	peak	areas	between	the	methamphetamine	that	was	sorbed	and	
stored,	and	the	deuterated	methamphetamine,	analysed	immediately	post-sampling,	
for	each	of	the	three	devices.	

	
Figure	3.30	GC/MS	extracted	ion	chromatogram	(EIC)	peak	areas	for	methamphetamine	(m/z	58)	and		
d9-methamphetamine	 (m/z	 65),	 sampled	 on	 CME	 devices.	 Devices	 were	 used	 to	 first	 sample	
methamphetamine	(4.2	µg	m-3,	10	min),	stored	 for	0,	3	or	5	days,	 then	used	to	sample	the	 internal	
standard	(4.2	µg	m-3,	10	min)	just	before	analysis.		

Figure	 3.30	 shows	 the	 average	 peak	 area	 for	 methamphetamine	 and	 d9-
methamphetamine	 for	 the	samples	stored	 for	0,	3	and	5	days.	As	can	be	observed,	
storage	 for	 up	 to	 3	 days	 resulted	 in	 no	 loss	 of	 analyte	 (RSD:	 8.9%	 for	
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methamphetamine,	 9.1%	 for	 d9-methamphetamine),	 while	 a	 49.5%	 decrease	 in	
methamphetamine	peak	area	was	observed	for	the	devices	stored	for	5	days.				

This	demonstrated	that	the	CME	devices	could	be	stored	for	up	to	3	days	post	
sampling	 without	 any	 loss	 of	 analyte.	 Storing	 the	 devices	 in	 the	 dark	 and	 with	
refrigeration	could	presumably	enhance	this	storage	time,	although	no	attempts	were	
made	to	investigate	this	further.		

3.2.12. On-sorbent	derivatisation	using	CME	devices	
The	derivatisation	of	amines	for	GC/MS	analysis	is	a	commonly	encountered	

practice,	aimed	to	improve	not	just	the	detection	limit	of	the	compound,	but	also	to	
provide	 better	 separation	 and	 improved	 peak	 shape.198,	 210	 The	 use	 of	 on-fibre	
derivatisation	techniques	has	been	popular,	since	it	combines	the	sample	extraction,	
preconcentration	 and	 derivatisation	 steps	 into	 a	 single	 process,	 thereby	 reducing	
chances	of	analyte	 loss.	The	on-fibre	derivatisation	of	methamphetamine	has	been	
extensively	studied	using	a	number	of	different	derivatising	agents,	including	various	
alkyl	chloroformates,	silylating	agents	and	acetic	anhydrides.199-202			

On-sorbent	 derivatisation	 using	 capillary	 microextraction	 has	 not	 been	
studied	 extensively,	 with	 a	 single	 study	 conducted	 in	 2016,	 by	 a	 member	 of	 our	
research	group.203		In	her	study,	Zhao	was	able	to	successfully	pre-load	CME	devices	
with	 pentafluorobenzyl	 hydroxylamine,	 and	 then	 perform	 an	 on-sorbent	
derivatisation	during	the	dynamic	sampling	of	an	aldehyde,	pentanal.			

For	the	purpose	of	this	study,	pentafluorobenzyl	chloroformate	(PFBCF)	was	
used	 as	 the	 derivatising	 agent.	 PFBCF	 is	 a	 compound	 that	 can	 be	 used	 for	 the	
derivatisation	of	primary,	secondary	and	tertiary	amines,	as	well	as	amino	acids,	and	
has	been	previously	used	for	both	on-fibre	as	well	as	off-line	derivatisation.204,	219		It	
has	the	advantage	of	forming	derivatives	at	a	reasonable	speed,	without	the	need	for	
added	 base	 or	 solvents,	 and	 being	 stable	 in	 water.198	 The	 reaction	 of	
pentafluorobenzyl	 chloroformate	 with	 methamphetamine	 is	 expected	 to	 occur	 as	
shown	in	Figure	3.31.	The	derivative	has	a	molecular	weight	of	373.32	g	mol-1.	
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Figure	 3.31	 Reaction	 between	 methamphetamine	 and	 the	 derivatising	 agent	 pentafluorobenzyl	
chloroformate	to	yield	the	derivative	pentafluorobenzyl	methamphetamine	carbamate.	

3.2.12.1. Derivatisation	of	methamphetamine	using	PFBCF	

Since	the	derivatisation	of	methamphetamine	with	PFBCF	has	not	previously	
been	reported,	the	derivative	was	synthesised	using	a	method	adapted	from	Knapp,	
as	described	 in	Section	2.2.5.1.205	The	derivatised	product	 in	heptane	was	 injected	
into	the	GC/MS	for	analysis,	using	the	method	described	in	Table	2.2.	The	resultant	
GC/MS	total	ion	chromatogram	is	presented	in	Figure	3.32.	

	
Figure	 3.32	 GC/MS	 total	 ion	 chromatogram	 (TIC)	 obtained	 for	 the	 liquid	 injection	 analysis	 of	
pentafluorobenzyl	 methamphetamine	 carbamate.	 Note:	 the	 high	 concentration	 of	 the	 compounds	
produces	the	large	square	peaks	observed.	

Several	peaks	were	observed	in	the	GC/MS	total	ion	chromatogram,	most	of	
which	were	overloading	the	mass	spectral	detector.	The	peak	at	5.4	min	had	a	mass	
spectrum	that	was	found	to	match	the	compound	chloromethyl,	pentafluorobenzene	
(Figure	3.33),	and	the	peak	at	5.7	min	was	 identified	as	pentafluorobenzyl	alcohol,	
according	to	the	NIST08	mass	spectral	database.	
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Figure	3.33	Mass	spectrum	of	the	compound	identified	as	chloromethyl	benzene	(peak	at	5.7	min	in	
Figure	3.32)	

The	large	peak	between	6.3-6.6	min	had	a	molecular	ion	of	m/z	260.10.	Based	
on	the	molecular	mass	of	pentafluorobenzyl	chloroformate	(260.54	g	mol-1),	this	was	
identified	as	the	unreacted	excess	derivatising	agent.	The	peak	between	8.5-8.8	min	
had	a	molecular	ion	of	m/z	241.10,	and	ion	fragments	that	could	be	assigned	to	the	
compound	 pentafluorobenzyl	methyl	 carbamate.	 These	 peaks	 additional	 to	 PFBCF	
were	also	found	to	be	present	in	the	GC/MS	chromatogram	of	a	headspace	sample	of	
the	neat	derivatising	agent,	and	were	assumed	to	be	contaminants	or	GC	analytical	
artifacts.	 The	 mass	 spectrum	 of	 the	 final	 peak	 at	 9.8	 min,	 which	 was	 tentatively	
identified	 as	 the	 pentafluorobenzyl	 methamphetamine	 carbamate	 derivative,	 is	
shown	in	Figure	3.34.		
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Figure	3.34	Mass	spectrum	of	peak	at	9.8	min	in	Figure	3.32,	tentatively	identified	as	pentafluorobenzyl	
methamphetamine	carbamate.	

An	analysis	of	the	mass	spectrum	showed	that	there	was	no	molecular	ion	peak	
(m/z	373),	and	the	fragmentation	pattern	is	shown	in	Figure	3.35.	

Once	the	mass	spectrum	for	the	methamphetamine	carbamate	derivative	had	
been	identified,	the	analysis	was	repeated	using	a	longer	GC/MS	method	as	described	
in	Section	2.2.5.2,	which	had	a	longer	total	run	time	and	a	solvent	delay	of	8.5	min.	
Figure	3.36	shows	a	GC/MS	extracted	ion	chromatogram	for	the	ion	m/z	282,	showing	
the	peak	for	pentafluorobenzyl	methamphetamine	carbamate,	with	a	retention	time	
of	15.6	min.	The	peak	obtained	for	the	derivatised	product	was	ideal,	with	no	peak	
fronting	or	tailing	observed.	The	ion	m/z	282	was	used	to	identify	and	quantitate	the	
pentafluorophenyl	methyl	 carbamate	 since	 it	was	 characteristic	 of	 the	 derivatised	
product,	unlike	m/z	181.		
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Figure	3.35	Proposed	fragmentation	pattern	for	pentafluorobenzyl	methamphetamine	carbamate.	

	

	
Figure	3.36	GC/MS	extracted	ion	chromatogram	for	the	liquid	injection	sample	of	pentafluorobenzyl	
methamphetamine	carbamate	(m/z	282),	at	retention	time	15.6	min.	

3.2.12.2. On-sorbent	 derivatisation	 of	 methamphetamine	 on	
capillary	microextraction	devices	

The	on-sorbent	derivatisation	of	methamphetamine	was	then	attempted	using	
capillary	microextraction	 devices.	 The	 vapour	 generation	 system	 used	 to	 produce	



	 124	

methamphetamine	vapour	has	been	previously	described	 in	 Section	2.1.1.	 and	 the	
setup	for	preloading	the	devices	is	presented	in	Section	2.2.5.		

A	 total	 of	 six	 samples	were	 collected	using	 two	 separate	 but	 identical	 CME	
devices.	 Figure	 3.37	 shows	 the	 extracted	 ion	 peak	 areas	 obtained	 for	 the	
methamphetamine	derivative	(m/z	282)	for	each	of	the	samples.		

	
Figure	3.37	GC/MS	extracted	 ion	chromatogram	(m/z	282)	peak	areas	obtained	 for	 the	on-sorbent	
derivatised	 pentafluorobenzyl	 methamphetamine	 carbamate,	 using	 two	 separate	 capillary	
microextraction	devices.	A	and	B	represent	the	two	different	CME	devices	used.		

The	relative	standard	deviation	for	the	peak	areas	thus	obtained	was	14.3%,	
which	 was	 comparable	 to	 the	 inter-device	 variation	 observed	 for	 CME	 devices.	
However,	 a	 comparison	 of	 the	 peak	 areas	 obtained	 for	 each	 device	 (Figure	 3.38)	
showed	that	the	on-sorbent	derivatisation	process	greatly	improved	the	repeatability	
of	 capillary	 microextraction.	 The	 relative	 standard	 deviation	 for	 the	 peak	 areas	
obtained	for	the	first	device	was	found	to	be	6.3%	and	for	the	second	device	was	4.1%.	
This	 was	 significantly	 lower	 than	 the	 intra-device	 variation	 noted	 earlier	 in		
Section	3.2.4,	where	the	average	intra-device	variation	was	found	to	be	12.8%.	
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Figure	 3.38	 Comparison	 of	 average	 GC/MS	 extracted	 ion	 chromatogram	 (EIC)	 peak	 areas	 for	
pentafluorobenzyl	methamphetamine	carbamate	(m/z	282)	obtained	using	two	separate	CME	devices	
(n=3).	The	relative	standard	deviations	for	the	two	devices	were	6.3%	and	4.1%,	respectively.	

The	 low	 intra-device	 variation	 could	 be	 attributed	 to	 a	 number	 of	 reasons.	
First,	upon	extracting	the	ion	m/z	58	for	methamphetamine,	no	peaks	were	observed.	
This	indicated	that	all	of	the	methamphetamine	being	sorbed	onto	the	device	was,	in	
fact,	undergoing	derivatisation.	It	was	possible	that	the	low	volatility	of	the	derivative	
meant	that	it	was	being	desorbed	into	the	GC/MS	more	reproducibly,	with	variations	
in	the	manual	introduction	of	the	probe	into	the	inlet	not	affecting	analyte	desorption	
as	much.		

A	 comparison	 of	 the	 peaks	 obtained	 for	 the	 derivatised	 and	 underivatised	
methamphetamine	 is	 shown	 in	 Figure	 3.39.	 The	 excellent	 peak	 shape	 of	 the	
derivatised	 product	 (b)	 allowed	 more	 reproducible	 integration	 of	 the	 peak	 area,	
compared	to	the	methamphetamine	peaks	(a)	which	showed	significant	tailing,	which	
is	also	likely	to	contribute	to	the	low	standard	deviation	observed	for	the	product.		
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Figure	 3.39	 Comparison	 of	 integrated	 peaks	 for	 (a)	 methamphetamine	 and	 (b)	 pentafluorobenzyl	
methamphetamine	carbamate.	The	two	peaks	represent	10	min	methamphetamine	vapour	sampling	
on	a	CME	device	with	(b)	or	without	(a)	the	derivatising	agent	pre-loaded.	Note:	the	y-axis	scale	for	the	
two	chromatograms	are	not	identical.	

3.2.12.3. Relationship	between	derivative	peak	area	and	sampling	
time	

Headspace	 sampling	 of	 the	 neat	 derivatising	 agent	 was	 hypothesised	 to	
saturate	the	adsorption	sites	on	the	surface	of	the	CME	device	filter	strips.	Thus,	the	
concentration	of	 the	methamphetamine	derivative	 formed	would	be	dependent	on	
the	 amount	 of	 methamphetamine	 sampled.	 For	 dynamic	 sampling	 of	 a	 fixed	
concentration	of	methamphetamine	vapour,	 this	would	be	directly	proportional	 to	
the	sampling	time.	Therefore,	the	relationship	between	the	peak	area	of	the	derivative	
and	the	methamphetamine	sampling	time	was	investigated	(Figure	3.40).		
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Figure	3.40	GC/MS	extracted	ion	chromatogram	(EIC)	peak	areas	for	derivatised	methamphetamine	
(m/z	181	and	m/z	282)	and	underivatised	methamphetamine	(m/z	58)	for	various	sampling	times.			

An	almost	linear	trend	was	observed	for	the	sampling	times	investigated,	with	
significantly	larger	peak	areas	for	the	derivatised	methamphetamine	compared	to	the	
underivatised	methamphetamine.	This	 indicated	that	 the	on-sorbent	derivatisation	
greatly	increased	the	sensitivity	of	the	CME	sampling	technique.		

However,	 it	 was	 noted	 that	 the	 peak	 areas	 for	 underivatised	
methamphetamine	obtained	during	 this	 experiment	were	 considerably	 lower	 than	
the	peak	areas	obtained	under	identical	conditions	before,	as	reported	in	Section	3.2.4	
(Table	3.6).	The	CME	devices	used	for	this	set	of	experiments	had	been	prepared	and	
stored	unused	for	over	two	years	prior	to	the	experiment	date.	It	was	hypothesised	
that	as	the	CME	devices	aged,	the	relaxation	of	the	PDMS	on	the	filters	caused	their	
sorbent	 capabilities	 to	 decrease,	 which	 would	 explain	 the	 change	 in	 the	
methamphetamine	 peak	 areas.220	 Since	 there	 was	 no	 change	 in	 the	 inter-device	
variations	for	the	different	CME	devices	being	used,	this	decrease	was	assumed	to	be	
fairly	uniform,	and	 therefore	 the	 results	were	still	 valid.	A	 limit	of	detection	study	
could	 not	 be	 conducted	 with	 these	 devices,	 however,	 because	 they	 would	 not	 be	
representative	of	CME	devices,	and	a	comparison	cannot	be	drawn	with	the	previous	
results	obtained	in	Section	3.2.4.		
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Table	 3.6	 Comparison	 of	 methamphetamine	 extracted	 ion	 chromatogram	 peak	 areas	 for	 samples	
collected	using	old	and	new	CME	devices.	

Age	of	CME	
device	(years)	

Methamphetamine	
sampling	time	

m/z	58	peak	
area/106	

<1	 5	min	 1.94	
10	min	 4.62	

>2	 5	min	 0.17	
10	min	 0.32	

Due	to	time	constraints,	it	was	decided	that	a	study	to	determine	the	limit	of	
detection	 for	 on-sorbent	 PFBCF-derivatised	 methamphetamine	 would	 not	 be	
conducted	at	this	stage.	Instead,	the	stability	of	the	derivatising	agent	and	derivative	
on	the	devices	was	investigated.		

3.2.12.4. Stability	 of	 pentafluorobenzyl	 chloroformate	 and	 its	
methamphetamine	derivative	on	CME	devices	

The	 purpose	 of	 investigating	 the	 on-sorbent	 derivatisation	 of	
methamphetamine	using	CME	devices	was	to	determine	if	the	method	could	be	used	
as	 a	 sampling	 technique	 for	 airborne	 methamphetamine	 at	 suspected	 or	 former	
clandestine	laboratory	sites.	Since	the	analysis	would	not	be	conducted	immediately	
post-sampling,	and	in	some	cases	could	even	take	days,	it	was	necessary	to	establish	
whether	 the	 derivatised	 product	 would	 be	 stable	 on	 the	 device	 when	 stored.	
Additionally,	 it	was	 also	 essential	 that	 once	 the	derivatising	 agent	was	pre-loaded	
onto	 the	device,	 it	would	 remain	 stable	until	 sampling	was	 conducted.	This	would	
make	it	possible	to	pre-load	the	device	with	the	derivatising	agent	off-site.	Although	
the	system	for	pre-loading	the	device	was	relatively	compact	and	could	be	used	at	the	
sampling	 site,	 pre-loading	 the	 device	 off-site	 would	 minimise	 chances	 of	 cross-
contamination.		

Thus,	a	total	of	three	CME	devices	were	pre-loaded	with	the	derivatising	agent,	
and	then	wrapped	in	a	piece	of	aluminium	foil	and	stored	in	a	sealed	glass	vial	for	a	
variety	of	time	periods	ranging	from	0-48	h.	At	the	end	of	the	specified	time,	the	device	
was	 used	 to	 sample	 methamphetamine	 vapour,	 and	 then	 analysed	 by	 GC/MS	
immediately,	using	the	method	described	in	Section	2.2.5.2.	Table	3.7		lists	the	GC/MS	
extracted	ion	chromatogram	peak	areas	for	the	samples.		
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Table	 3.7	GC/MS	 extracted	 ion	 chromatogram	peak	 area	 for	 pentafluorophenyl	methamphetamine	
carbamate	(m/z	282)	obtained	using	three	CME	devices	pre-loaded	with	PFBCF	and	stored	for	various	
time	periods.	

Time	since	pre-
loading	derivatising	

agent	(h)	

m/z	282	peak	
area/106	

0	 0.80	
2	 0.75	
6	 0.76	
12	 0.63	
24	 0.93	
48	 0.82	

Average	 0.78	
Relative	standard	

deviation	 12.5%	

The	stability	of	the	derivatised	product	on	the	CME	device	was	also	examined.	
Three	different	CME	devices	were	 first	pre-loaded	with	 the	derivatising	agent	and	
then	 used	 to	 sample	methamphetamine	 vapour	 and	 stored	 for	 a	 period	 of	 0,	 3	 or		
5	days	after	which	they	were	analysed.	Table	3.8	compares	the	GC/MS	extracted	ion	
chromatogram	peak	areas	thus	obtained.		

Table	 3.8	 Comparison	 of	 GC/MS	 extracted	 ion	 chromatogram	 peak	 areas	 for	 pentafluorobenzyl	
methamphetamine	carbamate	sampled	using	CME	devices	and	stored	for	various	lengths	of	time.	

CME	
device	

m/z	282	peak	
area/	106		
(no	storage)	

Time	stored	
(days)	

m/z	282	peak	
area/106	

(post-storage)	
1	 0.66	 0	 0.69	
2	 0.83	 3	 0.90	
3	 0.69	 5	 0.68	
Based	on	these	results,	it	was	evident	that	the	devices	could	be	stored	for	up	

to	 5	 days	 post-sampling,	 without	 experiencing	 any	 loss	 of	 analyte.	 This	 is	 an	
improvement	 when	 compared	 to	 the	 results	 obtained	 for	 underivatised	
methamphetamine,	as	described	 in	Section	3.2.11,	where	some	 loss	of	analyte	was	
observed	for	the	sample	stored	for	5	days.	This	indicated	that	the	derivatised	product	
was	more	stable	than	the	underivatised	methamphetamine.			
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Chloroformates	do	not	require	long	incubation	times,	anhydrous	conditions	or	
high	temperatures,	unlike	other	derivatising	agents,	and	therefore	are	most	suitable	
for	 an	 on-sorbent	 derivatisation	 with	 dynamic	 air	 sampling.221	 Pentafluorobenzyl	
chloroformate	can	be	used	to	derivatise	primary	and	secondary	amines,	as	well	as	
tertiary	 amines	 (to	 a	 lesser	 extent),	 and	 therefore	 can	 be	 useful	 in	 a	 clandestine	
laboratory	testing	or	methamphetamine	smoking	environment,	where	other	chemical	
contaminants	apart	from	methamphetamine	may	exist.198	However,	the	first	step	in	
the	derivatisation	process	for	tertiary	amines	involves	removal	of	the	N-methyl	group,	
followed	by	carbamate	formation.198	This	means	that	dimethylamphetamine	would	
first	 be	 converted	 to	 methamphetamine,	 and	 the	 GC/MS	 peak	 area	 of	 the	
methamphetamine	 carbamate	 derivative	 would	 represent	 the	 sum	 total	
concentration	of	methamphetamine	and	dimethylamphetamine.202,	204	Additionally,	
pseudoephedrine	has	been	reported	to	form	an	oxazolidinone	derivative	with	alkyl	
chloroformates.202	 Therefore,	 the	 on-sorbent	 derivatisation	 of	 methamphetamine	
using	PFBCF	is	a	good	proof-of-concept	study,	although	further	investigations	need	to	
be	conducted,	and	other	derivatising	agents	may	be	explored.		
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4.	Study	of	oxidation	as	a	method	for	

methamphetamine	decontamination	

4.1. Introduction	
A	review	of	the	different	methods	for	clandestine	laboratory	remediation,	as	

presented	in	Section	1.5,	shows	that	the	different	guidelines	only	recommend	the	use	
of	 detergent-water	 washing	 for	 the	 removal	 of	 methamphetamine	 contamination.	
Oxidising	agents	are	commonly	used	for	the	decontamination	of	chemical,	biological,	
radiological	and	nuclear	(CBRN)	contaminants.222	However,	they	could	be	dangerous	
in	a	clandestine	 laboratory	setting	due	 to	 the	presence	of	other	chemicals	at	 these	
sites.	For	example,	acetone,	a	commonly	used	solvent	in	the	final	purification	of	illicit	
methamphetamine	can	react	with	hydrogen	peroxide	to	form	the	explosive	triacetone	
triperoxide	 (TATP).223	 Similarly,	 the	 oxidation	 of	 methylamine,	 a	 precursor	 for	
methamphetamine	using	 the	 reductive	amination	method,	 results	 in	 the	 release	of	
toxic	hydrogen	cyanide.224-225	Additionally,	strong	oxidising	agents	have	been	shown	
to	 affect	 the	 structural	 integrity	 of	 building	 materials	 by	 reducing	 their	 tensile	
strengths,	causing	corrosion	and	decolouration.226-227	These	chemicals	also	require	
specialised	storage	and	handling,	and	can	cause	exposure	hazards.			

For	 these	 reasons,	 several	 recommendations	 for	 the	 decontamination	 of	
former	 clandestine	methamphetamine	 laboratories	 specifically	 prohibit	 the	 use	 of	
strong	oxidants.131,	135,	228	However,	in	some	circumstances,	such	as	at	contaminated	
sites	 where	 methamphetamine	 may	 have	 been	 smoked	 but	 not	 manufactured,	
methamphetamine	 is	 the	 main	 contaminant	 of	 concern.	 An	 oxidative	
decontamination	 approach	might	 be	more	 cost-effective	 than	 physical	 removal	 at	
such	sites.		

The	 treatment	 of	 amines	 such	 as	 methamphetamine	 with	 hypochlorite	
bleaches	can	lead	to	the	formation	of	N-chloro	compounds	(Figure	4.1),	which	may	
then	 revert	 back	 to	 methamphetamine.185-186	 Hypochlorite-based	 bleach	 is	 also	
corrosive	to	stainless	steel,	which	may	be	commonly	found	in	a	home	environment,	
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and	 some	 chlorine-based	 oxidisers	 such	 as	 chlorine	 dioxide	 are	 unstable	 in	 the	
presence	of	light,	decomposing	to	release	chlorine	gas.229		

	
Figure	 4.1	 The	 interaction	 of	 bleach	 and	 methamphetamine	 was	 proposed	 to	 form	 N-
chloromethamphetamine	 (left)	 which	 can	 spontaneously	 react	 to	 re-form	 methamphetamine	
(right).185-186	

An	alternative	to	chlorine-based	oxidisers	is	hydrogen	peroxide.	In	their	study	
looking	at	the	efficiency	of	various	commercially	available	cleaning	agents,	Serrano	et	
al.	 noted	 the	 highest	 decontamination	 (~100%)	was	 obtained	 for	 the	 EasyDECON	
solution,	 a	 cleaner	 containing	 quaternary	 ammonium	 compounds	 with	 hydrogen	
peroxide	 and	 diacetin.183	 A	 similar	 study	 conducted	 by	 Reynolds	 for	 the	
decontamination	 of	 plasterboard	 panels	 sourced	 from	 former	 clandestine	
laboratories	also	showed	~96%	removal	of	methamphetamine	when	using	a	similar	
hydrogen	peroxide	based	cleaner.187	A	more	recent	study	by	Owens	reported	up	to	
93%	 decontamination	 when	 different	materials	 such	 as	 glass,	 vinyl,	 dry	 wall	 and	
galvanised	metal	were	 treated	with	 alkalised	hydrogen	peroxide.190	None	of	 these	
studies	 attempted	 to	 characterise	 the	 reaction	 products	 formed.	 Tanaka	 et	 al.	
analysed	 the	 reaction	 between	 hydrogen	 peroxide	 and	 methamphetamine	 and	
proposed	 the	 formation	of	hydroxy	methamphetamines,	as	shown	 in	Figure	4.2.188	
The	 authors	 proposed	 that	 a	 Bamberger	 rearrangement	 reaction	 was	 occurring;	
however,	 these	 reactions	 are	 only	 known	 to	 occur	when	 aryl	 hydroxylamines	 are	
treated	with	acids,	and	seems	unlikely.230			
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Figure	4.2	Reaction	scheme	for	the	formation	of	hydroxy	methamphetamines,	as	proposed	by	Tanaka	
et	al.188	

Since	 hydrogen	 peroxide-based	 cleaners	 used	 for	 the	 decontamination	 of	
methamphetamine	 have	 shown	 some	 promise	 in	 the	 past,	 this	 study	 aimed	 to		
a)	 investigate	 the	 efficacy	 of	 hydrogen	 peroxide	 as	 a	 potential	 decontaminant	 for	
methamphetamine,	b)	understand	the	reaction	mechanisms	involved	and,	c)	identify	
the	products	formed	as	a	result	of	the	reaction.	

Four	 different	 solutions	 were	 used	 in	 this	 study,	 all	 of	 which	 contained	
hydrogen	peroxide,	with	and	without	the	addition	of	activators	or	catalysts.		

The	 first	 set	 of	 reactions	 was	 carried	 out	 using	 a	 10%	 aqueous	 hydrogen	
peroxide	 solution.	 At	 that	 concentration,	 hydrogen	 peroxide	 is	 considered	 to	 be	 a	
Class	 I	 oxidiser	 which	 is	 unlikely	 to	 cause	 spontaneous	 ignition,	 and	 therefore	 is	
suitable	to	be	used	for	household	decontamination	purposes.231		

The	 second	 set	 of	 reactions	 was	 conducted	 using	 10%	 aqueous	 hydrogen	
peroxide	 in	 the	 presence	 of	 an	 iron	 tetra-amido	 macrocyclic	 ligand	 (Fe-TAML)	
catalyst.	 The	 Fe-TAML	 activators	 were	 designed	 by	 the	 Collins	 research	 group	 at	
Carnegie	 Mellon	 University,	 and	 consist	 of	 an	 iron-coordinated	 molecule	 with	
tetradentate	 amido-N	 ligands	 (Figure	 4.3).232	 The	 molecule	 mimics	 the	 naturally	
occurring	 enzyme,	 peroxidase,	 and	 creates	 a	 reactive	 iron-oxo	 intermediate	 in	 the	
presence	 of	 hydrogen	 peroxide,	 to	 enhance	 the	 oxidation	 process.233	 It	 has	 been	
studied	 and	 successfully	 used	 for	 the	 decontamination	 of	 pesticides,	 hydrophobic	
organic	compounds,	chemical	warfare	agents	and	oestrogens,	in	soil,	water	and	other	
environmental	matrices.233-236	Do	Pham	et	al.	used	Fe-TAML	catalysts	to	facilitate	the	
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oxidative	N-demethylation	 of	 tropane	 alkaloids	 in	 a	 simple	 one-pot	 reaction.206-207	
Although	methamphetamine	is	not	a	tertiary	amine	like	the	tropane	alkaloids	studied	
in	those	reactions,	the	reaction	conditions	used	in	this	study	were	based	on	the	Do	
Pham	study.		

	
Figure	4.3	Chemical	structure	of	the	Fe-TAML	catalyst	used	in	this	study,	adapted	from	Chanda	et	al.237	
The	compound	had	a	molecular	mass	of	650	g	mol-1.		

The	 third	 set	 of	 reactions	 were	 conducted	 using	 15%	 hydrogen	 peroxide,	
alkalised	 in	 the	 presence	 of	 0.1	 M	 aqueous	 sodium	 carbonate.	 This	 study	 was	
performed	in	accordance	with	the	study	by	Owens.190		

The	 final	 set	 of	 reactions	 were	 conducted	 using	 a	 commercially	 available	
cleaner	 containing	 hydrogen	 peroxide	 and	 quaternary	 ammonium	 compounds,	
identical	to	the	one	used	by	Reynolds,	and	similar	to	the	one	used	by	Serrano.183,	187	

4.2. Determination	of	hydrogen	peroxide	
concentration	

Hydrogen	 peroxide	 is	 commercially	 available	 as	 a	 30%	 aqueous	 solution.	
However,	since	the	solution	can	spontaneously	decompose,	the	actual	concentration	
of	 the	solution	was	determined	by	means	of	an	 iodometric	 titration,	as	detailed	 in	
Section	2.3.2.		

One	of	the	decontamination	solutions	investigated	(BioOxygen®	Chem-Decon)	
was	 a	 proprietary	 formulation	 containing	 hydrogen	 peroxide.	 The	 formulation	
consisted	of	two	parts-	A	and	B-	which	are	mixed	in	a	1:1	ratio	immediately	prior	to	
use;	and,	according	to	the	material	safety	data	sheet	(MSDS),	only	Part	B	contained	
hydrogen	peroxide	(7-7.99	wt.%).			

The	 percentage	 concentration	 of	 hydrogen	 peroxide	 in	 the	 nominally	 30%	
solution	available	in	the	lab,	as	well	as	Part	B	of	the	BioOxygen®	Chem-Decon	solution	
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was	experimentally	determined,	and	the	results	obtained	are	presented	in	Table	4.1.	
All	titrations	were	carried	out	in	triplicate	and	detailed	calculations	are	presented	in	
the	Appendix.	

Table	 4.1	 Known	 concentrations	 and	 average	 titre	 values	 obtained	 for	 the	 iodometric	 titration	 of	
hydrogen	peroxide	containing	solutions	against	0.1	mol	L-1	sodium	thiosulphate.	

Volume	of	diluted		H2O2		 1	mL	
Volume	of	diluted	Part	B	solution		 1mL	
Volume	of	0.1	M	Na2S2O3	reacted	with	30%	H2O2	 17.73	±	0.03	mL	
Volume	of	0.1	M	Na2S2O3	reacted	with	Part	B	solution	 10.01	±	0.25	mL	

Based	on	the	titration	reactions,	the	concentration	of	hydrogen	peroxide	was	
determined	to	be	30.2	±	0.3%	(8.86	mol	L-1)	in	the	nominally	30%	solution,	and	that	
of	Part	B	of	the	BioOxygen®	Chem-Decon	solution	was	17.0	±	0.5%	(5.01	mol	L-1).	This	
was	 significantly	 higher	 than	 the	 label	 claim,	 and	 the	product	would	no	 longer	be	
classified	as	non-hazardous	but	as	a	Class	I	Oxidiser	according	to	the	Code	of	Federal	
Regulations,	Title	29.238	The	higher	concentration	of	hydrogen	peroxide	in	the	Chem-
Decon	solution	was	also	noted	by	Reynolds,	a	former	member	of	our	research	group,	
who	experimentally	determined	the	concentration	of	hydrogen	peroxide	in	Part	B	to	
be	5.9	mol	L-1	(20.07%).187	It	appears	from	these	results	that	the	concentration	listed	
in	the	MSDS	for	Part	B	was	the	concentration	of	the	mixed	Part	A-Part	B	solution.239	
This	was	consistent	with	the	separate	MSDS	provided	for	the	mixed	solution.		

The	Chem-Decon	solution	was	used	according	to	manufacturer	 instructions,	
by	mixing	Parts	A	and	B	in	a	1:1	ratio	just	before	use,	and	was	not	diluted	any	further.	
The	 10%	 and	 15%	 hydrogen	 peroxide	 solutions	 used	 during	 this	 project	 were	
prepared	by	volumetric	dilution	of	the	30%	solution.			

4.3. Preliminary	studies	of	methamphetamine	
oxidation	

4.3.1. Characterisation	of	methamphetamine	free	base	
The	 methamphetamine	 hydrochloride	 samples	 used	 for	 the	 oxidation	

experiments	 conducted	 in	 this	 study	 were	 obtained	 from	 the	 Institute	 of	
Environmental	 Science	 and	 Research	 (ESR)	 Ltd,	 as	 off-white	 crystalline	 powders.	
Before	 any	 oxidation	 reactions	 were	 carried	 out,	 62.4	 mg	 or	 24.9	 mg	 of	
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methamphetamine	hydrochloride	was	first	converted	to	the	free	base	form	(50	mg	or	
20	mg,	respectively),	as	described	in	Section	2.3.3.	The	free	base	methamphetamine	
was	isolated	as	a	pale-yellow	liquid,	which	was	characterised	by	1H	NMR	as	a	134	mM	
solution	in	CDCl3	(Figure	4.4).		

	
Figure	4.4	1H	NMR	(400	MHz)	spectrum	of	methamphetamine	free	base	(134	mM)	in	CDCl3.	

1H	NMR	(400	MHz,	CDCl3):	δ	7.31-7.17	(5H,	m),	2.82-2.69	(2H,	m),	2.64-	2.59	
(1H,	m),	2.38	(3H,	s),	1.06	(3H,	d).		

The	methamphetamine	free	base	solution	was	diluted	to	prepare	a	10	µg	mL-1	
solution	 in	 dichloromethane,	 and	 this	 was	 analysed	 using	 the	 GC/MS	 method	
described	in	Table	2.4.	Figure	4.5	exhibits	a	portion	of	the	total	 ion	chromatogram	
(4.5a)	as	well	as	the	mass	spectra	(4.5b)	for	the	peaks	obtained.		
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Figure	4.5	(a)	GC/MS	total	 ion	chromatogram	(TIC)	 for	methamphetamine	free	base	(10	µg	mL-1	 in	
dichloromethane)	 extracted	 from	 the	 hydrochloride	 salt,	with	N,	N-dimethylamphetamine	 (3.13%)	
present	as	a	contaminant.	The	retention	time	for	methamphetamine	was	11.45	min,	and	11.95	min	for	
dimethylamphetamine.	 (b)	 Mass	 spectra	 of	 the	 two	 peaks	 observed	 in	 (a),	 identified	 as	
methamphetamine	 (top)	 and	 N,	 N-dimethylamphetamine	 (bottom),	 according	 to	 the	 NIST08	Mass	
Spectral	Database.	

The	 methamphetamine	 used	 for	 the	 oxidation	 experiments	 contained	 a	
shoulder	 peak	 in	 the	 GC/MS	 chromatogram	 which	 was	 identified	 as	
dimethylamphetamine,	an	expected	impurity,	based	on	its	relative	retention	time	and	
overall	 mass	 spectra.	 A	 comparison	 of	 the	 peak	 areas	 showed	 that	 the	
methamphetamine	 obtained	was	~96.2%	pure,	with	 dimethylamphetamine	 as	 the	
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only	observed	contaminant,	and	the	methamphetamine	was	considered	suitable	for	
the	purposes	of	this	study.	

4.3.2. Reaction	of	methamphetamine	with	hydrogen	
peroxide	

The	oxidation	experiments	conducted	 in	 this	 study	were	based	on	research	
conducted	 by	 Do	 Pham	 et	 al.,	 who	 investigated	 the	 oxidation	 of	 various	 tropane	
alkaloids	 using	 hydrogen	 peroxide	 and	 Fe-TAML	 catalyst.206-207	 Initial	 oxidation	
experiments	were	conducted	on	the	same	scale	as	the	Do	Pham	study,	using	50	mg	of	
methamphetamine	 free	base	and	50	molar	equivalents	of	10%	hydrogen	peroxide.	
Since	the	Fe-TAML	catalyst	was	prepared	in	ethanol,	1.5	mL	of	96%	ethanol	was	also	
added	 to	 the	mixture	 for	 the	 sake	 of	 consistency.	 The	 reaction	 was	 conducted	 in	
triplicate,	and	excess	hydrogen	peroxide	was	decomposed	at	the	end	of	one	hour	by	
the	 addition	 of	~2	mg	of	manganese	dioxide.	 Then,	 an	 acidic	 and	basic	 extraction	
process	was	carried	out,	similar	to	the	process	utilised	in	forensic	laboratories	during	
routine	analysis	of	illicit	drugs.	This	was	also	the	process	used	by	Do	Pham	et	al.	in	
their	 study.	 The	 acidic	 and	 basic	 organic	 fractions	 were	 then	 diluted	 500×	 in	
dichloromethane,	and	analysed	by	GC/MS,	using	the	method	described	in	Table	2.2.			

	
Figure	4.6	GC/MS	total	ion	chromatograms	(TIC)	for	the	(a)	acidic	and	(b)	basic	extracts,	diluted	500×	
in	dichloromethane,	obtained	after	the	reaction	of	50	mg	methamphetamine	with	50	mol	eq.	hydrogen	
peroxide.	No	discernible	peaks	were	observed	in	the	acidic	fraction,	while	the	basic	fraction	was	found	
to	contain	only	unreacted	methamphetamine.	



	 139	

Figure	4.6	demonstrates	typical	GC/MS	total	ion	chromatograms	obtained	for	
the	acidic	(a)	and	basic	(b)	organic	fractions	after	the	reaction	of	methamphetamine	
with	 hydrogen	 peroxide.	 The	 acidic	 fraction	 contained	 no	 visible	 peaks.	 The	 basic	
fraction	contained	a	single	peak,	whose	retention	time	and	mass	spectrum	matched	
that	 of	 methamphetamine.	 However,	 when	 compared	 to	 the	 control	 sample	
(methamphetamine+	water+	ethanol),	 the	peak	area	of	 the	methamphetamine	was	
found	 to	 have	 decreased	 by	 51±	 24%	 (n=3).	 This	 indicated	 that	 the	
methamphetamine	was	being	oxidised,	albeit	 inconsistently,	and	 that	 the	products	
were	not	isolated	and	detected	by	our	protocol.	The	shoulder	peak	near	the	tail	of	the	
methamphetamine	peak	was	identified	as	dimethylamphetamine.	

4.3.3. Reaction	of	methamphetamine	with	hydrogen	
peroxide	in	the	presence	of	Fe-TAML	catalyst	

The	 effect	 of	 the	 presence	 of	 1	 mol%	 Fe-TAML	 catalyst	 (based	 on	 the	
concentration	of	methamphetamine)	was	then	examined	again,	with	a	reaction	time	
of	 1	 h,	 at	 room	 temperature.	 The	 reaction	 was	 conducted	 in	 triplicate,	 with	 the	
addition	of	50	molar	eq.	of	hydrogen	peroxide	and	1.5	mL	of	1	mol%	ethanolic	Fe-
TAML	catalyst.	The	acidic	and	basic	extractions	were	carried	out	as	before,	and	the	
extracts	were	analysed	by	GC/MS,	after	dilution	(500×)	in	dichloromethane,	using	the	
method	described	in	Table	2.2.		

The	 reaction	 between	 the	 methamphetamine	 and	 hydrogen	 peroxide	
appeared	to	be	more	vigorous	in	the	presence	of	the	catalyst	when	compared	to	the	
reaction	in	its	absence.	The	ethanolic	Fe-TAML	catalyst	solution	was	originally	a	clear,	
dark	reddish-brown	solution,	and	upon	the	addition	of	 the	hydrogen	peroxide,	 the	
solution	turned	yellow.	The	yellow	colour	was	retained	by	both	the	acidic	and	basic	
fractions,	with	the	basic	fraction	appearing	a	darker	colour.		

Figure	4.7	exhibits	the	typical	GC/MS	total	ion	chromatograms	for	the	acidic	
and	 the	 basic	 organic	 extracts	 after	 the	 reaction	 between	methamphetamine	 and	
hydrogen	peroxide,	in	the	presence	of	the	Fe-TAML	catalyst.	A	number	of	peaks	can	
be	observed	in	both	fractions,	unlike	for	the	reaction	in	the	absence	of	the	catalyst.		

A	total	of	four	peaks	were	observed	in	the	GC/MS	chromatogram	for	the	acidic	
extract,	along	with	a	number	of	smaller	peaks	with	noisy	mass	spectra.	The	four	peaks	
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were	extracted	and	integrated	using	the	MassHunter	software,	and	their	mass	spectra	
were	compared	to	the	NIST08	Mass	Spectral	Database	library.			

	
Figure	4.7	GC/MS	total	ion	chromatograms	(TIC)	for	the	(a)	acidic	and	(b)	basic	extracts	obtained	after	
the	reaction	of	50	mg	methamphetamine	with	50	mol.	eq.	hydrogen	peroxide,	 in	 the	presence	of	1	
mol.%	 Fe-TAML	 catalyst,	 diluted	 500×	 in	 dichloromethane.	 The	 peaks	 in	 the	 acidic	 extract	 were	
identified	as	C1-	phenyl-2-propanone,	C2-	3-phenyl,	3-buten-2-one,	C3-	5-phenyl,	3-penten-2-one	and	
C4-	3,	4-diphenylbutenone.	The	peaks	 in	 the	basic	extract	were	 identified	as	C6-	methamphetamine	
(unreacted),	C7-	n-formylamphetamine	and	C8-	phenylisopropylbenzaldimine.	Compound	C5	could	not	
be	identified	based	on	its	mass	spectra	All	identifications	were	made	based	on	the	comparison	mass	
spectra	of	the	compounds,	using	the	NIST08	Mass	Spectral	Database.	

The	 four	 peaks,	 C1,	 C2,	 C3	 and	 C4	 in	 the	 GC/MS	 chromatogram	of	 the	 acidic	
fraction	had	retention	times	of	5.8	min,	6.2	min,	6.5	min	and	8.2	min,	respectively.	
Based	 on	 their	mass	 spectra	 (see	 Appendix),	 these	 compounds	were	 identified	 as	
phenyl-2-propanone	 (C1),	 3-phenyl,	 3-buten-2-one	 (C2),	 5-phenyl,3-penten-2-one	
(C3)	and	3,4-diphenylbutenone	(C4),	respectively.	
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Figure	4.8	Compounds	C1-C4	 identified	 in	 the	acidic	 fraction	of	 the	Fe-TAML	catalysed	oxidation	of	
methamphetamine	using	hydrogen	peroxide.	

The	GC/MS	chromatogram	of	the	basic	fraction	was	also	found	to	contain	four	
peaks-	 three	 minor	 and	 one	 major	 at	 5.8	 min,	 6.0	 min,	 7.2	 min	 and	 8.0	 min,	
respectively.	 Based	 on	 their	 mass	 spectra,	 these	 compounds	 were	 identified	 as	
methamphetamine	 (C6),	 N-formylamphetamine	 (C6)	 and	
phenylisopropylbenzaldimine	(C8).	Compound	C5	could	not	be	identified.	

	
Figure	 4.9	 Compounds	 C6-C8	 identified	 in	 the	 basic	 fraction	 of	 the	 Fe-TAML	 catalysed	 oxidation	 of	
methamphetamine	using	hydrogen	peroxide.	

The	methamphetamine	retained	in	the	basic	fraction	of	the	Fe-TAML	catalysed	
reaction	between	methamphetamine	and	hydrogen	peroxide	was	 significantly	 less	
than	that	in	the	non-catalysed	reaction,	and	had	a	peak	area	that	was	5	±	4%	(n=3)	
that	of	the	control	sample.		
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4.3.4. Formation	of	condensation	products	
While	 the	 Fe-TAML	 catalysed	 reaction	 resulted	 in	 the	 almost	 complete	

oxidation	of	methamphetamine,	the	mechanisms	of	formation	of	some	of	the	reaction	
products	were	not	obvious.	Previously,	Forester	studied	the	gas-phase	reactions	of	
methamphetamine	with	hydroxyl	radicals	and	ozone,	and	observed	the	formation	of	
phenyl-2-propanone	as	well	as	benzaldehyde,	and	proposed	reaction	mechanisms	for	
the	 these	 processes.189	 Based	 on	 her	 study	 it	 could	 be	 argued	 that	 the	 phenyl-2-
propanone	 in	 the	 acidic	 extract	 was	 forming	 as	 a	 result	 of	 the	 oxidation	 of	
methamphetamine.	 The	 formation	 of	 3,	 4-diphenylbutenone	 (C4),	 the	 major	
component	 of	 the	 acidic	 extracts	 could	 be	 explained	 as	 a	 condensation	 product	
formed	as	a	result	of	a	Claisen-Schmidt	condensation	reaction	between	benzaldehyde	
and	 phenyl-2-propanone,	 in	 the	 presence	 of	 hydroxyl	 ions	 introduced	 during	 the	
initial	 basification	 of	 the	 reaction	 mixture.	 Figure	 4.10	 demonstrates	 a	 proposed	
reaction	mechanism	for	the	formation	of	3,4-diphenylbutenone.	

	
Figure	4.10	Proposed	reaction	mechanism	for	the	formation	of	3,	4-diphenylbutenone	(Compound	C4	
in	Figure	4.7)	by	the	reaction	of	phenyl-2-propanone	with	benzaldehyde.	
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In	 this	 reaction,	 the	 phenyl-2-propanone	 (1),	 formed	 by	 the	 oxidation	 of	
methamphetamine	 is	 reversibly	 converted	 to	 its	 enolate	 (2)	 in	 the	 presence	 of	
hydroxyl	ions.	The	enolate	reacts	with	benzaldehyde	(3),	also	formed	by	the	oxidation	
of	 methamphetamine,	 to	 form	 the	 reversible	 intermediates	 (4)	 and	 (5),	 with	 (5)	
undergoing	an	irreversible	dehydration	to	form	the	observed	condensation	product-	
3,	4-diphenylbutenone	(6).		

The	major	 reaction	 product	 observed	 in	 the	 basic	 extract	 was	 the	 peak	 at	
	8.0	min,	which	was	 identified	as	phenylisopropylbenzaldimine,	which	could	result	
from	the	reaction	between	benzaldehyde	and	amphetamine,	in	a	two-step	process,	as	
seen	in	Figure	4.11.33		

	
Figure	 4.11	 Proposed	 reaction	 mechanism	 for	 the	 formation	 of	 phenylisopropylbenzaldimine	
(Compound	C8	in	Figure	4.7)	by	the	reaction	of	amphetamine	with	benzaldehyde,	based	on	an	initial	
reaction	mechanism	analogous	to	the	n-demethylation	proposed	by	Do	Pham	et	al.206	

In	 the	 first	 step,	 the	 oxidation	 of	methamphetamine	 in	 the	 presence	 of	 the		
Fe-TAML	 catalyst	 results	 in	 the	 formation	 of	 the	 hydroxymethyl	 intermediate	 (2),	
which	is	then	either	further	oxidised	to	form	n-formylamphetamine	(C7),	or	results	in	
the	 formation	 of	 amphetamine	 (3)	 and	 formaldehyde,	 as	 was	 proposed	 for	 the	
formation	of	noratropine	from	atropine	by	Do	Pham	et	al.206		
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In	 the	 second	 step,	 the	 benzaldehyde	 (4)	 formed	 from	 the	 oxidation	 of	
methamphetamine	is	protonated	to	its	reactive	oxonium	ion	(5),	which	reacts	with	
the	amphetamine	formed	by	the	N-demethylation	of	methamphetamine	in	the	first	
step.	The	nitrogen	atom	is	deprotonated	(6)	and	the	displacement	of	a	water	molecule	
results	 in	 the	 formation	 of	 the	 imine	 (8).	 The	 compound	 N-methyl,	
iminopropylbenzene	(C5)	is	presumed	to	have	formed	in	the	same	manner,	but	with	
formaldehyde	instead	of	benzaldehyde	in	step	2.		

The	 formation	 of	 condensation	 products	 during	 the	 acid/base	 extraction	
process	was	a	cause	for	concern,	as	it	was	unclear	which	compounds	were	formed	as	
a	 result	 of	 the	 oxidation	 of	methamphetamine,	 and	which	 compounds	were	 being	
formed	 or	 modified	 during	 the	 isolation	 protocol.	 Since	 the	 identification	 of	 the	
products	 formed	 during	 decontamination	 of	 methamphetamine	 is	 crucial,	 the	
acid/base	 extraction	 process	 was	 abandoned,	 and	 a	 solid	 phase	 extraction	 (SPE)	
approach	was	adopted.		

4.4. Solid	Phase	Extraction	(SPE)	method	
development	

A	preliminary	test	of	the	solid	phase	extraction	method	described	in	Section	
2.3.9	 was	 conducted	 using	 isopropylbenzylamine,	 a	 structural	 isomer	 of	
methamphetamine.	The	GC/MS	chromatograms	for	the	aqueous	and	10%	methanolic	
fractions	 contained	 no	 peaks.	 Figure	 4.12	 shows	 a	 comparison	 of	 the	 GC/MS	
chromatograms	of	the	organic	fractions	of	the	two	SPE	extraction	processes.		
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Figure	4.12	Comparison	of	the	GC/MS	total	 ion	chromatograms	(TIC)	of	the	organic	SPE	extracts	of	
control	isopropylbenzylamine.	In	(a),	100%	methanol	was	used	as	the	extraction	solvent.	In	(b),	98%	
methanol:	 2%	 ammonia	 was	 used	 as	 the	 extraction	 solvent.	 Samples	 were	 diluted	 100×	 in	
dichloromethane	before	analysis.	Note	that	the	scale	on	(a)	is	one	order	of	magnitude	smaller	than	the	
scale	on	(b).	

A	dramatic	difference	was	observed	in	the	amount	of	 isopropylbenzylamine	
eluting	 in	 the	 two	organic	 fractions.	The	peak	area	of	 isopropylbenzylamine	 in	 the	
methanolic	fraction	(a)	was	approximately	15	times	lower	than	the	peak	area	in	the	
methanolic	fraction	containing	ammonia.	

	Figure	4.13	shows	the	GC/MS	total	ion	chromatograms	for	the	aqueous,	10%	
methanolic	 and	 2%	 ammoniacal	 methanolic	 extracts	 obtained	 from	 the	 SPE	
extraction	 of	 the	 methamphetamine	 control.	 As	 observed,	 the	 aqueous	 and	 10%	
methanolic	extracts	contained	no	visible	peaks,	apart	from	plasticisers	from	the	SPE	
sorbent	bed	between	5.5-6.5	min.	
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Figure	4.13	GC/MS	total	ion	chromatograms	(TIC)	for	the	(a)	aqueous,	(b)	10%	methanolic	and	(c)	2%	
ammoniacal	methanolic	extracts	of	a	control	reaction	(methamphetamine	+	water),	diluted	100×	in	
dichloromethane.	No	discernible	peaks	were	observed	 in	 the	 aqueous	of	10%	methanolic	 extracts,	
however,	a	significant	amount	of	methamphetamine	was	observed	in	the	organic	extract.	

The	organic	extract	 contained	a	 single,	 large	peak	at	11.2	min,	whose	mass	
spectrum	matched	that	of	methamphetamine.	A	comparison	of	 the	GC/MS	analysis	
method	used	in	this	instance	with	the	method	used	for	previous	analyses	showed	that	
the	 value	 for	 inlet	 pressure	 had	 changed	 from	 6.9025	 psi	 to	 7.0113	 psi,	 which	 is	
assumed	 to	have	 caused	 the	 change	 in	 retention	 time	 for	methamphetamine	 from		
11.5	min	to	11.2	min.		

4.5. Reaction	of	methamphetamine	with	hydrogen	
peroxide	

The	 reaction	 between	 methamphetamine	 and	 hydrogen	 peroxide	 was	
performed	 using	 20	 mg	 of	 methamphetamine	 free	 base.	 Vigorous	 bubbling	 was	
observed	at	the	start	of	the	reaction.	The	extracts	were	then	diluted	in	methanol	for	
LC/MS	analysis	or	extracted	into	dichloromethane	and	diluted	for	GC/MS	analysis,	as	
described	in	Table	2.4.		

Figure	4.14	demonstrates	the	GC/MS	total	ion	chromatograms	for	the	GC/MS	
analysis	of	the	three	extracts-	aqueous	(a),	10%	methanolic	(b)	and	2%	ammoniacal	
methanolic	(c)	-	for	the	reaction	between	methamphetamine	and	hydrogen	peroxide.		
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Figure	4.14	GC/MS	total	ion	chromatograms	(TIC)	for	the	(a)	aqueous,	(b)	10%	methanolic	and	(c)	2%	
ammoniacal	methanolic	extracts	of	the	reaction	between	methamphetamine	and	50	mol	equivalents	
of	hydrogen	peroxide,	diluted	100×	in	dichloromethane.	(a)	and	(b)	contain	no	discernible	peaks,	while	
the	peak	C2	was	identified	as	methamphetamine.	The	trace	compounds	C1	and	C3	could	not	be	identified	
based	on	their	EI	mass	spectra.		

The	 TIC	 for	 the	 aqueous	 and	 10%	methanolic	 extracts	 contained	 no	 peaks	
apart	from	the	small	plasticisers	between	5.5-6.5	min.	The	TIC	for	the	2%	ammoniacal	
methanolic	 extract	 contained	 three	 peaks.	 The	 major	 peak	 C2	 at	 11.2	 min	 was	
identified	as	methamphetamine	based	on	its	retention	time	as	well	as	mass	spectrum	
and	had	a	peak	area	approximately	46%	of	the	control.	The	trace	compounds	C1	and	
C3	could	not	be	identified	based	on	their	mass	spectra	(Figure	4.15).		

	
Figure	4.15	Mass	spectra	for	the	unidentified	trace	compounds	(a)	C1	and	(b)	C3	formed	during	the	
reaction	between	methamphetamine	and	hydrogen	peroxide.	
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To	 confirm	 that	 the	 reaction	 between	 methamphetamine	 and	 hydrogen	
peroxide	was	 not	 resulting	 in	 the	 complete	 breakdown	 of	methamphetamine,	 the	
oxidation	 was	 repeated.	 However,	 at	 the	 end	 of	 the	 reaction	 period,	 manganese	
dioxide	was	not	added	to	the	reaction.	Instead,	the	mixture	was	taken	in	an	NMR	tube	
along	 with	 10%	 deuterium	 oxide	 as	 a	 locking	 solvent,	 and	 a	 proton	 excitation	
sculpting	NMR	spectrum	was	collected	on	a	Bruker	Avance	III	400	MHz	spectrometer.	
The	excitation	sculpting	spectrum	allows	the	proton	spectrum	to	be	collected	while	
suppressing	the	signal	observed	from	the	water	 in	 the	sample,	and	 is	presented	 in	
Figure	4.16.240-241	

When	compared	to	the	proton	NMR	spectrum	of	methamphetamine	free	base	
(CDCl3),	it	was	observed	that	a	number	of	peaks	are	common	to	both	spectra,	although	
a	few	new	peaks	appear	in	the	excitation	sculpting	spectra	(δ	0.9	ppm,	d;	3.2	ppm,	m;		
4.6	ppm,	s;	8.2	ppm,	s).	This	indicated	that	the	oxidation	reaction	produced	a	mixture	
of	methamphetamine	and	other	unidentified	reaction	products,	which	were	not	being	
isolated	using	the	SPE	and	GC/MS	analysis	protocols.	
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Figure	4.16	Comparison	of	1H	excitation	sculpting	NMR	spectra	(400	MHz)	of	methamphetamine	free	
base	(top),	and	(bottom)	a	mixture	of	methamphetamine	and	hydrogen	peroxide	(1	h	post-reaction)	
using	10%	D2O	as	a	locking	solvent.		
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4.6. Reaction	of	methamphetamine	with	hydrogen	
peroxide,	in	the	presence	of	Fe-TAML	catalyst	

The	oxidation	of	methamphetamine	was	also	carried	out	in	the	presence	of	the	
Fe-TAML	catalyst,	and	the	samples	were	processed	in	an	identical	manner	to	the	non-
catalytic	oxidation.	Figure	4.17	shows	the	GC/MS	total	ion	chromatograms	obtained	
for	 the	 aqueous,	 10%	methanolic	 and	2%	ammoniacal	methanolic	 extracts	 for	 the	
reaction	 of	 methamphetamine	 with	 hydrogen	 peroxide,	 in	 the	 presence	 of	 the		
Fe-TAML	catalyst.		

Once	again,	the	TICs	for	the	aqueous	and	10%	methanolic	fractions	contained	
no	visible	peaks,	while	three	peaks	were	observed	in	the	TICs	of	the	organic	fraction.	
The	 compound	 C1	 had	 a	 retention	 time	 of	 8.5	 min,	 and	 the	 mass	 spectrum	 and	
retention	time	matched	that	of	benzaldehyde.	This	was	in	accordance	to	the	findings	
by	Forester,	and	also	supported	our	previous	hypothesis	for	the	formation	of	some	of	
the	condensation	products.189	

	
Figure	4.17	GC/MS	total	ion	chromatograms	(TIC)	for	the	(a)	aqueous,	(b)	10%	methanolic	and	(c)	2%	
ammoniacal	methanolic	extracts	of	the	reaction	between	methamphetamine	and	50	mol	equivalents	
of	hydrogen	peroxide,	in	the	presence	of	1	mol%	Fe-TAML	catalyst,	diluted	100×	in	dichloromethane.	
(a)	 and	 (b)	 contain	no	discernible	peaks.	The	 compounds	 in	 the	organic	 extract	were	 identified	as	
benzaldehyde	(C1),	phenyl-2-propanone	(C2)	and	2-nitropropylbenzene	(C3).		

The	major	product	C2	had	a	retention	time	of	10.5	min,	and	a	mass	spectrum	
that	 matched	 the	 compound	 phenyl-2-propanone,	 according	 to	 the	 NIST08	 Mass	
Spectral	Database.	The	trace	compound	C3	was	found	to	have	a	mass	spectrum	that	
matched	the	compound	2-nitropropyl	benzene,	which	is	known	to	be	a	pyrolysis	or	
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decomposition	 product	 of	 methamphetamine.242	 No	 peaks	 were	 observed	 for	
methamphetamine	in	the	total	ion	chromatogram	(TIC).	However,	the	extracted	ion	
chromatogram	 for	 the	base	peak	 for	methamphetamine	 (m/z	58)	 showed	a	 small,	
broad	 peak	 between	 11.2-12.5	min.	 An	 accurate	 integration	 of	 this	 peak	 was	 not	
possible.	

	
Figure	4.18	Chemical	structures	of	compounds	C1-	C3	found	in	the	2%	ammoniacal	methanolic	extract	
of	 the	 reaction	 between	 methamphetamine	 and	 hydrogen	 peroxide,	 in	 the	 presence	 of	 Fe-TAML	
catalyst.	

Figure	4.19	 shows	a	proposed	mechanism	 for	 the	major	product,	phenyl-2-
propanone	 (C2).244	 Methamphetamine	 undergoes	 oxidative	 deamination	 to	 form	
phenyl-2-propanone	by	either	one	of	two	routes.	In	the	first	route,	the	hydroxylation	
of	the	alpha	carbon	results	in	the	formation	of	the	carbinolamine	intermediate	which	
undergoes	 a	 carbon-nitrogen	 cleavage	 to	 form	phenyl-2-propanone.	 In	 the	 second	
route,	 the	 N-oxidation	 of	 methamphetamine	 results	 in	 the	 formation	 of	 the	
hydroxylamine	through	an	N-oxide	intermediate.	The	hydroxylamine	then	rearranges	
to	form	phenyl-2-propanone,	through	the	loss	of	methylamine.			

	
Figure	 4.19	 Proposed	 reaction	 scheme	 for	 the	 formation	 of	 phenyl-2-propanone	 from	
methamphetamine.	
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Figure	4.20	shows	a	proposed	reaction	mechanism	 for	 the	 formation	of	 the	
compound	benzaldehyde.	243	

	
Figure	 4.20	 Reaction	mechanism	 for	 the	 formation	 of	 benzaldehyde	 by	 the	 oxidation	 of	 phenyl-2-
propanone.	

4.7. Phenyl-2-propanone:	Synthesis	and	
characterisation	

The	formation	of	phenyl-2-propanone	(P2P)	as	an	oxidation	reaction	product	
of	 methamphetamine	 is	 of	 forensic	 significance,	 as	 the	 presence	 of	 P2P	 at	 a	
contaminated	 site	 is	 commonly	 used	 as	 evidence	 of	 methamphetamine	
manufacture.47,	245	In	order	to	confirm	that	the	peak	C2	in	the	organic	extract	of	the	
TAML-catalysed	 reaction	 was	 in	 fact	 phenyl-2-propanone,	 the	 compound	 was	
synthesised	and	characterised	using	NMR	and	GC/MS	analysis	techniques.	

4.7.1. Synthesis	
Phenyl-2-propanone	 was	 synthesised	 from	 phenylacetic	 acid	 and	 acetic	

anhydride,	with	1-methylimidazole	as	a	catalyst,	following	the	procedure	described	
by	Tran	and	Bickar.211	The	equation	for	the	reaction	is	presented	in	Figure	4.21.	The	
product	 was	 an	 oily,	 yellow	 liquid	 with	 a	 strong,	 sweet	 odour,	 and	 a	 density	 of		
1.06	g	mL-1.	The	product	yield	after	purification	was	65.3%.		

	
Figure	4.21	Reaction	for	the	Dakin-West	synthesis	of	phenyl-2-propanone,	using	phenylacetic	acid	and	
acetic	anhydride,	with	1-methylimidazole	as	a	catalyst.	Adapted	from	Tran	and	Bickar.211	
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4.7.2. Characterisation	by	NMR	
The	synthesised	phenyl-2-propanone	was	dissolved	in	deuterated	chloroform		

(79	mM)	with	tetramethylsilane	(TMS)	as	the	internal	reference	standard.	The	1H	and	
13C	NMR	spectra	are	presented	in	Figure	4.22	and	Figure	4.23.	

Figure	 4.22	 1H	 NMR	 spectrum	 (400	 MHz)	 of	 the	 purified	 phenyl-2-propanone	 in	 CDCl3	 (79	 mM),	
showing	traces	of	ethyl	acetate.		

1H	NMR	(400	MHz,	CDCl3):	δ	7.35-	7.26	(5H,	m),	3.68	(2H,	s),	2.14	(3H,	s).	

The	multiplet	 peaks	 at	 δ	 1.3	 ppm,	 and	 4.2	 ppm	 and	 the	 singlet	 at	 2.0	 ppm	
originated	from	residual	ethyl	acetate.		
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Figure	 4.23	 13C	 NMR	 spectrum	 (400	MHz)	 of	 the	 purified	 phenyl-2-propanone	 in	 CDCl3	 (79	mM),	
showing	traces	of	ethyl	acetate.	

13C	NMR	(400	MHz,	CDCl3):	 δ	H2C=O	206.4,	CH	134.3,	129.5,	129.4,	128.8,	
128.7,	127.0,	CH2	51.0,	CH3	29.2.	

The	peaks	at	δ	77.4,	77.1	and	76.7	ppm	originated	from	the	solvent,	and	the	
peak	at	δ	48.0	ppm	originated	from	residual	ethyl	acetate.		

4.7.3. Characterisation	by	GC/MS	
The	 synthesised	 phenyl-2-propanone	 was	 also	 diluted	 to	 a	 100	 µg	 mL-1	

solution	 in	 dichloromethane	 and	 injected	 into	 the	 GC/MS	 for	 analysis,	 using	 the	
method	described	in	Table	2.4.	The	GC/MS	total	ion	chromatogram	and	mass	spectra	
of	the	peaks	are	presented	in	Figure	4.24	and	Figure	4.25.	
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Figure	4.24	GC/MS	total	ion	chromatogram	(TIC)	of	the	synthesised	phenyl-2-propanone,	diluted	to	
100	µg	 mL-1	 in	 dichloromethane.	 Compound	 C1	 was	 identified	 as	 phenyl-2-propanone	 and	 had	 a	
retention	 time	 of	 10.5	 min.	 Compounds	 C2	 and	 C3	 were	 identified	 as	 ethyl	 phenylacetate	 and	 1,3	
diphenylpropanone,	respectively.	

		 	
Figure	4.25	Mass	spectra	of	compounds	(a)	C1,	(b)	C2,	and	(c)	C3	 from	Figure	4.24,	 identified	as	the	
compounds	phenyl-2-propanone,	ethyl	phenyl	acetate	and	1,3-diphenylpropanone,	respectively.	
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The	primary	component	of	 the	 reaction	product,	C1	had	a	 retention	 time	of		
10.5	min	and	the	mass	spectrum	was	matched	to	that	of	phenyl-2-propanone	in	the	
NIST08	Mass	Spectral	Database	(a).	The	other	two	peaks	in	the	chromatogram	were	
identified	 as	 ethyl	 phenyl	 acetate	 and	1,	 3-diphenyl	 propanone	 (C2	 and	C3).	 These	
compounds	were	also	reported	by	Tran	and	Bickar,	in	their	original	paper.211		

This	prepared	material	had	identical	GC/MS	retention	time	and	mass	spectra	
to	the	product	tentatively	identified	as	phenyl-2-propanone	in	the	methamphetamine	
oxidation	experiments	previously	conducted	(Section	4.3.3),	confirming	the	identity	
of	the	compound.	Based	on	the	NMR	and	GC/MS	data,	the	phenyl-2-propanone	that	
was	synthesised	was	found	to	be	sufficiently	pure	for	the	purposes	of	this	project.	

4.8. Other	oxidation	reactions	
The	 oxidation	 of	 methamphetamine	 was	 also	 carried	 out	 using	 two	 other	

agents-	 alkalised	 hydrogen	 peroxide	 and	 a	 commercially	 available	 proprietary	
formulation,	called	BioOxygen®	Chem-Decon.		

4.8.1. Reaction	with	alkalised	hydrogen	peroxide	
Alkalinisation	has	previously	been	reported	to	increase	the	oxidising	ability	of	

hydrogen	peroxide,	as	increasing	the	pH	encourages	the	forward	reaction	that	forms	
the	perhydroxyl	(HOO-)	radical.246-247	In	the		Environmental	Protection	Agency	(EPA)	
funded	study	conducted	in	2017,	Owens	examined	the	efficacy	of	alkalised	hydrogen	
peroxide	 as	 a	 means	 of	 remediation	 for	 surfaces	 contaminated	 with	
methamphetamine.190	The	 study	 showed	a	marked	decrease	 in	methamphetamine	
concentration	 when	 treated	 with	 the	 alkalised	 hydrogen	 peroxide,	 however,	
identifying	the	reaction	products	formed	was	stated	to	be	beyond	its	scope.		

The	 reaction	 of	 methamphetamine	 with	 alkalised	 hydrogen	 peroxide	 was	
carried	out	in	a	similar	manner	to	the	previous	reactions,	with	some	modifications.	In	
his	study,	Owens	used	a	15%	hydrogen	peroxide	solution,	which	was	alkalised	by	the	
addition	of	sodium	carbonate	solution.190	In	order	to	allow	a	comparison	with	both	
Owens’	work	and	our	other	oxidation	reactions,	the	alkalised	hydrogen	peroxide	was	
prepared	 in	 the	 same	 manner	 as	 Owens,	 however	 the	 volume	 of	 the	 hydrogen	
peroxide	 used	 was	 adjusted	 so	 that	 the	 mole	 ratio	 of	 hydrogen	 peroxide	 to	
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methamphetamine	 was	 the	 same	 as	 that	 used	 for	 the	 previous	 experiments		
(50	mol	eq.).	In	addition,	the	reaction	was	carried	out	for	a	period	of	1	h,	unlike	Owens,	
and	 worked	 up	 and	 extracted	 using	 the	 solid	 phase	 extraction	method	 described	
previously	in	Section	2.3.9.	

Figure	4.26	demonstrates	the	total	ion	chromatograms	obtained	for	the	GC/MS	
analysis	 of	 the	 aqueous,	 10%	 methanolic	 and	 2%	 ammoniacal	 methanolic	 SPE	
extracts	of	the	reaction	between	methamphetamine	and	alkalised	hydrogen	peroxide.	
As	can	be	observed,	the	aqueous	and	10%	methanolic	extracts	contained	no	visible	
peaks	apart	from	plasticisers	between	5.5-6.5	min,	while	two	peaks	were	observed	in	
the	2%	ammoniacal	methanolic	fraction.	

	
Figure	4.26	GC/MS	total	ion	chromatograms	(TIC)	for	the	(a)	aqueous,	(b)	10%	methanolic	and	(c)	2%	
ammoniacal	methanolic	extracts	of	the	reaction	between	methamphetamine	and	50	mol	equivalents	
of	alkalised	hydrogen	peroxide,	diluted	100×	in	dichloromethane.	(a)	and	(b)	contain	no	discernible	
peaks.	 The	 organic	 extract	 contained	 traces	 of	 an	 unidentified	 compound	 (C1),	 as	 well	 as	 a	 large	
quantity	of	unreacted	methamphetamine	(C2).			

A	small	peak	C1	was	observed	with	a	retention	time	of	10.5-11	min.	The	mass	
spectrum	 obtained	 for	 this	 very	 small	 peak	 (Figure	 4.27)	 did	 not	 match	 any	
compounds	 in	 the	 NIST	Mass	 Spectral	 Database,	 and	 the	 compound	 could	 not	 be	
identified.	However,	the	mass	spectrum	was	identical	to	that	obtained	for	peak	C1,	in	
the	reaction	of	methamphetamine	with	hydrogen	peroxide	(Figure	4.14).		
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Figure	4.27	Mass	spectrum	of	compound	C1	in	the	2%	ammoniacal	methanolic	extract	of	the	reaction	
between	methamphetamine	and	alkalised	hydrogen	peroxide.	

The	large	peak	(C2)	had	a	retention	time	of	11.2	min	and	a	mass	spectrum	that	
matched	methamphetamine.	When	integrated,	the	peak	had	an	area	equal	to	92%	of	
the	methamphetamine	peak	area	in	the	control.		

This	indicated	that	contrary	to	expectation,	the	alkalised	hydrogen	peroxide	
was	not	acting	as	effectively	as	presumed	within	the	reaction	time	studied,	under	our	
experimental	conditions.	

4.8.2. Reaction	with	BioOxygenÒ	Chem-Decon	
The	BioOxygen®	Chem-Decon	solution	 is	a	 formulation	designed	specifically	

for	the	purpose	of	decontaminating	methamphetamine	contaminated	properties,	and	
consists	 of	 a	mixture	 of	 hydrogen	peroxide	with	 potassium	 carbonate,	 quaternary	
ammonium	compounds	and	other	surfactants.248	In	prior	research	conducted	in	our	
group,	 Reynolds	 looked	 at	 the	 efficacy	 of	 the	 solution	 for	 the	 decontamination	 of	
methamphetamine	 from	 surfaces	 and	 saw	 a	 significant	 decrease	 in	 the	
methamphetamine	concentration.187	However,	no	attempt	was	made	to	identify	the	
reaction	products	formed.		

An	 oxidation	 reaction	 was	 conducted	 using	 the	 BioOxygen®	 Chem-Decon	
solution,	with	the	two	parts	mixed	in	a	1:1	ratio,	as	per	manufacturer	instructions.	
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Although	the	product	safety	data	sheet	claimed	that	the	concentration	of	hydrogen	
peroxide	 in	 the	 mixed	 solution	 was	 between	 7-7.99%,	 based	 on	 the	 iodometric	
titration	 conducted	 and	 described	 in	 Section	 4.2,	 the	 concentration	 of	 hydrogen	
peroxide	in	the	mixed	solution	was	calculated	to	be	8.5%.	The	volume	of	the	mixed	
solution	required	was	adjusted	based	on	this	concentration,	so	that	the	molar	ratio	of	
hydrogen	 peroxide	 to	 methamphetamine	 was	 identical	 to	 that	 used	 in	 previous	
experiments.		

Figure	 4.28	 shows	 the	 GC/MS	 total	 ion	 chromatograms	 obtained	 for	 the	
aqueous,	 10%	 methanolic	 and	 2%	 ammoniacal	 methanolic	 SPE	 extracts	 for	 the	
reaction	of	methamphetamine	with	alkalised	hydrogen	peroxide.		

	
Figure	4.28	GC/MS	total	ion	chromatograms	(TIC)	for	the	(a)	aqueous,	(b)	10%	methanolic	and	(c)	2%	
ammoniacal	methanolic	extracts	of	the	reaction	between	methamphetamine	and	BioOxygen®	Chem-
Decon,	 diluted	 100×	 in	 dichloromethane.	 (a)	 and	 (b)	 contained	 traces	 of	 surfactants,	 which	 were	
present	in	significant	amounts	in	the	organic	extract	as	compounds	C1	(dipropylene	glycol	ether)	and	
C2	 (propylene	 glycol).	 Other	 compounds	 included	 traces	 of	 phenyl-2-propanone	 (C3),	
methamphetamine	(C4)	and	Z-	and	E-phenylacetone	oxime	(C5).	

The	 TICs	 of	 the	 aqueous	 and	 10%	 aqueous	 extracts	were	 found	 to	 contain	
traces	of	peaks	C1	and	C2,	which	were	identified	as	dipropylene	glycol	monomethyl	
ether	 and	propylene	 glycol.	 These	 compounds	were	not	 listed	 in	 the	product	data	
sheets	but	are	known	to	be	commonly	used	stabilisers	and	surfactants	in	industrial	
cleaning	solutions.249	

Compound	C3	had	a	retention	time	and	mass	spectrum	that	matched	phenyl-2-
propanone,	while	compound	C4	was	identified	as	methamphetamine.	The	peak	area	
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of	the	methamphetamine	was	found	to	be	just	over	5%	of	the	peak	area	in	the	control	
sample.		

The	largest	peak	in	the	organic	extract,	compound	C5,	had	a	retention	time	of	
12.5	min,	and	the	mass	spectrum	(Figure	4.29)	was	found	to	match	the	mass	spectrum	
for	phenylacetone	oxime	as	reported	by	Qi	et	al.242	

	
Figure	 4.29	 Mass	 spectrum	 of	 compound	 C5	 in	 Figure	 4.28	 formed	 from	 the	 reaction	 of	
methamphetamine	with	the	Bio-Oxygen®	Chem-Decon	solution.	

The	formation	of	phenylacetone	oxime	is	presumed	to	occur	by	the	incomplete	
oxidation	of	N-demethylated	methamphetamine,	as	proposed	in	Figure	4.30.	Further	
oxidation	would	result	in	the	formation	of	phenyl-2-propanone.250	
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Figure	4.30	Proposed	reaction	mechanism	for	the	formation	of	phenylacetone	oxime.	

The	 chemical	 structures	 of	 the	 products	 formed	 as	 a	 result	 of	 the	 reaction	
between	methamphetamine	and	BioOxygen®	Chem-Decon	are	shown	in	Figure	4.31.	

	
Figure	4.31	Chemical	structures	of	compounds	C3-	C5	found	in	the	2%	ammoniacal	methanolic	extract	
of	the	reaction	between	methamphetamine	and	BioOxygen®	Chem-Decon.	

In	an	earlier	oxidation	experiment	using	the	Chem-Decon	solution	conducted	
with	 just	methanol	as	 the	elution	solvent	during	SPE	extraction,	another	peak	was	
observed	which	had	a	retention	time	of	14.5	min.	This	compound,	which	is	present	as	
a	small,	 indistinguishable	peak	 in	Figure	4.28,	was	 identified	as	methamphetamine	
nitrone,	 a	 compound	 known	 to	 form	 during	 the	 in	 vitro	 metabolism	 of	
methamphetamine.251		

Figure	 4.32	 shows	 a	 proposed	 reaction	 mechanism	 for	 the	 formation	 of	
methamphetamine	 nitrone,	 adapted	 from	 Beckett	 and	 Belanger.252	 According	 to	
Beckett	 and	Belanger,	 amphetamines	 can	undergo	either	 a	C-oxidation	 reaction	 to	
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form	the	ketone,	or	an	N-oxidation	to	form	the	corresponding	oxime	or	primary	or	
secondary	hydroxylamine.				

	
Figure	4.32	Proposed	reaction	mechanism	for	the	formation	of	methamphetamine	nitrone	by	the	N-
oxidation	of	methamphetamine,	adapted	from	Beckett	and	Belanger.252	

According	 to	 the	 reaction	 scheme,	 methamphetamine	 (1)	 can	 undergo		
N-oxidation	 to	 form	 the	 N-hydroperoxide	 (3),	 which	 decomposes	 readily	 into	 the	
nitrone	(5).	

4.9. LC/MS	analysis	of	the	oxidation	of	
methamphetamine	

All	the	extracts	obtained	from	the	solid	phase	extraction	of	the	four	oxidation	
reactions	 conducted	were	 diluted	 500×	 in	methanol	 and	 analysed	 by	 LC/MS.	 The	
three	extracts	from	the	control	sample	were	also	analysed	according	to	the	method	
described	 in	 Table	 2.5.	 Phenyl-2-propanone	 and	 benzaldehyde	 external	 standards	
were	also	prepared;	however,	these	standards	could	not	be	detected	using	the	LC/MS	
method	employed.	Due	to	the	lack	of	availability	of	other	standards	for	comparison	
and	the	inability	to	develop	a	non-targeted	LC/MS	analysis	method	within	the	limited	
time-frame,	 the	 data	 obtained	 from	 the	 LC/MS	 was	 only	 used	 to	 confirm	 the	
quantitative	depletion	of	methamphetamine	in	the	four	reactions.		 	

A	 comparison	 of	 the	 total	 ion	 chromatograms	 of	 the	 aqueous	 and	 10%	
methanolic	extracts	showed	no	extraneous	peaks	compared	to	the	blank	solvent.	The	
only	exception	was	found	in	the	three	extracts	of	the	reaction	of	methamphetamine	
with	 BioOxygen®	 Chem-Decon,	 which	 showed	 a	 large	 peak	 at	 9.2	 min.	 The	 mass	
spectrum	of	the	peak	had	a	base	peak	ion	of	m/z	230,	and	several	 large	molecular	
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weight	 fragments.	 It	was	presumed	that	 this	peak	originated	 from	additives	 in	 the	
Chem-Decon	solution,	and	not	from	the	reaction	itself.			

	The	ions	m/z	91	and	m/z	150	were	used	to	identify	methamphetamine	in	the	
extracts.	The	peak	area	for	m/z	91	in	the	organic	extract	of	the	control	reaction	was	
calculated	 and	 used	 as	 the	 standard	 for	 comparison.	 The	methamphetamine	 peak	
areas	 from	all	other	extracts	were	 then	compared	 to	 this	value.	The	percentage	of	
methamphetamine	 present	 in	 the	 extracts	 calculated	 from	 the	 LC/MS	 and	 GC/MS	
analysis	is	presented	in	Table	4.2.	

Table	4.2	Methamphetamine	percentage	recovery	(compared	to	blank	reaction)	from	the	three	SPE	
extracts	for	the	different	methamphetamine	oxidation	conditions.	

Reaction	 Extract	 MA(%)	recovery	
(LC/MS)	

MA	(%)	
recovery	
(GC/MS)	

MA	+	H2O2	

Aqueous	 4.09	 0	
10%	

methanolic	 1.42	 0	
2%	amm.	
methanolic	 47.08	 47.42	

MA	+Fe-
TAML+	
H2O2	

Aqueous	 0.09	 0	
10%	

methanolic	 0.13	 0	
2%	amm.	
methanolic	 0.22	 0	

MA	+	
alkalised	
H2O2	

Aqueous	 0.06	 0	
10%	

methanolic	 0.06	 0	
2%	amm.	
methanolic	 81.94	 92.16	

MA	+	Bio-
Oxygen®	
Chem-
Decon	

Aqueous	 0.00	 0	
10%	

methanolic	 0.00	 0	
2%	amm.	
methanolic	 7.14	 5.27	
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4.10. Discussion	
Table	4.3	contains	a	summary	of	the	reaction	products	formed,	as	a	result	of	

methamphetamine	 oxidation.	 The	 major	 mass	 spectral	 fragments	 as	 well	 as	 the	
average	 percentage	 recovery	 of	methamphetamine	 obtained	 from	 the	 GC/MS	 and	
LC/MS	analyses	are	presented	in	parentheses.		

Table	4.3	Summary	of	reaction	products	formed	during	the	oxidation	of	methamphetamine.	The	major	
product	is	highlighted	in	bold,	and	methamphetamine	percentage	was	calculated	based	on	GC/MS	data.	

Oxidation	reagent	 Reaction	product	

10%	hydrogen	peroxide	
Unknown	1	(m/z	44,	56,	91)	
Methamphetamine	(47%)	
Unknown	2	(m/z	44,	58,	91)	

10%	hydrogen	peroxide	
+	Fe-TAML	catalyst	

Benzaldehyde	
Phenyl-2-propanone	
2-nitropropylbenzene	

15%	alkalised	hydrogen	
peroxide	

Unknown	1	(m/z	44,	56,	91)	
Methamphetamine	(82%)	

BioOxygen®	Chem-Decon	
Phenyl-2-propanone	

Methamphetamine	(7%)	
Phenylacetone	oxime	

Of	the	four	oxidation	reactions	carried	out,	the	reaction	containing	hydrogen	
peroxide	in	the	presence	of	the	Fe-TAML	activator	yielded	the	best	results.	Both	the	
GC/MS	and	LC/MS	data	confirmed	that	the	methamphetamine	was	almost	completely	
oxidised.	 Additionally,	 all	 of	 the	 reaction	 products	 formed	 could	 be	 identified.	
Similarly,	the	proprietary	formulation	BioOxygen®	Chem-Decon	was	also	capable	of	
oxidising	~95%	of	the	methamphetamine	into	known	reaction	products.	These	values	
are	 similar	 to	 those	 reported	 by	Reynolds	 in	 her	 study	 of	 the	 decontamination	 of	
plasterboard	obtained	from	clandestine	drug	laboratories.187	

The	 reaction	 of	 methamphetamine	 with	 hydrogen	 peroxide	 resulted	 in	
moderate	 decontamination;	 however,	 the	 reaction	 products	 formed	 could	 not	 be	
identified	based	on	the	analytical	techniques	used	in	this	study.	It	was	also	possible	
that	 the	solid	phase	extraction	process	used	was	 inadequate,	and	 that	some	of	 the	
reaction	products	formed	were	retained	on	the	sorbent	bed.	Interestingly,	none	of	the	
benzene-substituted	reaction	products	reported	by	Tanaka	et	al.	were	observed	 in	
this	study.188	This	may	be	due	to	the	fact	that	the	concentration	of	methamphetamine	
used	in	their	study	was	quite	low	(50	µg),	while	the	molar	ratio	of	hydrogen	peroxide	
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used	was	approximately	1000	times	higher	than	that	used	in	our	study.	Additionally,	
the	methamphetamine	was	dissolved	 in	an	unknown	solvent	and	 the	reaction	was	
allowed	 to	 continue	 for	 24	 h,	 at	 39	 °C.	 All	 of	 these	 differences	 in	 the	 reaction	
conditions	could	contribute	to	the	formation	of	other	reaction	products.	The	authors	
also	 hypothesised	 that	 a	 Bamberger	 rearrangement	 had	 occurred;	 however	 these	
reactions	are	known	to	occur	only	in	N-phenylhydroxylamines,	in	the	presence	of	acid	
catalysts,	and	may	not	be	relevant	to	this	reaction.253	The	study	did	note	that	after		
24	 h	 of	 the	 reaction,	 approximately	 a	 third	 of	 the	 methamphetamine	 remained	
unchanged,	indicating	that	hydrogen	peroxide	alone	maybe	insufficient	for	the	total	
oxidation	of	methamphetamine,	even	at	very	high	concentrations.		

Do	Pham	et	al.	conducted	Fe-TAML	catalysed	oxidation	reactions	on	tropane	
alkaloids,	 which	 are	 primarily	 tertiary	 amines.207	 However,	 the	 oxidation	 of	
noratropine,	a	secondary	amine,	resulted	in	the	formation	N-hydroxyl	derivative.	In	
our	 reaction,	 methamphetamine	 oxidation	 primarily	 yielded	 phenyl-2-propanone,	
which	 could	 have	 formed	 from	 the	 oxidative	 deamination	 of	 the	 N-hydroxy	
intermediate,	as	proposed	in	Figure	4.19.		

An	 interesting	 result	 was	 obtained	 for	 the	 alkalised	 hydrogen	 peroxide	
reaction.	 Contrary	 to	 expectations,	 only	 8-18%	 of	 the	 methamphetamine	 in	 the	
reaction	was	oxidised,	despite	 the	addition	of	 the	sodium	carbonate	as	well	as	 the	
higher	 concentration	 (15%)	 of	 hydrogen	 peroxide.	 This	 was	 lower	 than	 even	 the	
reaction	with	 10%	 hydrogen	 peroxide	 and	 no	 other	 activators.	 Owens	 reported	 a	
decontamination	efficiency	of	97	±	3%	when	liquid	reactions	of	methamphetamine	
with	 hydrogen	 peroxide	 were	 conducted.190	 A	 comparison	 of	 the	 methodologies	
employed	by	Owens	and	in	this	study,	shows	a	few	differences.	In	the	liquid	reaction	
conducted	by	Owens,	the	ratio	of	hydrogen	peroxide	to	methamphetamine	was	twice	
that	of	the	ratio	used	in	this	study	(100	mol	equivalents).	The	reaction	proceeded	for	
a	period	of	4	h,	and	was	sonicated	to	boost	interaction	between	the	reagents.	The	heat	
generated	from	the	sonication	process,	and	the	alkaline	pH,	could	further	encourage	
volatilisation	of	the	methamphetamine	free	base.	Since	the	control	reactions	were	not	
conducted	 in	 an	 alkaline	 medium,	 and	 the	 reaction	 products	 generated	 from	 the	
oxidation	were	not	studied,	it	is	impossible	to	state	with	confidence	whether	the	loss	
of	methamphetamine	occurred	due	 to	volatilisation	or	 from	the	reaction.	The	high	
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relative	standard	deviations	reported	 for	 the	oxidation	reactions	conducted	on	the	
test	surfaces	could	indicate	the	variations	in	surface	volatilisation	and	support	this	
hypothesis,	since	the	controls	were	not	sprayed	with	an	alkaline	solution.		

Additionally,	 the	 paper	 does	 not	 explicitly	 state	 the	 amount	 of	 time	 that	
elapsed	between	the	transfer	of	the	reaction	mixture	to	the	wipes	and	the	analysis.	
Since	no	measures	were	 taken	 to	decompose	any	excess	hydrogen	peroxide	 in	 the	
reaction	mixture	at	the	end	of	the	4	h,	it	is	possible	that	the	oxidation	process	carried	
on	 for	 longer	 than	the	stipulated	time	period.	Our	reaction	also	contained	ethanol,	
unlike	Owens,	which	may	have	influenced	the	reaction.	

Nicoll	and	Smith	studied	the	stability	of	hydrogen	peroxide	in	alkaline	media	
and	noted	that	41%	of	the	hydrogen	peroxide	was	decomposed	after	a	period	of	1	h,	
at	 50	 °C,	 in	 the	 presence	 of	 carbonate	 ions.254	 Lee	 et	 al.	 also	 noted	 that	 hydrogen	
peroxide	decomposed	at	 a	high	 rate	 in	 the	presence	of	 sodium	carbonate,	with	an	
estimated	 first	 order	 decomposition	 rate	 constant	 of	 60×10-5	 s-1.255	 Although	 the	
alkalised	hydrogen	peroxide	solution	used	in	this	study	was	prepared	as	close	to	the	
time	of	use	as	possible,	some	of	the	hydrogen	peroxide	will	have	decomposed	during	
the	course	of	the	reaction.	The	addition	of	the	aqueous	sodium	carbonate	solution	to	
the	 15%	 hydrogen	 peroxide	 further	 diluted	 the	 solution,	 resulting	 in	 a	 final	
concentration	 closer	 to	 10-12%.	 This	 lowered	 concentration,	 together	 with	 the	
carbonate-facilitated	decomposition	of	the	hydrogen	peroxide	could	be	the	reason	for	
the	reduced	methamphetamine	oxidation	observed.	
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5.	Conclusions	

The	hazards	of	passive	exposure	to	methamphetamine	from	living	in	a	former	
clandestine	 laboratory	have	not	yet	been	 fully	understood.	Most	guidelines	 for	 the	
remediation	 of	 methamphetamine	 contaminated	 sites	 provide	 a	 maximum	
permissible	 concentration	 as	 well	 as	 recommendations	 for	 decontamination.	
However,	 due	 to	 the	 limited	 research	 around	 the	 nature	 of	 the	 contamination	
associated	with	methamphetamine	manufacture,	and	the	chemical	decontamination	
of	methamphetamine,	the	recommendations	may	be	inadequate.	This	research	had	
the	 two-fold	 objective	 of	 developing	 methods	 for	 sampling	 airborne	
methamphetamine	which	could	be	suitable	for	use	at	former	clandestine	laboratories,	
and	investigating	the	use	of	hydrogen	peroxide-based	oxidation	of	methamphetamine	
as	a	means	of	decontamination	of	these	sites.		

5.1. Airborne	methamphetamine	sampling	
The	initial	objectives	of	this	research	were	to	develop	the	dynamic	solid	phase	

microextraction	(SPME)	sampling	technique	reported	by	McKenzie	et	al	and	develop	
a	more	sensitive	method	for	vapour	sampling.169		

5.1.1. Vapour	generation	system	
The	vapour	generation	system	used	for	this	project	was	a	modified	version	of	

the	 system	 used	 by	 McKenzie.176	 The	 system	 permitted	 the	 vapourisation	 of	 a	
methamphetamine	 solution,	 which	 was	 then	 carried	 into	 a	 stream	 of	 nitrogen,	
producing	a	steady,	known	concentration	of	methamphetamine	vapour	in	nitrogen.	
Other	 researchers,	 including	 Poppendieck	 et	 al.,	 and	 Martyny	 et	 al.	 vapourised	
methamphetamine	in	an	enclosed	chamber,	to	simulate	methamphetamine	smoking	
conditions.80,	180	Similarly,	Owens	used	a	medical	nebuliser	to	generate	aerosolised	
methamphetamine	 in	 a	 sealed,	 inflatable	 polyethylene	 bag.	 While	 these	 methods	
could	 be	 more	 representative	 of	 actual	 contamination,	 it	 is	 impossible	 to	 control	
vapour	concentration,	and	it	would	distribute	within	the	chamber	in	a	non-uniform	
manner.	 Adsorption	 and	 secondary	 emissions	 from	 the	 non-passivated	 internal	
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surfaces	 of	 the	 chambers	would	 also	 affect	 the	 vapour	 concentration,	 as	 noted	 by	
Poppendieck	et	al.180	

The	method	used	in	this	study	allowed	for	precise	control	of	the	final	vapour	
concentration,	which	is	ideal	for	preliminary	testing	and	validation	of	a	new	sampling	
technique.	Additionally,	the	methamphetamine	was	always	under	nitrogen	during	the	
heating	and	vapourisation	steps,	ensuring	that	other	incidental	reactions	would	not	
occur.	 The	 system	 downstream	 of	 the	 injection	 port	 was	 also	 created	 using	 inert	
materials	 such	 as	 Silcosteel®,	 or	 short	 lengths	 of	 PFA	 tubing,	 which	 reduced	 the	
amount	of	methamphetamine	retained	within	it.				

The	design	of	the	vapour	generation	system	used	by	McKenzie	was	improved	
by	replacing	the	free-floating	glass	insert	in	the	injection	port	with	a	fixed	Silcosteel®	
bevelled	insert.176	The	fixed	insert	positioned	the	tip	of	the	syringe	needle	within	the	
injection	port	consistently,	creating	a	more	reproducible	vapour	concentration.	This	
was	 evidenced	 by	 the	 decrease	 in	 the	 relative	 standard	 deviation	 of	 the	 vapour	
concentration	 from	±4.8%	to	±3.8%,	when	500	mg	m-3	of	decane	was	produced	 in	
nitrogen.	 The	 even	 heating	 provided	 by	 the	 metal	 surface	 also	 increased	 the	
volatilisation	of	the	analyte.	This	was	observed	as	an	increase	in	the	measured	vapour	
concentration	generated	in	the	system	with	the	steel	insert	by	~7%,	compared	to	the	
glass	insert.		

The	vapour	generation	system	was	also	modified	to	allow	for	the	production	
of	 vapour	 in	 both	 dry	 and	 humid	 nitrogen.	 Since	 atmospheric	 air	 can	 contain	
significant	 quantities	 of	 water	 vapour,	 it	 is	 necessary	 to	 validate	 an	 air	 sampling	
technique	under	conditions	that	emulate	real-life	conditions.	By	bubbling	a	stream	of	
dry	nitrogen	through	a	series	of	impingers	containing	Type	I	water,	it	was	possible	to	
fully	 saturate	 the	 N2	 stream	 with	 water	 vapour.	 Then,	 by	 mixing	 dry	 and	 humid	
nitrogen	in	different	ratios,	the	relative	humidity	at	the	outlet	could	be	controlled	with	
high	precision.	

By	 modifying	 the	 system	 in	 this	 manner,	 a	 more	 reproducible	 method	 of	
vapour	generation	was	obtained,	under	conditions	that	were	more	analogous	to	real-
life	situations.	
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5.1.2. Dynamic	Solid	Phase	MicroExtraction	
McKenzie	 was	 able	 to	 calibrate	 the	 dynamic	 solid	 phase	 microextraction	

sampler	between	concentrations	of	1-4.2	µg	m-3	of	methamphetamine	in	dry	nitrogen,	
which	 was	 estimated	 to	 be	 near	 the	 concentration	 range	 obtained	 at	 remediated	
clandestine	 labs.150,	 176	However,	McKenzie	 found	 that	 airborne	methamphetamine	
was	only	detected,	using	this	method,	at	sites	with	associated	surface	concentrations	
greater	than	60	µg/100	cm2.	It	was	possible	that	the	elevated	humidity	at	these	sites	
reduced	 the	sorption	abilities	of	 the	dynamic	SPME	sampling	method,	as	has	been	
previously	 reported.256	To	verify	 this,	methamphetamine	vapour	was	generated	 in	
nitrogen	at	0%,	30%,	50%	and	70%	relative	humidity,	and	dynamic	SPME	sampling	
was	 conducted.	 It	was	 found	 that	 the	amount	of	methamphetamine	 sorbed	on	 the	
fibre	 was	 not	 affected	 by	 the	 relative	 humidity	 over	 this	 range,	 for	 0-20	 min	 of	
sampling.	However,	a	decrease	in	methamphetamine	concentration	was	observed	for	
40	 min	 exposures	 to	 highly	 humid	 (70%)	 air.	 It	 was	 also	 observed	 that	 water	
competitively	displaced	adsorbed	methamphetamine	from	within	the	vapour	dosing	
system.	 Therefore,	 the	 background	 methamphetamine	 signal	 was	 initially	 greatly	
reduced	after	humid	air	(>50%)	had	been	flowing	through	the	system,	and	a	longer	
equilibration	time	had	to	be	employed.		

Since	the	relative	humidity	did	not	appear	to	adversely	affect	the	sorption	of	
methamphetamine	on	the	SPME	fibre,	a	different	 fibre	chemistry	was	 investigated.	
The	triple	phase	(PDMS/DVB/CAR)	fibre	had	previously	been	reported	to	be	more	
effective	for	the	headspace	sampling	of	methamphetamine.218	Therefore,	both	PDMS	
fibres	and	the	PDMS/DVB/CAR	fibres	were	used	to	sample	methamphetamine	vapour	
at	 different	 values	 of	 relative	 humidity.	 Once	 again,	 the	 relative	 humidity	 did	 not	
appear	 to	have	an	adverse	effect	on	 the	sorption	of	methamphetamine.	The	PDMS	
fibre	 performed	 was	 twice	 as	 sensitive	 as	 the	 triple	 phase	 fibre,	 under	 identical	
conditions,	and	demonstrated	slightly	improved	reproducibility.	

5.1.3. Capillary	microextraction	of	airborne	
methamphetamine	

A	 novel	 high	 surface	 area	 microextraction	 technique	 called	 capillary	
microextraction	 was	 developed	 by	 Fan	 and	 Almirall	 for	 the	 sampling	 of	 volatile	
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organic	compounds.195	The	authors	reported	that	the	new	microextraction	technique	
was	over	30	times	more	sensitive	than	traditional	SPME	sampling.	In	an	attempt	to	
reproducibly	 measure	 very	 low	 concentrations	 of	 airborne	 methamphetamine	
capillary	microextraction	(CME)	devices	were	prepared,	based	on	the	original	design	
by	 Almirall.195	 The	 devices	 were	 connected	 to	 a	 personal	 air	 sampling	 pump,	
facilitating	 the	 dynamic	 sampling	 of	 air	 through	 the	 device.	 A	 Chromatoprobe	
attachment	 allowed	 for	 the	 direct	 thermal	 desorption	 of	 the	 device	 into	 a	 gas	
chromatograph-mass	spectrometer	(GC/MS),	using	a	method	developed	to	facilitate	
effective	desorption	and	fast	analysis.		

The	vapour	generation	system	was	used	to	produce	methamphetamine	vapour	
at	concentrations	between	0.42-4.2	µg	m-3	in	dry	or	humid	nitrogen,	and	the	CME	and	
dynamic	 SPME	 sampling	methods	were	 compared	 simultaneously.	Under	 identical	
conditions,	 the	 CME	devices	were	 over	 30	 times	more	 sensitive	 than	 the	 dynamic	
SPME	sampling	system,	with	similar	reproducibility.	Relative	humidity	did	not	appear	
to	have	any	adverse	effects	on	the	performance	of	the	CME	devices,	and	the	devices	
could	re-used	up	to	40	times	without	a	significant	loss	of	sensitivity.			

The	devices	could	also	be	pre-loaded	with	a	deuterated	internal	standard	and	
did	not	appear	to	 lose	any	sorbed	analyte	when	they	were	used	to	actively	sample	
uncontaminated	 air.	 Upon	 storing	 the	 storing	 devices,	 it	 was	 observed	 that	 the	
analytes	were	fully	retained	for	up	to	3	days.		

The	on-sorbent	derivatisation	of	methamphetamine	using	pentafluorobenzyl	
chloroformate	(PFBCF)	was	also	conducted.	PFBCF	has	previously	been	successfully	
used	for	on-fibre	derivatisation	of	amphetamines,	including	methamphetamine,	using	
SPME.202	 This	 study	 reports	 the	 first	 ever	 on-sorbent	 derivatisation	 of	
methamphetamine,	using	CME	devices.	

The	devices	were	first	used	to	sample	the	headspace	of	a	vial	containing	the	
derivatising	agent	at	room	temperature,	and	then	used	to	sample	methamphetamine	
vapour.	 Devices	 were	 then	 analysed	 by	 GC/MS.	 On-sorbent	 derivatisation	 greatly	
improved	the	intra-device	reproducibility	of	the	CME	devices,	with	a	relative	standard	
deviation	of	<6.5%.	The	GC/MS	peak	shape	for	the	methamphetamine	derivative	was	
significantly	better	than	that	for	methamphetamine,	allowing	for	more	reproducible	
integration	 and	 a	 lower	 signal	 to	 noise	 ratio.	 On-sorbent	 derivatisation	 further	
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improved	the	sensitivity	of	the	CME	sampling	device,	although	a	limit	of	detection	was	
not	established.	The	derivatising	agent	could	be	pre-loaded	on	the	device	and	stored	
for	 at	 least	 2	 days	 (longer	 times	 were	 not	 investigated),	 while	 the	 derivatised	
methamphetamine	was	stored	for	up	to	5	days	post-sampling	with	no	loss	of	analyte	
observed.	

Capillary	microextraction	 (CME)	 devices	 could	 be	 used	 to	 sample	 airborne	
methamphetamine	 at	 concentrations	 expected	 at	 clandestine	 laboratories.	 The	
sampling	 time	 required	 was	 less	 than	 ten	 minutes	 for	 concentrations	 as	 low	 as		
0.42	µg	m-3.	Techniques	such	as	cassette	sampling	are	tedious	and	require	the	use	of	
solvent	extraction	and	preconcentration	processes,	which	are	 time	consuming	and	
expensive.	At	just	over	NZD	$4	each,	the	devices	are	a	convenient,	fast	and	economical	
alternative	to	dynamic	SPME.	

5.2. Oxidative	decontamination	of	
methamphetamine	

Previous	 research	 investigating	 chemical	 decontamination	 methods	 for	
methamphetamine	have	reported	the	efficacy	of	hydrogen	peroxide-based	cleaners.	
However,	none	of	 the	studies	have	attempted	 to	 identify	 the	products	 formed	as	a	
result	 of	 the	 reaction.	 Our	 research	 compared	 four	 different	 peroxide	 containing	
solutions,	studying	 their	efficiency	 in	 the	removal	of	methamphetamine,	as	well	as	
attempting	to	identify	the	reaction	products.		

Oxidation	 reactions	 were	 carried	 out	 on	 a	 small	 scale,	 using	 20	 mg	 of	
methamphetamine,	 and	 any	 one	 of	 the	 following	 four	 solutions:	 10%	 hydrogen	
peroxide,	15%	hydrogen	peroxide	with	sodium	carbonate,	10%	hydrogen	peroxide	
with	 Fe-TAML	 catalyst	 or	 a	 commercial	 cleaner	 called	 Bio-Oxygen®	 Chem-Decon.	
Reactions	were	carried	out	for	a	period	of	1	h,	after	which	the	reaction	products	were	
extracted	and	analysed	using	GC/MS	or	LC/MS.	 	

The	reaction	between	methamphetamine	and	hydrogen	peroxide	resulted	in	
the	 removal	 of	 ~47%	 of	 the	 methamphetamine.	 However,	 the	 reaction	 products	
formed	as	a	result	could	not	be	identified.	When	sodium	carbonate	was	added	to	the	
hydrogen	peroxide,	the	resultant	efficiency	was	seen	to	reduce,	so	that	only	19%	of	
the	methamphetamine	was	removed.	This	reduction	in	efficiency	was	attributed	to	
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the	carbonate	 induced	decomposition	of	 the	hydrogen	peroxide,	which	could	have	
resulted	 in	 a	 lower	 final	 peroxide	 concentration.	Once	 again,	 the	 reaction	 product	
formed	 could	 not	 be	 identified;	 however,	 the	 mass	 spectrum	 of	 the	 product	 was	
identical	to	one	of	the	products	from	the	first	reaction.	

The	Fe-TAML	catalysed	hydrogen	peroxide	oxidation	yielded	the	best	results,	
with	>99%	of	the	methamphetamine	oxidised.	The	primary	reaction	products	formed	
were	 phenyl-2-propanone	 (P2P)	 and	 benzaldehyde.	 The	 formation	 of	 P2P	 is	
forensically	significant,	as	the	presence	of	P2P	at	a	suspected	clandestine	laboratory	
is	considered	to	be	evidence	of	manufacture.81	P2P	is	also	a	route-specific	impurity	of	
methamphetamine	manufactured	using	the	Leuckart	method	as	well	as	a	pyrolysis	
product	from	methamphetamine	smoking.49,	74	Since	both	P2P	and	benzaldehyde	are	
relatively	volatile,	further	remediation	should	be	fairly	simple.		

The	 commercially	 available	 Bio-Oxygen®	 Chem-Decon	 solution	 was	 also	
effective	with	~93%	of	methamphetamine	removed.	The	primary	oxidation	product	
observed	for	this	solution	was	phenylacetone	oxime,	along	with	traces	of	P2P.		

5.3. Future	work	
The	efficiency	of	the	current	method	for	preparing	the	CME	devices	could	be	

improved.	The	evenness	of	the	PDMS	layer	depended	on	factors	such	as	the	volume	
deposited	 and	 the	 duration	 between	 depositing	 the	 PDMS	 and	 the	 spin	 coating	
process.	Another	possible	technique	for	depositing	the	PDMS	onto	the	filters	could	
involve	printing	the	polymer	onto	the	surface.257	Automation	of	the	cutting,	stacking	
and	insertion	of	the	filter	strips	could	reduce	the	variation	between	the	devices.		

Since	the	device	itself	is	fragile	and	susceptible	to	contamination	from	contact	
with	skin	and	other	chemicals,	a	sampling	unit	should	be	designed	to	house	the	device.	
A	tubular	case	made	of	a	passivated	material	which	could	fit	into	an	air	sampling	tube,	
but	whose	ends	could	be	sealed	for	storage	and	transport	would	be	ideal.	This	would	
allow	 for	 easy	 handling	 of	 the	 device	 on	 the	 field,	 while	 minimising	 sources	 of	
contamination.	An	automated	system	for	the	introduction	of	CME	devices	into	the	GC	
inlet,	similar	 to	commercially	available	thermal	desorption	 instrumentation,	would	
also	improve	the	reproducibility	of	the	devices.			
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The	 sampling	 technique	 for	 loading	 the	 CME	 devices	 with	 the	 derivatising	
agent	was	based	on	the	assumption	that	the	devices	were	completely	saturated	with	
the	 high	 concentration	 of	 vapour	 in	 the	 headspace	 of	 the	 vial.	 Since	 the	 mass	
spectrometer	was	only	turned	on	once	the	excess	derivatising	agent	had	exited	the	
column,	there	was	no	way	to	 independently	verify	this.	 It	may	be	possible	that	the	
amount	of	derivatising	agent	 loaded	onto	the	device	varied	each	time,	which	could	
result	 in	 a	 corresponding	 variation	 in	 the	 peak	 area	 of	 the	 derivative.	 In	 previous	
research	conducted	in	our	group,	nitrogen	was	bubbled	through	a	solution	containing	
the	 derivatising	 agent	 (PFBHA)	 and	 passed	 through	 the	 CME	 device	 to	 load	 it;	
however,	this	technique	did	not	work	for	the	PFBCF.203	A	more	reproducible	method	
for	loading	a	known	concentration	of	the	derivatising	agent	should	be	investigated,	
and	could	involve	the	use	of	standard	gas	generating	vials.258		

All	of	the	airborne	methamphetamine	sampling	studies	in	this	research	were	
conducted	using	an	in-house	vapour	generation	system.	While	this	method	is	suitable	
for	initial	validation	studies,	at	an	actual	clandestine	laboratory	site,	the	larger	volume	
of	air,	presence	of	air	currents,	temperature	and	humidity	variations	as	well	as	the	
presence	of	other	volatile	chemicals	are	all	likely	to	influence	the	sorption	of	airborne	
methamphetamine	on	the	devices.	Before	the	devices	can	be	used	in-field	for	routine	
testing,	 it	 is	 imperative	 to	 first	validate	 the	 sampling	method	at	actual	 clandestine	
laboratory	sites	or	during	a	controlled	methamphetamine	synthesis.	

Although	the	presence	of	methamphetamine	is	considered	a	sentinel	marker	
to	 indicate	contamination	from	the	manufacture	of	methamphetamine,	many	other	
volatile	and	semi-volatile	chemicals	also	exist	at	these	sites.	Since	CME	devices	are	
non-specific,	they	could	also	be	used	to	sample	other	organic	contaminants	found	at	
clan	labs.	It	may	even	be	possible	to	use	the	devices	to	determine	the	characteristic	
“temporal	 chemical	 signatures”	 associated	 with	 each	 methamphetamine	
manufacturing	process,	as	suggested	by	Man	et	al.161	Additionally,	the	devices	could	
be	 used	 to	 determine	 the	 volatile	 organic	 chemicals	 released	 during	
methamphetamine	 smoking.	 The	 presence	 or	 absence	 of	 these	 pyrolysis	 products	
could	 help	 determine	 whether	 the	 methamphetamine	 contamination	 within	 a	
structure	was	caused	by	smoking	or	due	to	manufacture.		
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The	solid	phase	extraction	technique	used	needs	further	optimisation	to	allow	
all	of	the	products	to	be	fully	isolated.	In	the	control	reactions,	while	the	majority	of	
the	methamphetamine	was	obtained	in	the	ammoniacal	methanolic	extract,	a	fraction	
was	retained	on	the	sorbent	bed.	As	such,	it	was	also	likely	that	some	of	the	products	
formed	were	retained.	The	addition	of	a	buffer	to	maintain	the	pH	of	the	sample,	or	
the	use	of	other	extraction	solvents	could	be	considered.		

All	of	the	oxidative	decontamination	reactions	in	this	study	were	conducted	in	
solution.	While	this	was	ideal	for	the	purpose	of	initial	investigations	to	determine	the	
applicability	of	the	method,	it	is	not	analogous	to	real-life	decontamination	scenarios.	
The	effect	of	the	peroxide-based	solutions	on	the	oxidation	of	methamphetamine	in	
contaminated	 building	 material,	 including	 both	 porous	 and	 non-porous	 surfaces,	
should	 be	 investigated.	 Other	 parameters,	 including	 pH	 and	 temperature,	may	 be	
altered	 for	 increased	 efficiency.	 Additionally,	 the	 effects	 of	 the	 solutions	 on	 the	
structural	integrity	of	the	material	itself,	should	also	be	studied.		
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Appendix	

Table	A.	1	Systematic	errors	associated	with	glassware/equipment	used	for	measurements.	

Glassware/	
Instrument	

Brand	 Capacity	 Tolerance/
Error	

Analytical	balance	 Instrument	
Electronics	 0.0001	to	210	g	 ±	0.0001	g	

Photoionisation	
detector	

MOCON-
Baseline	 0.1	to	2000	ppm	 ±	3%	

Temperature	and	
humidity	sensor	 USBTenki	

-20	to	70	°C	
0	to	100	RH%	

±	0.3	°C	
±	2%	

Heating	plate	 IKA-RCT	 0	to	310	°C	 ±	1	°C	
Gas-tight	syringes	 SGE	 10-1000	µL	 ±	1%	
Autopipette	 Eppendorf	 2-1000	µL	 ±	1%	
Glass	pipette	 	 10	mL	 ±	0.02	mL	
Glass	burette	 	 25	mL	 ±	0.05	mL	

Volumetric	flask	 	
10	mL	
100	mL	
500	mL	

±	0.02	mL	
±	0.15	mL	
±	0.30	mL	

Measuring	cylinder	 	
10	mL	
100	mL	

±	0.2	mL	
±	0.5	mL	

Gas	flow	meter	 TSI	 0.01	to	20	L	min-1	 ±	2%	
Mass	Flow	
Controller	 Alicat	 0	to	5	L	min-1	 ±	0.8%	

Syringe	pump	 New	Era	 0.73	µL	to	2100	mL	h-1	 ±	1%	
Air	sampling	pump	 SKC	Inc.	 5	to	5000	mL	min-1	 ±	5%	

pH	meter	 Mettler	Toledo	 0-14	 ±	0.2	
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Table	 A.2	 Comparison	 of	 average	 GC/MS	 total	 ion	 chromatogram	 peak	 areas	 for	 freshly	 prepared	
methamphetamine	and	d9	methamphetamine,	with	previously	prepared	standard	solution.	

Solution	 Year	of	preparation	 Average	TIC	peak	area/106	

69	 2010	 3.24	
98	 2014	 3.55	
99	 2014	 3.36	
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Table	A.	3	Summary	of	masses	of	the	PDMS	coated	strips	in	each	of	the	CME	devices	used	during	the	
course	of	this	study	

CME	device	number	 Mass	(g)	

1	 0.0295	
2	 0.0268	
3	 0.0341	
4	 0.0283	
5	 0.0198	
6	 0.0222	
7	 0.0260	
8	 0.0280	
9	 0.0265	
10	 0.0254	
11	 0.0173	
12	 0.0188	
13	 0.0186	
14	 0.0193	
15	 0.0212	
16	 0.0291	
17	 0.0211	
18	 0.0185	
19	 0.0240	
20	 0.0241	
21	 0.0199	
22	 0.0281	
23	 0.0277	
24	 0.0265	
25	 0.0276	

Average	 0.0243	
Standard	deviation	 ±	0.0044	
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Titration	of	30%	H2O2	solution	

Concentration	of	sodium	thiosulfate	solution:	0.100	mol	L-1	±	0.82%	

Volume	of	hydrogen	peroxide	solution	(diluted	10×):	1	mL	±	1%	

Volume	of	sodium	thiosulfate	consumed:	

Titration	number	 Initial	volume	 Final	volume	
1.	 0.00	mL	 17.70	mL	
2.	 0.00	mL	 17.75	mL	
3.	 0.00	mL	 17.75	mL	

Average	 0.00	mL	 17.72	mL	
RSD	 0.00%	 0.16%	

	

Reaction:	

H2O2	+	2KI	+	H2SO4	+	2Na2S2O3		 							K2SO4+	Na2S4O6	+	2NaI	+	2H2O	

Concentration	of	sodium	thiosulfate:	

	 C=	0.1	mol	L-1	×	17.72	mL	×	10	
	 	 	 19.83	mL	

	
=	0.100	mol	L-1	
	

Error	calculations:	
	
Burette	error:	0.2%	
Pipette	error:	0.23%	
Volumetric	flask	error:	0.04%	
	

Error%=	É(0.02Ä + 0.2Ä + 0.23Ä + 0.04Ä + 0.77Ä)	

	
=0.83%	
	
Concentration	=	0.100	mol	L-1	±	0.83%	
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Standardisation	of	sodium	thiosulfate	solution	

Concentration	of	potassium	iodate	solution:	0.0167	mol	L-1	±	0.02%	

Volume	of	potassium	iodate	solution:	20	±	0.05	mL	

Volume	of	sodium	thiosulfate	consumed:	

Titration	number	 Initial	volume	 Final	volume	
1.	 0.00	mL	 19.80	mL	
2.	 0.00	mL	 19.70	mL	
3.	 0.00	mL	 20.00	mL	

Average	 0.00	mL	 19.83	mL	
RSD	 0.00%	 0.77%	

	

Reaction:	

2IO3-	+	4S2O32-	+	12H+		 2S4O62-	+	6H2O	+	I2	

Concentration	of	peroxide:	

	 C=	6	×	0.0167	mol	L-1	×	20	mL	
	 	 	 2	×	1	mL	

	
=	8.86	mol	L-1	
	

Error	calculations:	
	
Burette	error:	0.2%	
Pipette	error:	0.23%	
Volumetric	flask	error:	0.2%	
	

Error%=	É(0.83Ä + 0.2Ä + 0.23Ä + 0.2Ä + 0.16Ä)	

	
=0.92%	
	
Concentration	=	8.86	mol	L-1	±	0.92%	

=30.14	±	0.28%	
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Titration	of	BioOxygen	Chem-Decon	(Part	B)	solution	

Concentration	of	sodium	thiosulfate	solution:	0.100	mol	L-1	±	0.82%	

Volume	of	ChemDecon	solution	(diluted	10×):	1	mL	±	1%	

Volume	of	sodium	thiosulfate	consumed:	

Titration	number	 Initial	volume	 Final	volume	

1.	 0.00	mL	 10.30	mL	
2.	 0.00	mL	 9.90	mL	
3.	 0.00	mL	 9.85	mL	
Average	 0.00	mL	 10.01	mL	
RSD	 0.00%	 2.46%	

	

Reaction:	

H2O2	+	2KI	+	H2SO4	+	2Na2S2O3	 									K2SO4+	Na2S4O6	+	2NaI	+	2H2O	

Concentration	of	peroxide:	

	 C=	0.1	mol	L-1	×	10.01	mL	×	10	
	 	 	 2	×	1	mL	
	

	
=	5.01	mol	L-1	
	

Error	calculations:	
	
Burette	error:	0.2%	
Pipette	error:	0.23%	
Volumetric	flask	error:	0.2%	
	
Error%=	É(0.83Ä + 0.2Ä + 0.23Ä + 0.2Ä + 2.46Ä)	

	
=2.62%	
	
Concentration	=	5.01	mol	L-1	±	2.62%	
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GC/MS	chromatograms	of	methamphetamine	oxidation	reaction	mixtures	

	
Figure	A.	1	GC/MS	chromatograms	of	Fe-TAML	catalysed	methamphetamine	oxidation,	followed	by	acid/base	extraction.	
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Figure	A.	2	Mass	spectra	and	chemical	structures	of	compounds	C1-C4	in	the	acidic	extract	(Figure	A.	1).		
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Figure	A.	3		Mass	spectra	and	chemical	structures	of	compounds	C6-C8	in	the	basic	extract	(Figure	A.	1).		
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Figure	A.	4	GC/MS	total	ion	chromatogram	of	the	2%	ammoniacal	methanolic	SPE	extract	for	the	control	reaction	(top)	and	mass	spectrum	of	the	peak	(bottom).	
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Figure	A.	5	GC/MS	total	ion	chromatogram	of	the	2%	ammoniacal	methanolic	SPE	extract	for	the	reaction	of	methamphetamine	with	10%	hydrogen	peroxide	(top)	
and	mass	spectra	of	the	peaks	(bottom).		
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Figure	A.	6	GC/MS	total	ion	chromatogram	of	the	2%	ammoniacal	methanolic	SPE	extract	for	the	reaction	of	methamphetamine	with	10%	hydrogen	peroxide,	in	the	
presence	of	Fe-TAML	catalyst	(top)	and	mass	spectra	of	the	peaks	(bottom).	
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Figure	A.	7	GC/MS	total	ion	chromatogram	of	the	2%	ammoniacal	methanolic	SPE	extract	for	the	reaction	of	methamphetamine	with	15%	alkalised	hydrogen	peroxide	
(top)	and	mass	spectra	of	the	peaks	(bottom).	
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Figure	A.	8	GC/MS	total	ion	chromatogram	of	the	2%	ammoniacal	methanolic	SPE	extract	for	the	reaction	of	methamphetamine	with	the	proprietary	formulation	
BioOxygen®	Chem-Decon.	
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Figure	A.	9	Mass	 spectra	and	chemical	 structures	 for	 compounds	C1	 to	C5	 in	 the	GC/MS	chromatogram	(Figure	A.	8)	of	 the	 reaction	of	methamphetamine	with	
BioOxygen	Chem-Decon.	
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LC/MS	 chromatograms	 for	 methamphetamine	 oxidation	 reaction	

mixtures	

	

Figure	 A.	 10	 LC/MS	 extracted	 ion	 chromatograms	 (m/z	 150)	 for	 the	 2%	 ammoniacal	 methanolic	
extracts	of	the	various	oxidation	reaction	mixtures	for	methamphetamine.	The	other	peaks	present	in	
the	chromatograms	could	not	be	identified.	
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