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Abstract		

	

The	presence	of	organic	micro-pollutants	in	aquatic	systems	and	drinking	water	is	of	concern	in	most	

highly	populated	regions	of	the	planet.	Extensive	surveys	of	major	river	systems	in	Europe	and	the	

United	States	have	measured	a	wide	array	of	organic	 contaminants	 including	 industrial	 chemicals,	

surfactants,	 pharmaceuticals	 and	 pesticides.	 The	 European	 Union’s	Water	 Framework	 Directive	 –	

aimed	at	achieving	good	environmental	quality	of	surface	waters	at	the	catchment	level	-	has	a	series	

of	environmental	quality	standards	that	must	not	be	exceeded	for	a	wide	range	of	water	pollutants,	

including	pesticides	and	other	organic	contaminants.		
	

To	meet	these	demands	and	challenges	of	higher	water	quality,	Arvia	Technology	Ltd.	have	developed	

a	novel	water	treatment	process	known	as	the	Arvia™	Process.	The	Arvia	Process	combines	adsorption	

with	 in-situ	 electrochemical	 regeneration	 which	 leads	 to	 the	 electrochemical	 oxidation	 of	 the	

adsorbed	organic	contaminant.	The	aim	of	the	present	study	was	to	test	the	individual	stages	of	the	

Arvia	 Process,	 namely	 adsorption	 and	 electrochemical	 regeneration	 of	 the	 proprietary	 adsorbent	

Nyex™,	for	its	ability	to	remove	and	treat	two	current-use	pesticides,	atrazine	and	pirimicarb,	at	trace	

level	concentrations.		

	

Initial	adsorption	kinetic	and	isotherm	studies	indicated	that	the	adsorbent,	Nyex,	could	successfully	

remove	 both	 atrazine	 and	 pirimicarb	 when	 dissolved	 in	 water.	 This	 indicated	 that	 atrazine	 and	

pirimicarb	could	therefore	potentially	be	removed	using	a	combined	adsorption	and	electrochemical	

process.	 During	 electrochemical	 regeneration	 of	 the	 adsorbent,	 ideally	 the	 adsorbed	 organic	

contaminant	should	remain	adsorbed	onto	the	sorbent	and	be	fully	oxidised	to	H2O,	CO2	and	inorganic	

ions.	 However,	 in	 the	 present	 study	 during	 electrochemical	 regeneration,	 adsorbate	 molecules	

desorbed	 from	 the	Nyex	 surface	 and	were	 subsequently	 transferred	 back	 into	 solution.	However,	

some	treatment	was	observed	as	evidenced	by	the	formation	of	degradation	products.	Two	atrazine	

degradation	products	were	 formed	and	were	 tentatively	 identified	as	deethyl-deisopropyl-atrazine	

and	4-ethylimino-6-isopropylamino-s-triazine.	One	pirimicarb	degradation	product	was	formed	and	

was	 tentatively	 identified	 as	 2-methylamino-5,6-dimethylpyrimidin-4-yl-dimethylcarbamate.	 Since	

there	were	only	slight	modifications	to	the	structures	of	the	original	parent	compounds,	this	indicated	

that	the	compounds	were	only	partially	oxidised.	This	may	be	the	result	of	indirect	electrochemical	

oxidation	in	the	liquid	phase	as	during	this	study	there	was	desorption	of	the	pollutants.	
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This	 investigation	 revealed	 that	 under	 the	 experimental	 conditions	 used	 in	 the	 present	 study	

electrochemical	oxidation	could	not	effectively	remove	and	treat	atrazine	and	pirimicarb	at	trace	level	

concentrations.	 The	 experimental	 conditions	 used	 were	 likely	 responsible	 for	 the	 desorption	 of	

atrazine	and	pirimicarb	thereby	making	the	assessment	of	the	performance	of	the	system	difficult.	

Future	work	should	consider	investigating	the	present	methods	under	other	experimental	conditions	

to	improve	the	treatment	and	destruction	of	atrazine	and	pirimicarb.	
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Chapter	1	–	Introduction	

	

	

1. Micro-pollutants	

	

1.1. Anthropogenic	Chemical	Pollution	of	Water	Resources	

	

The	demand	on	our	clean	water	resources	is	growing	with	the	rapid	and	extensive	increase	in	human	

population	and	economic	growth.	Loos	et	al.,	(2009)	reported	that	of	the	Earth’s	accessible	renewable	

freshwater,	more	than	one	third	is	used	for	agricultural,	industrial	and	domestic	purposes.	This	large	

amount	of	water	used,	driven	by	human	development	and	unrestricted	activities,	is	responsible	for	

the	 increase	 in	 contamination	 of	 our	water	 sources	with	 numerous	 synthetic	 organic	 compounds	

(Schwarzenbach	et	al.,	2006).	As	water	 is	our	most	vital	 resource	 it	 is	 crucial	 to	protect	our	water	

sources	from	anthropogenic	pollution	for	the	preservation	of	human	and	ecological	health	as	well	as	

the	environment.	

	

In	the	last	30	years,	the	European	Union	(EU)	and	United	States	(US)	have	registered	circa	100,000	

different	synthetic	organic	compounds	for	commercial	use	(Loos	et	al.,	2009).	The	production	of	these	

different	synthetic	compounds	has	been	attributed	to	the	high	living	standards	of	today’s	society	and	

are	 responsible	 for	 advances	 in	health	 care,	 sanitation,	 agriculture	 and	 industry.	However,	 the	EU	

reports	 that	 between	 2004	 and	 2013,	 42	 %	 (almost	 half)	 of	 the	 combined	 total	 production	 of	

chemicals,	 were	 environmentally	 harmful	 compounds	 (European-Commission,	 March,	 2016).	 The	

major	concern	is	that	a	large	(but	unknown)	quantity	of	these	chemicals	will	disperse	and	persist	in	

the	environment	and	reach	water	bodies	in	mixtures	alongside	their	degradation	products	(DPs)	with	

unknown	long-term	effects	on	humans	and	the	environment	(Brack	et	al.,	2017).		

	

This	has	led	to	many	different	types	of	synthetic	compounds	ending	up	in	many	bodies	of	water	at	

concentration	levels	below	the	mg/L	range.	The	chemicals	detected	in	water	that	fall	below	this	range	

are	termed	“micro-pollutants”	(MPs).	Some	MPs	have	become	ubiquitous	 in	natural	water	sources	

and	 have	 been	 detected	 in	 remote	 environments	 far	 removed	 from	 industrial	 areas.	 This	

demonstrates	their	ability	to	distribute	themselves	and	persist	in	the	environment	(Loos	et	al.,	2009).	

Consequently,	much	effort	 has	been	 invested	 to	 evaluate	 the	occurrence,	 fate	 and	eco-toxicity	 of	

these	MPs	 in	 the	environment	 including	 in	 surface,	ground	and	waste	water	 (Schwab	et	al.,	2005,	
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Schwarzenbach	et	al.,	2006,	Snyder,	2008,	Pal	et	al.,	2010,	Lapworth	et	al.,	2012,	Luo	et	al.,	2014,	

Barbosa	et	al.,	2016).		

	

	

1.2. Occurrence	and	Sources	of	Organic	Micro-pollutants		

	

The	presence	and	occurrence	of	MPs	 in	 the	environment	has	been	reported	 in	many	publications,	

increasing	concern	in	the	scientific	community	and	the	general	public.	This	creates	a	new	challenge	

for	the	scientific	community	as	MPs	consist	of	a	wide	variety	of	synthetic	and	natural	compounds.	

These	 include	 compounds	 such	 as	 pesticides,	 industrial	 compounds,	 pharmaceuticals,	 steroid	

hormones,	personal	care	products	and	many	more	(Ribeiro	et	al.,	2015).	These	synthetic	and	natural	

compounds	 exhibit	 a	 wide	 range	 of	 different	 chemical	 structures,	 functional	 groups	 (FGs)	 and	

physiochemical	properties	complicating	the	understanding	of	their	behaviour,	persistence	and	impact	

on	the	environment.	Furthermore,	most	MPs	are	only	present	in	water	at	trace	level	concentration	

ranging	from	a	few	ng/L	to	several	µg/L.	The	diversity	of	MPs	alongside	their	individual	physiochemical	

properties	and	their	low-level	concentrations	in	the	environment,	make	their	detection,	analysis	and	

treatment	complex	(Luo	et	al.,	2014).	

The	occurrence	of	MPs	 in	 surface	water	 is	 often	 as	 a	 result	 of	water	 discharge	 from	waste	water	

treatment	plants	(WWTPs)	following	incomplete	removal.	These	WWTPs	are	not	designed	or	tailored	

to	remove	and	eliminate	MPs	(Kim	et	al.,	2007,	Benotti	et	al.,	2009,	Kock-Schulmeyer	et	al.,	2013).	

Therefore,	many	of	these	MPs	can	pass	through	conventional	waste	water	treatment	processes.	Since	

many	 of	 these	 MPs	 are	 known	 to	 be	 persistent	 and	 recalcitrant	 in	 nature,	 they’re	 continuously	

reintroduced	into	the	environment.	This	results	in	the	most	persistent	of	these	compounds	remaining	

in	 the	 aquatic	 environment	 threatening	wildlife	 and	 ending	 up	 in	 our	 drinking	water	 (Coupe	 and	

Blomquist,	2004,	Kim	et	al.,	2007,	Snyder,	2008,	Benotti	et	al.,	2009,	Kumar	and	Xagoraraki,	2010,	

Padhye	et	al.,	2014).	

	

Whilst	the	incomplete	removal	of	MPs	from	WWTPs	is	a	major	pathway	for	the	introduction	of	MPs	

to	 surface	water,	 other	 sources	 include	 runoff	 from	 agricultural	 fields,	 livestock	 and	 aquaculture,	

landfill	leachates,	urban	runoff	and	domestic	and	hospital	effluents	(Barbosa	et	al.,	2016).		The	many	

different	pathways	MPs	may	follow	are	shown	in	Fig.	1.		
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Fig.	1.	Representative	sources	and	routes	of	MPs	in	the	environment	(Barbosa	et	al.,	2016).	

	

	

1.3. Consequences	

	

MPs	which	 comprise	 of	 compounds	 such	 as	 pesticides	 and	 herbicides	 (biocides),	 pharmaceuticals	

including	hormones	and	illegal	drugs	are	all	designed	to	have	a	biological	effect.	In	the	case	of	biocides,	

they’re	 intrinsically	 designed	 to	 be	 hazardous	 and	 toxic	 to	 living	 organisms.	 The	 nature	 of	 these	

compounds	and	their	effects	evoke	concerns	regarding	their	ability	to	be	unsafe,	harmful	and	toxic	to	

non-target	organisms	(Hernandez	et	al.,	2013).	However,	it	is	a	difficult	task	to	assess	the	effects	that	

many	 synthetic	 and	 natural	 trace	 level	 compounds,	 which	 may	 only	 be	 present	 in	 water	 at	

concentrations	ranging	from	pg/L	to	µg/L,	will	have	on	the	aquatic	environment	and	human	health	

(Schwarzenbach	et	al.,	2006).		

	

Overall	 studies	done	 in	many	countries	have	 reported,	when	comparing	MP	concentrations	 in	 the	

environment	with	their	corresponding	predicted	no	effect	concentrations	(PNECs),	that	most	of	the	

compounds	were	determined	to	be	at	concentrations	without	a)	toxicological	risk	to	human	health	

and	 b)	 potential	 environmental	 significance	 (Schwab	 et	 al.,	 2005,	 Snyder,	 2008,	 Luo	 et	 al.,	 2014).	

However,	 important	 to	 note	 is	 that	 these	 determined	 PNEC	 values	 were	 based	 on	 individual	

compounds	instead	of	mixtures	of	contaminants	such	as	is	encountered	in	the	aquatic	environment.	

Furthermore,	DPs	of	many	MPs	are	still	unknown	and	were	not	monitored	in	these	studies	(Luo	et	al.,	

2014).	Despite	many	studies	on	the	fate	and	toxicity	of	the	parent	MPs	in	the	environment,	there	are	

research	 gaps	 causing	 uncertainty	 regarding	 human	 and	 eco-toxicological	 potential	 of	 DPs.	 This	

indicates	that	research	should	be	continued	 in	regard	to	understanding	the	health	effects	of	these	

MPs	especially	in	regard	to	their	mixtures	and	DPs	(Schwarzenbach	et	al.,	2006).	
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1.4. Regulation	

	

The	 preservation	 of	 our	 water	 from	 chemical	 contamination	 to	 assure	 its	 high	 quality	 is	 a	major	

societal	goal	in	the	EU.	The	Water	Framework	Directive	(WFD)	alongside	its	daughter	directives	are	

the	major	 body	of	 legislation	 that	 establish	 a	 legal	 framework	 to	 protect	 and	 restore	 clean	water	

across	Europe	and	ensure	its	long-term	and	sustainable	use	(Brack	et	al.,	2017).	In	2000,	the	European	

Commission	(EC)	implemented	the	WFD	with	the	aim	of	ensuring	that	all	water	bodies	(rivers,	lakes,	

coastal	waters	and	ground	water)	achieve	a	“Good	Ecological	Status”	by	2027.	This	means	that	bodies	

of	water	should	contain	only	minimal	pollutants	to	protect	the	integrity	of	vulnerable	ecosystems	to	

provide	a	natural	habitat	for	animals	and	plants	(UFZ,	February	27,	2017).		

	

The	main	pieces	of	legislation	for	the	protection	and	sustainable	use	of	European	freshwater	resources	

are:		

	

• The	Water	Framework	Directive	

	

This	was	the	first	EU-wide	push	towards	a	clean	water	policy.	Defined	by	the	Directive	2000/60/EC,	

the	Directive	set	forth	a	strategy	with	the	aim	of	 identifying	substances	as	high	priority	substances	

(PSs)	in	their	relation	to	being	harmful	to	the	aquatic	ecosystem	(Ribeiro	et	al.,	2015).	

	 	

• 2008/105/EC	Environmental	Quality	Standards	Directive		 	

	

In	this	directive,	a	list	containing	33	PSs	was	establish	in	2008	by	the	EU	in	the	field	of	water	policy.	

For	these	33	PSs	and	8	other	environmental	contaminants,	Environmental	Quality	Standards	(EQSs)	

were	defined.	These	EQSs	were	based	on	available	data	of	acute	and	chronic	effects	to	the	aquatic	

environment	and	human	health	(Ribeiro	et	al.,	2015).	

	

The	2000/60/EC	and	2008/105/EC	Directive	was	amended	by	the:	

	

• 2013/39/EU	Directive	

	 	

This	updated	water	framework	policy	contains	the	latest	amendment	of	the	list	of	PSs.	This	directive	

has	now	45	PSs	which	calls	for	the	enhanced	monitoring	of	these	compounds	and	for	various	options	

for	their	treatment	(Barbosa	et	al.,	2016).	This	directive	also	promotes	preventative	action	and	the	
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“polluter	pays”	principle	and	dealing	with	emissions	of	pollutants	at	the	source.	Furthermore,	due	to	

the	high	detection	 levels	of	MPs	 in	 the	environment	and	 the	 inability	of	WWTPs	 to	eliminate	and	

remove	these	compounds,	the	directive	aims	to	promote	and	support	the	development	and	research	

towards	new	water	and	waste	water	treatment	technologies	(Ribeiro	et	al.,	2015).		

	

This	legislation	has	been	responsible	for	the	extensive	monitoring	of	the	chemicals	described	in	the	

directives	in	all	EU	Member	States	(Brack	et	al.,	2017).	

	

	

1.5. Micro-pollutants	to	be	Investigated	in	this	Research	Work	

	

Synthetic	pesticides	have	been	widely	 employed	 since	 the	1940s	 (Unsworth,	 2010)	 and	 they	have	

contributed	to	the	high	living	standards	of	today’s	society	and	greatly	benefited	humans	by	assuring	

high	quality	food	products	and	controlling	infectious	diseases	among	others.	However,	even	at	low	

concentrations,	 unintended	 exposure	 to	 pesticides	may	 have	 adverse	 effects	 and	 implications	 on	

human	health	 (Mostafalou	and	Abdollahi,	2013,	Kim	et	al.,	2017).	Furthermore,	 the	 long-term	and	

excessive	use	of	pesticides	in	areas	of	intensive	agriculture	have	led	to	environmental	contamination	

(Parron	et	al.,	2014).	

	

The	agricultural	sector	is	the	largest	consumer	of	pesticides	accounting	for	around	85	%	of	the	world’s	

production.	In	2006	and	2007,	approximately	2.4	million	tonnes	of	pesticides	were	used	world-wide	

each	year.	Within	this	figure,	herbicides	made	up	the	largest	portion	of	the	total	use	of	pesticides	and	

was	followed	by	other	pesticides	and	insecticides.	Today	herbicides	continue	to	be	the	most	common	

type	of	pesticide	used	in	agriculture	(Parron	et	al.,	2014).	

	

Although	the	largest	portion	of	pesticide	use	is	attributed	to	agriculture,	pesticides	are	also	used	to	

maintain	 golf	 courses,	 parks,	 gardens	 and	major	 roads	 (Kim	 et	 al.,	 2017).	 This	 highlights	 that	 the	

potential	of	pesticide	exposure	is	not	only	considerable	to	occupational	workers,	but	also	to	the	public.	

Direct	exposure	to	pesticides	occurs	predominantly	from	occupational,	agricultural	and	household	use	

(Kim	et	al.,	2017),	while	the	most	common	sources	of	indirect	exposure	to	the	public	include	drinking	

water,	food,	dust	and	air	(Parron	et	al.,	2014).	The	increased	risk	and	potential	for	pesticide	exposure	

is	largely	dominated	by	the	pesticide’s	physical	and	chemical	properties	(Kim	et	al.,	2017).	
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Similarly,	The	physical	and	chemical	properties	of	pesticides	dictate	their	behaviour	and	lifespan	in	

the	environment.	As	pesticides	are	designed	to	be	toxic	and	in	some	cases	persistent,	they	may	be	

hazardous	 or	 give	 rise	 to	 concerns	 once	 present	 in	 the	 wider	 environment.	 For	 example,	 the	

environmental	 problems	 of	 the	 older	 generation	 organochlorine	 insecticides	 like	 DDT,	 aldrin	 and	

chlordane	are	now	well	documented	(Unsworth,	2010).		

	

It	 has	 been	 established	 that	 the	 use	 of	 pesticides	 has	 detrimental	 impacts	 on	 human	 health	 and	

ecological	 systems	 (Kim	et	 al.,	 2017).	 In	 relation	 to	human	health,	 studies	 are	 reporting	mounting	

toxicological	evidence	which	suggests	 that	pesticide	exposure	 is	 linked	to	various	serious	diseases.	

These	include:	various	types	of	cancer	such	as	lung	(Shaukat	et	al.,	2013,	Lerro	et	al.,	2015b),	breast	

(Rivero	et	al.,	2015,	Lerro	et	al.,	2015a)	and	thyroid	(Lerro	et	al.,	2015a),	brain	tumours	(Provost	et	al.,	

2007,	Samanic	et	al.,	2008),		leukaemia	(Van	Maele-Fabry	et	al.,	2011,	Bailey	et	al.,	2015),	diabetes	

(Jaacks	and	Staimez,	2015)	and	Parkinson’s	disease	(James	and	Hall,	2015,	Brouwer	et	al.,	2015).	In	

some	specific	cases	N-methylcarbamates,	a	main	group	of	insecticides,	were	demonstrated	to	have	

carcinogenic	 potential	 (George	 and	 Shukla,	 2011,	 Alavanja	 and	 Bonner,	 2012)	 and	 in	 the	 US,	 an	

increased	 risk	 of	 lung	 cancer	 was	 observed	 among	 herbicide	 users	 dispersing	 acetochlor/atrazine	

product	mixtures	versus	non-users	(Lerro	et	al.,	2015b).		

	

As	stated	by	Kim	et	al.,	(2017)	“On	the	basis	of	scientific	evidence,	the	real,	predicted,	and	perceived	

risks	 that	 pesticides	 pose	 to	 human	 health	 (occupational	 and	 consumer	 exposure)	 and	 the	

environment	are	justified”.	As	a	result,	the	use	and	application	of	pesticides	is	frequently	reviewed	

and	certain	 chemicals	have	been	 restricted	and	banned	 in	 the	UK	and	EU	 (Commission	E.	Review,	

Annex	I	of	Directive	91/414/EEC).	Additionally,	drinking	water	standards	for	the	maximum	permitted	

concentration,	for	any	individual	pesticide,	has	been	set	by	the	EU	at	0.1	µg/L	(WFD,	2006).	

	

The	 two	pesticides,	 atrazine	 and	 pirimicarb,	were	 chosen	 for	 this	 study	 based	 on	 their	 current	 or	

recent	use	across	the	EU	and	North	America,	contrasting	physical-chemical	properties	and	the	ease	

with	which	they	fall	into	a	pre-existing	analytical	methodology.	

	

	

1.5.1. Atrazine	

	

Atrazine	 is	 a	 selective	 triazine	 herbicide	 that	 is	 used	 in	 agriculture	 as	well	 as	 on	 recreational	 and	

residential	areas.	Today	atrazine	is	one	of	the	most	commonly	used	pesticides	in	the	world	including	
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the	 US	 and	 Australia	 (Government,	 2016).	 Based	 on	 survey	 data	 from	 2000	 to	 2010	 the	 US	

Environmental	Protection	Agency	(EPA)	have	reported	that	annual	usage	in	the	US	was	approximately	

33,000,000	 kg	 of	 active	 ingredient	 for	 71,000,000	 acres	 (Agency,	 2013).	 	 Atrazine	 is	 a	 very	 stable	

compound	having	a	low	biodegradability	and	consequently	a	long	half-life	in	surface	water	(>200	days)	

(Services,	2003,	ATSDR,	2003).	Furthermore,	it	has	a	relatively	low	adsorption	onto	soil	and	is	slightly	

soluble	 in	water	 (33	mg/L	at	22	 °C)	making	atrazine	a	mobile	compound	 in	 the	environment.	As	a	

result,	 atrazine	 has	 become	 a	 ubiquitous	 and	 chronic	water	 pollutant	with	 increasingly	 significant	

concerns	 over	wide	 spread	drinking	water	 contamination	 (Coupe	 and	Blomquist,	 2004,	 Luo	 et	 al.,	

2014,	Padhye	et	al.,	2014).	This	has	led	to	the	application	and	use	of	atrazine	being	banned	in	the	EU	

and	 atrazine	 has	 been	 included	 on	 the	 priority	 list	 of	 the	 Water	 Framework	 Directive	 (Directive	

2000/60/EC)	in	the	EU.		

	

	

1.5.2. Pirimicarb			

	

Pirimicarb	is	also	widely	used	in	agriculture	but	as	a	selective	carbamate	insecticide	for	aphid	control	

on	crops.	In	the	UK,	from	2012	to	2015,	almost	100,000	kg	of	the	active	ingredient	was	administered	

onto	crops	(FERA).	Pirimicarb	is	highly	soluble	in	water	(2700	mg/L	at	25	°C)	making	it	a	highly	mobile	

compound.	As	 a	 result,	 traces	 of	 pirimicarb	 have	been	detected	 in	 surface	water	 (Moschet	 et	 al.,	

2014).	Pirimicarb	is	not	as	persistent	in	the	environment	as	atrazine.	However,	it	is	a	pseudo	persistent	

chemical	due	to	its	continuous	low	level	introduction	into	the	environment.	The	US-EPA	have	classed	

pirimicarb	as	a	moderately	persistent	chemical	in	the	environment	(EPA,	1999).	

	

The	 physio-chemical	 and	 toxicological	 properties	 of	 atrazine	 and	 pirimicarb	 are	 shown	 in	 Table	 1	

(EPA,	2005,	EPA,	1999,	Gupta	et	al.,	2011).	
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Table	1.	Physio-chemical	&	toxicological	properties	of	atrazine	and	pirimicarb	

Pesticide	 Atrazine	 Pirimicarb	

Molecular	structure	

	
	

	

	
	

Molecular	formula	 C8H14CIN5	 C11H18N4O2	
Molecular	weight	 215.69	 239.29	
Chemical	family	 Organochlorine	 Carbamate	
Pesticide	type	 Herbicide	 Insecticide	

Solubility	in	water	
(25°C)	

33	mg/L	 2,700	mg/L	

Log	octanol	–	water	
partition	coefficient	

(Log	Kow)	
2.6	 1.7	

Conjugate	Acid	
Dissociation	Constant	

(pKah)	
1.7	 4.4	

Environmental	fate	
Moderately	persistent	and	mobile,	
low	bio-accumulation	potential	

Moderately	persistent	and	
mobile,	low	bio-accumulation	

potential	

Carcinogen	class	
Class	C	

(Suggestive	Evidence	of	Carcinogenic	
Potential)	

Class	B	
(Likely	to	be	Carcinogenic	to	

Humans)	

	
Toxicity	class	

I	
(Highly	toxic)	

II	–	III	
(Slightly	to	moderately	toxic)	

Use	classification	(US)	 Restricted	and	banned	 In	Use	
Use	classification	(EU)	 Banned	since	2004	 In	Use	
WFD	drinking	water	

limit	(EU)	
0.1	µg/L	 0.1	µg/L	

On	the	WFD	list	of	
Priority	Substances	

(EU)	
Yes	 No	
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2.	Water	and	Wastewater	Treatment	
	

	

2.1.	Advanced	Water	Treatment	Technologies		

	

Rapid	growth	in	agriculture,	industry	and	urbanization	is	responsible	for	the	release	of	huge	amounts	

of	harmful	and	toxic	MPs	(including	pesticides)	into	surface	waters	(Benotti	et	al.,	2009,	Moschet	et	

al.,	 2014,	 Luo	 et	 al.,	 2014).	Many	of	 these	 synthetic	 pesticides	 released	 into	 the	 environment	 are	

chemically	stable	compounds	making	them	resistant	to	degradation	and	enabling	them	to	persist	in	

the	 environment.	 This	 has	 led	 to	 the	 implementation	 of	 stringent	 regulations	 and	 policies	 by	

regulatory	 bodies	 in	 countries	 all	 over	 the	 world	 including	 China’s	 Ministry	 for	 Environmental	

Protection,	the	US-EPA	and	the	WFD	in	the	EU.		

	

If	tolerable	pesticide	concentrations	in	drinking	water	are	not	met	through	the	control	of	key	sources	

(e.g.	 better	 management	 of	 agricultural	 use)	 and	 treatment	 through	 conventional	 WWTPs,	 then	

advanced	water	treatment	will	be	required	to	ensure	that	water	standards	are	met.	Consequently,	

there	has	been	a	rise	in	advanced	technologies	aimed	at	removing	trace	level	MPs	during	both	drinking	

water	and	wastewater	treatment.	Techniques	of	growing	relevance	include	chemical	methods	such	

as	 advanced	 oxidation	 processes	 (AOPs)	 and	 physical	 methods	 such	 as	 micro-and	 ultra-filtration,	

reverse	 osmosis	 (RO)	 membranes	 and	 adsorption.	 These	 are	 successful	 chemical	 and	 physical	

methods	 used	 to	 remove	 MPs	 from	 water	 however,	 each	 method	 has	 its	 own	 constraints	 and	

disadvantages	like	high	operational	costs	and	disposal	problems.	

	

	

2.2.	Types	of	Advanced	Water	Treatments	to	Treat	Micro-pollutants	

	

Advanced	water	treatment	technologies	can	be	classified	into	three	different	categories:	biological,	

chemical	and	physical	processes.	Here	the	focus	will	be	on	the	chemical	and	physical	processes.	 In	

regard	to	the	treatment	of	pesticides	in	water,	many	advanced	chemical	and	physical	water	treatment	

processes	have	been	investigated	and	used.		
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2.2.1.	Advanced	Chemical	Water	Treatment	Processes	

	

Advanced	chemical	water	treatment	methods	 include	the	use	of	AOPs.	There	are	several	methods	

used	in	AOPs	to	treat	water	which	include	ultraviolet	(UV)	radiation,	ozone	(O3),	hydrogen	peroxide	

(H2O2)	and	molecular	oxygen	(O2).	Examples	of	some	AOPs	used	for	the	treatment	of	pesticides	are:	

UV/H2O2,	UV/O3,	TiO2/UV,	Fenton	and	photo-Fenton	and	electrochemical	oxidation	 (Martin-Gullon	

and	Font,	2001,	Malato	et	al.,	2002,	Perez	et	al.,	2006,	Sanches	et	al.,	2010,	Borras	et	al.,	2010,	Zaviska	

et	 al.,	 2011).	 However,	 the	 most	 common	 AOPs	 are	 the	 Fenton	 process,	 heterogeneous	 photo-

catalysis,	ozonation	and	electrochemical	oxidation	(Ribeiro	et	al.,	2015).		

	

The	 aim	 of	 AOPs	 is	 to	 remove	 recalcitrant	 organic	 contaminants	 from	 water	 through	 the	

mineralisation	of	these	compounds.	By	mineralising	these	compounds	they	are	converted	 into	 less	

harmful	or	at	least	into	more	biodegradable	compounds.	Total	mineralisation	yields	end	products	such	

as	CO2,	H2O	and	inorganic	ions	and	therefore	AOPs	are	considered	to	be	a	clean	technology	(Anglada	

et	al.,	2009,	Ribeiro	et	al.,	2015).	On	a	fundamental	level	the	concept	of	all	AOPs	is	the	production	of	

hydroxyl	 radicals	 (·OH),	 which	 will	 attack	 the	 organic	 contaminant.	 How	 efficient	 the	 AOP	 is,	 is	

contingent	on	the	amount	of	·OH	radicals	formed.	·OH	radicals	indiscriminately	attack	and	degrade	

organic	contaminants	as	they	are	highly	reactive	and	unselective	oxidising	agents	(Ribeiro	et	al.,	2015).		

	

One	of	the	major	disadvantages	of	AOPs	can	be	incomplete	mineralisation	leading	to	the	formation	

of	oxidised	DPs,	which	may	be	more	persistent	and/or	 toxic	 than	the	original	compound.	 In	which	

case,	post	treatment	will	be	required	to	safely	remove	these	oxidised	compounds	before	disposal	of	

the	contaminated	water	(Ribeiro	et	al.,	2015).	However,	the	extent	of	research	work	conducted	in	this	

field	highlights	that	there	is	a	promising	potential	for	AOPs	to	completely	degrade	these	pesticides	

and	other	anthropogenic	organic	contaminants	from	contaminated	water.		

	

	

2.2.2.	Advanced	Physical	Water	Treatment	Processes	

	

Physical	methods	for	the	treatment	of	pesticides	in	water	include:	micro-	and	ultra-	filtration	(MF	and	

UF)	 membranes,	 RO	 membranes	 and	 adsorption.	 Although	 MF	 and	 UF	 have	 been	 proven	 to	 be	

successful	 at	 removing	 larger	 industrial	 compounds	 from	 industrial	 effluents,	often	 the	 size	of	 the	

membrane	 pores	 are	 not	 small	 enough	 to	 block	MPs	 from	 passing	 through	 (Luo	 et	 al.,	 2014).	 In	

contrast,	RO	membranes	are	highly	effective	at	removing	MPs	and	are	used	for	the	purification	of	
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water	 (Sharma	 and	 Bhattacharya,	 2017).	 This	 is	 an	 eco-friendly	 technique	 that	 does	 not	 use	 any	

chemicals	 and	 can	 effectively	 remove	 most	 types	 of	 organic	 contaminants	 including	 inorganic	

compounds,	organic	compounds	like	pesticides	and	microbes.	The	disadvantages	of	such	a	technique	

are	that	the	purified	water	is	stripped	of	useful	minerals	(Sharma	and	Bhattacharya,	2017).	Also	the	

low	 permeability	 of	 the	 membrane	 will	 require	 high	 pressures	 and	 consequently	 high	 energy	

consumptions	(Van	der	Bruggen	et	al.,	2003).		

	

Alternatively,	the	use	of	adsorbents	has	been	proven	to	provide	a	straightforward,	cleaner	and	more	

effective	 approach	 to	 treating	 water.	 Adsorption	 is	 a	 process	 in	 which	 the	 dissolved	 organic	

contaminant	 adheres	 to	 the	 surface	 of	 a	 solid	 particle	 due	 to	 hydrophobic	 and	 electrostatic	

interactions	 between	 the	 adsorbent	 and	 adsorbate	 (Nam	 et	 al.,	 2014).	 The	most	 commonly	 used	

adsorbent	for	water	treatment	is	activated	carbon	(AC)	due	to	its	high	adsorption	capacity	resulting	

from	its	high	internal	surface	area	and	porosity.	AC	is	a	versatile	adsorbent,	capable	of	treating	a	wide	

range	of	effluents	and	effectively	removing	pesticides	even	at	trace	levels	from	water	(Gupta	et	al.,	

2011,	Moussavi	et	al.,	2013).		

	

	 	

2.3.	Arvia’s	Solution	-	The	Arvia	Process	

	

Arvia	 Technology	 Ltd.	 have	 coupled	 one	 of	 the	 most	 widely	 used	 methods	 for	 advanced	 water	

treatment,	 adsorption,	 with	 an	 AOP,	 electrochemical	 oxidation.	 Where	 the	 electrochemical	

regeneration	 (ERG)	of	 the	adsorbent	 is	 responsible	 for	 the	 in-situ	 electrochemical	oxidation	of	 the	

adsorbed	organic	species.	This	innovative	combination	of	simultaneous	adsorption	and	ERG	with	in-

situ	electrochemical	oxidation	has	been	shown	to	effectively	remove	and	treat	organic	contaminants	

dissolved	in	water	(Brown	et	al.,	2004a,	Asghar	et	al.,	2012)	including	metaldehyde,	a	commonly	used	

pesticide	(Nabeerasool	et	al.,	2015).	This	technology	and	process,	for	the	treatment	of	contaminated	

water,	is	called	“The	Arvia	Process”.	

	

The	process	depends	on:	

	

1) The	adsorbent,	called	Nyex	

2) A	continuous	adsorption	and	in-situ	regeneration	process	of	the	Nyex	
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Nyex	is	a	graphitic	carbon-based	adsorbent,	which	has	been	patented	by	Arvia	Technology	Ltd.	It	is	

non-toxic,	 non-porous	 and	 a	 highly	 electrically	 conducting	material.	 The	 non-porosity	 of	 the	Nyex	

facilitates	rapid	pollutant	adsorption,	while	its	conducting	nature	allows	for	rapid	ERG.	This	restores	

the	adsorptive	capacity	of	the	Nyex	while	simultaneously	electrochemically	oxidising	and	destroying	

the	 adsorbed	 pollutant.	 This	 is	 a	 big	 advantage	 over	 other	 adsorbents	 such	 as	 GAC,	 which	 once	

exhausted	 must	 be	 discarded	 by	 either	 landfill	 or	 incineration,	 making	 the	 Arvia	 Process	 an	

environmentally	 friendly	 and	 inexpensive	 solution	 (Jeswani	 et	 al.,	 2015).	 A	wide	 range	 of	 organic	

pollutants	 have	 also	 been	 shown	 to	 be	 successfully	 treated	 using	 this	 technology	 including	 dyes,		

pesticides	and	herbicides	(Brown	et	al.,	2004a,	Asghar	et	al.,	2012,	Nabeerasool	et	al.,	2015).	

Thus,	 as	 a	 result,	 the	 Arvia	 Process	 of	 adsorption	 combined	 with	 ERG,	 that	 uses	 the	 proprietary	

adsorbent	 -	 Nyex,	 is	 now	 being	 commercialised	 by	 Arvia	 Technology	 Ltd.	 for	 the	 treatment	 of	

wastewater.	

	

The	present	study	aims	not	to	test	the	Arvia	Process	itself,	but	the	individual	stages	of	the	process	i.e.:	

adsorption	and	ERG	of	the	Nyex.	This	is	necessary	to	gain	scientific	understanding	of	the	underlying	

principles	of	the	Arvia	Process.	Furthermore,	the	objective	of	this	study	was	to	gain	an	insight	into	the	

adsorption	performance/mechanism	of	the	Nyex	and	the	ERG	of	the	Nyex	when	using	trace	level	MP	

concentrations.		

	

	

3.	Adsorption	and	Electrochemical	Regeneration			

	
3.1.	Adsorption	
	
In	the	process	of	adsorption,	molecules	of	a	solute	(adsorbate)	distribute	themselves	between	two	

phases,	 a	 liquid	 or	 a	 gas	 phase	 and	 a	 solid	 phase	 (adsorbent)	 (Hussain,	 2012).	 This	 adsorbate	

distribution	 between	 the	 two	 phases	 is	 due	 to	 a	 complex	 interplay	 of	 non-electrostatic	 and	

electrostatic	 forces	between	 the	 adsorbate	 and	 the	 adsorbent	 (Moreno-Castilla,	 2004).	 Therefore,	

adsorption	is	a	surface	phenomenon	(Gupta	et	al.,	2011).	Adsorption	however,	can	also	be	viewed	as	

an	exchange	process,	whereby	molecules	adsorb	not	only	because	they’re	attracted	to	the	adsorbent,	

but	also	because	the	solution	may	reject	them	(Moreno-Castilla,	2004).		

	
Depending	on	the	nature	of	the	interaction	of	the	adsorbate	and	the	two	phases,	physical	or	chemical	

adsorption	may	occur.	Non-electrostatic	interactions	in	the	liquid	phase	between	the	surface	of	the	

adsorbent	 and	 adsorbate	 are	 responsible	 for	 physical	 adsorption.	 These	 interactions	 are	 always	

attractive	 and	 include	 van	 der	Waal’s	 forces,	 H	 bonding	 and	 hydrophobic	 interactions.	 These	 are	
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relatively	weak	forces	and	so	physical	adsorption	is	readily	reversible	whereby	the	adsorbed	species	

are	released	back	into	solution	(desorption)	(Moreno-Castilla,	2004).		

	
Whereas	in	chemical	adsorption,	electrostatic	interactions	can	be	either	attractive	or	repulsive	and	

can	strongly	bind	the	adsorbate	molecules	 to	 the	surface	of	 the	adsorbent	 (Ho	and	McKay,	1998).	

These	interactions	occur	when	the	adsorbate	molecule	is	protonated	or	dissociated	in	the	aqueous	

solution	and	chemical	bonds,	formed	through	the	exchange	or	sharing	of	electrons	on	the	surface	of	

the	adsorbent	and	adsorbate,	bind	the	adsorbate	to	the	adsorbent	(Moreno-Castilla,	2004,	Ho	and	

McKay,	1998).		

	

Adsorption	 is	used	 for	 the	 treatment	of	drinking	water,	waste	water	and	 it	has	applications	 in	 the	

chemical,	 pharmaceutical,	 food	 and	 beverage	 industries.	 It	 is	 a	 method	 that	 is	 fast,	 efficient,	

inexpensive	and	capable	of	removing	a	wide	range	of	chemicals	(Westerhoff	et	al.,	2005,	Nam	et	al.,	

2014).		

	

Adsorption	of	organic	contaminants	from	the	liquid	phase	onto	an	adsorbent	are	influenced	by	several	

factors.	These	include	(Dabrowski	et	al.,	2005):	

	

• The	 characteristics	 of	 the	 adsorbent	 –	 texture	 and	 porosity,	 surface	 area	 and	 surface	

chemistry	(resulting	from	the	FGs	present	on	its	surface)	

• The	characteristics	of	the	adsorbate	–	presence	of	FGs,	pKa,	molecular	weight	and	solubility	

• The	conditions	of	the	solution	–	pH,	ionic	strength,	temperature,	adsorbate	concentration	and	

the	presence	of	competing	adsorbate	molecules	

	
	

	
3.2.	Adsorption	Isotherms	
	

Adsorption	 is	 studied	 through	 adsorption	 isotherms	 which	 may	 be	 presented	 graphically.	 These	

graphs	 depict	 the	 relationship	 between	 the	 concentration	 of	 adsorbate	 in	 the	 liquid	 phase	 to	 its	

concentration	 on	 the	 surface	 of	 the	 adsorbent	 at	 equilibrium	 and	 a	 fixed	 temperature.	 Isotherm	

graphs	 are	 constructed	by	using	 fixed	 volumes	of	 various	 known	concentrations	of	 adsorbate	and	

exposing	them	individually	to	a	fixed	mass	of	adsorbent.	These	graphs	allow	for	the	evaluation	of	the	

capacity	of	the	adsorbent	for	a	particular	adsorbate.	Furthermore,	the	shape	of	the	curve	can	be	used	

to	understand	the	adsorption	mechanism	occurring	(Giles	et	al.,	1960).	
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For	the	adsorption	of	organic	solutes,	Giles	et	al.,	(1960)	classified	isotherms	into	four	main	classes,	

according	to	the	character	of	the	slope	of	the	initial	portion	of	the	curve.	The	four	main	classes	are:	i)	

L-shaped	curves	“Langmuir	isotherms”,	ii)	S-shaped	curves,	iii)	H-shaped	curves	“high	affinity”	and	iv)	

C-shaped	curves	“constant	partition”	(Fig.	2.).	Characterisation	of	the	shape	of	the	curve	further	from	

the	origin	leads	to	further	sub-classification	of	the	four	main	classes	i.e.:	shows	the	behaviour	of	the	

adsorbate/adsorbent	equilibrium	relationship	at	higher	concentrations.	

	

	
Fig.	2.	Classification	of	isotherm	shapes	(Giles	et	al.,	1960)	

	

i) L	–	shaped	curves	

	

The	initial	slope	of	the	curve	(L-1)	shows	that	as	more	adsorbate	molecules	are	taken	up	by	the	

active	sites	on	the	adsorbent,	the	harder	it	becomes	for	new	solute	molecules	to	find	an	available	

active	site	on	which	it	can	be	adsorbed.	Subsequently,	higher	concentrations	allow	for	the	further	

evaluation	of	the	adsorptive	behaviour	of	the	adsorbate	molecules.	Thus,	according	to	Giles	et	al.,	

(1960),	a	long	plateau	(L-2)	occurs	if	the	mono-molecular	layer	of	the	adsorbate	molecules	have	

oriented	themselves	in	such	a	way	that	the	new	surface	is	now	less	attracted	to	the	adsorbate	

molecules.	As	a	result,	the	slope	of	the	isotherm	gradually	falls	and	reaches	a	plateau,	as	increasing	

adsorbate	concentration	has	no	effect	on	further	adsorption	of	the	adsorbate.	However,	 if	 the	

adsorbate	molecules	in	the	mono-molecular	layer	are	attracted	to	other	adsorbate	molecules	in	

the	 liquid	 phase,	 multi-layer	 adsorption	 will	 occur,	 leading	 to	 an	 L-3	 and	 L-4	 curve.	 Organic	

molecules	frequently	exhibit	Langmuir-type	isotherms	(Moreno-Castilla,	2004).	

	

ii) S	–	shaped	curve	
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Here	the	initial	part	of	the	curve	has	a	steep	incline.	This	suggests	that	the	more	solute	already	

adsorbed,	the	easier	it	is	for	additional	amounts	to	become	attached.	This	indicates	that	there	are	

molecular	interactions	between	the	adsorbed	solute	molecules	(Giles	et	al.,	1960).	

	

iii) H	–	shaped	curve	

	

For	H	–	shaped	curves	there	is	a	high	affinity	of	the	solute	molecule	for	the	adsorbent,	therefore	

the	initial	portion	of	the	curve	is	vertical.		

	

iv) C	–	shaped	curve		

	

A	C	–	shaped	curve	 is	characterised	by	a	straight	 line	going	from	the	origin,	up	until	a	point	at	

which	maximum	adsorption	has	occurred	and	results	in	a	sudden	plateau	(Hussain,	2012).	This	

indicates	that	there	is	a	constant	distribution	in	the	concentration	of	the	adsorbate	molecule	in	

the	 liquid	phase	and	adsorbed	onto	 the	adsorbent.	This	 ratio,	between	 the	distribution	of	 the	

adsorbate	between	 the	 two	phases,	 is	 known	as	 a	 “distribution	 coefficient”.	 These	 curves	 are	

typically	observed	with	a	porous	adsorbent	(Giles	et	al.,	1960).	

	
	
3.3.	Adsorption	Isotherm	Models	
	

There	 are	 various	 adsorption	 isotherm	 models	 which	 characterize	 the	 experimentally	 measured	

adsorption	isotherms.	These	models	can	help	establish	and	determine:	the	affinity	the	sorbate	has	for	

the	sorbent,	the	adsorption	mechanism	and	the	surface	properties	of	the	adsorbent.		

	

For	organic	contaminants,	the	models	most	frequently	used	to	predict	the	empirical	data	are	Langmuir	

(Langmuir,	1918)	and	Freundlich	(Freundlich,	1906).	

	

	

3.3.1.	Langmuir	Isotherm	Model	

	

The	 Langmuir	 isotherm	 model	 makes	 the	 assumption	 that	 the	 surface	 of	 the	 adsorbent	 is	

homogeneous	 and	 that	 all	 the	 adsorption	 sites	 have	 equal	 adsorbate	 affinity.	 At	 equilibrium,	 a	
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saturation	point	is	reached,	in	which	no	further	adsorption	occurs.	At	this	point,	the	adsorbent	will	

have	complete	mono-layer	coverage	(Langmuir,	1918).	The	Langmuir	isotherm	equation	is	defined	as:	

	

	

𝑞" = 	
𝑄&𝐾𝐶"
1 + 𝐾𝐶"

	

Where,	

Q0	represents	the	maximum	monolayer	adsorbent	adsorption	capacity	(µg/g)	

K	is	the	Langmuir	equilibrium	constant	(L/µg)	

qe	is	the	amount	of	substance	adsorbed	onto	the	adsorbent	(µg/g)		

Ce	is	the	equilibrium	adsorbate	concentration	in	the	aqueous	phase	(µg/L)	

	

	

3.3.2.	Freundlich	Isotherm	Model	

	

The	 Freundlich	 isotherm	 model	 is	 characterised	 by	 heterogeneous	 energy	 distribution	 and	 thus	

heterogeneous	 surface	 adsorption	 sites.	 Furthermore,	 	 unlike	 the	 Langmuir	 isotherm	 model,	 the	

Freundlich	isotherm	is	applicable	to	both	mono-layer	and	multi-layer	coverage	(Hussain,	2012).		

	

Freundlich	isotherm	equation	is	defined	as:	

	

𝑞" = 𝐾+𝐶"
,
-	

	

Where,		

qe	is	the	amount	of	substance	adsorbed	onto	the	adsorbent	(µg/g)		

Ce	is	the	equilibrium	adsorbate	concentration	in	the	aqueous	phase	(µg/L)	

Kf	is	an	indication	of	the	adsorptive	capacity	of	the	adsorbent	(L/g)	

1/n	is	the	Freundlich	intensity	parameter	(a	measure	of	the	intensity	of	the	adsorption)	

	
	
3.4.	Parameters	affecting	Adsorption	

	

• Surface	Chemistry		
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The	surface	chemistry	of	the	adsorbent	plays	an	important	role	and	is	crucial	in	adsorption.	The	

presence	or	lack	of	chemical	FGs	will	determine	and	affect	the	surface	charge	and	properties	of	

the	adsorbent	(Nkrumah-Amoako	et	al.,	2014).	This	greatly	influences	the	adsorption	equilibrium	

time	and	adsorption	capacity	of	the	adsorbent.		

	

• pH	

	

The	 pH	 of	 a	 solution	 can	 affect	 the	 ionisation	 of	 the	 adsorbate	 and	 the	 ionisation	 of	 the	 FGs	

present	on	the	surface	of	the	adsorbent.	This	can	lead	to	desirable	and	undesirable	electrostatic	

effects.	Furthermore,	the	pH	can	have	an	effect	on	the	solubility	of	the	adsorbate	molecule	and	

thus	have	a	significant	effect	on	its	adsorption	(Moreno-Castilla,	2004).		

	
	
	
3.5.	Electrochemical	Oxidation	

	

Electrochemistry	is	the	study	of	the	chemical	reactions	that	take	place	at	the	interface	of	an	electron	

conductor	(metal	electrode)	and	an	ionic	conductor	(electrolyte).	In	these	chemical	reactions	electron	

transfer	occurs	between	the	electrode	and	the	electrolyte	in	solution.	Thus,	any	chemical	reaction	in	

which	 electrons	 are	 transferred	 from	 an	 electrode	 to	 an	 electrolyte	 is	 called	 an	 electrochemical	

reaction	(Asghar,	2011).	In	an	electrochemical	process	this	transfer	of	electrons	from	the	electrode	

and	 electrolyte	 is	 driven	 by	 oxidation	 and	 reduction	 reactions	 (redox	 reactions).	 A	 redox	 reaction	

describes	the	transfer	of	electrons	from	a	substance	that	is	being	oxidised	to	one	that	is	being	reduced.	

For	every	oxidation,	there	must	be	an	associated	reduction.	

	

The	 electrochemical	 process	 which	 occurs	 in	 an	 electrolytic	 cell	 is	 one	 in	 which	 electrons	 are	

transferred	from	the	anode	to	the	cathode,	making	the	anode	temporarily	positively	charged.	Thus,	

at	 the	anode	we	have	oxidation.	The	 formation	of	electrons	at	 the	anode	 is	 from	the	oxidation	of	

water	(Hussain,	2012):	

	

2𝐻0𝑂 → 	𝑂0 + 4𝐻4 + 4𝑒6	

	

Subsequently,	 electrons	 from	 the	 anode	 are	 transferred	 to	 the	 cathode	 making	 it	 temporarily	

negatively	charged.	The	cathode	is	reduced	as	it	has	gained	electrons.	Thus	at	the	cathode	we	have	

reduction	of	water	(Hussain,	2012):			
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2𝐻0𝑂 + 4𝑒6 → 	𝐻0 + 2𝑂𝐻6	

	

As	water	is	consumed	in	this	reaction,	hydroxide	ions	(OH-)	will	be	created	and	hydrogen	gas	(H2)	will	

evolve	at	the	cathode	(Brown	et	al.,	2004b).		

	

The	electrochemical	process	which	occurs	in	an	electrolytic	cell	is	one	which	consumes	energy.	Thus	

there	is	an	external	power	source	which	allows	a	current	to	pass	from	the	anode	to	the	cathode	and	

controls	 the	 rate	of	 the	electrochemical	 reactions	occurring	 in	 the	 cell.	 An	electrolyte	 is	 placed	 in	

between	the	anode	and	cathode	to	complete	the	electric	circuit,	by	allowing	for	the	movement	of	ions	

through	the	electrolyte.	With	the	introduction	of	a	current,	between	the	two	electrodes,	a	voltage	is	

established.	This	is	called	the	cell	potential	and	will	indicate	as	to	whether	the	reaction	conditions	are	

favourable	or	not	(Asghar,	2011).			

	

Electrochemical	oxidation	is	a	clean	and	powerful	technique	used	for	water	treatment	(Butkovskyi	et	

al.,	2014).	In	electrochemical	oxidation,	organic	contaminants	are	broken	down	through	direct	and	in-

direct	electrochemical	oxidation.	During	direct	electrochemical	anodic	oxidation,	organic	compounds	

are	 destroyed	 at	 the	 anode	 surface.	Whereas,	 during	 indirect	 electrochemical	 oxidation,	 a	 strong	

oxidizing	species	is	electrochemically	generated	and	acts	as	a	mediator	to	perform	the	oxidation.	Thus,	

oxidation	of	the	organic	compound	takes	place	in	solution,	rather	than	on	the	anode	surface.		

Many	reports	have	demonstrated	non-selective	oxidation	of	organic	compounds,	 including	at	trace	

levels,	by	these	processes	(Anglada	et	al.,	2009,	Radjenouic	et	al.,	2011,	Zaviska	et	al.,	2011).		

However,	one	of	the	main	disadvantages	of	electrochemical	oxidation	is	 in	its	potential	to	produce	

halogenated	or	oxidised	DPs	(Butkovskyi	et	al.,	2014)	which	can	be	more	toxic	and	persistent	than	the	

original	parent	compound.		

	

	

3.6.	Electrochemical	Regeneration	

	

Adsorbents	are	a	very	popular	technique	used	to	remove	organic	contaminants	from	water.	However,	

issues	arise	once	these	adsorbents	are	fully	saturated	with	the	organic	contaminant.	Disposal	of	spent	

adsorbents	 is	 environmentally	 undesirable	 and	 the	 thermal	 regeneration	 techniques	 (used	on	AC)	

account	 for	high	energy	costs,	5	–	10	%	material	 losses	and	off-site	 regeneration,	 resulting	 in	high	

transportation	costs	(Hussain	et	al.,	2013).		Thus,	problems	concerning	the	regeneration	of	adsorbents	

for	their	re-use	is	a	major	issue.		
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The	coupled	approach	of	combining	adsorption	and	ERG	with	 in-situ	electrochemical	oxidation	has	

been	 investigated	 as	 a	 substitute	 for	 thermal	 regeneration.	 In	 an	 electrolytic	 cell,	 electrochemical	

oxidation	of	the	saturated	adsorbent	will:	i)	destroy	any	organic	contaminants	adsorbed	by	direct	and	

in-direct	 anodic	 oxidation	 and	 in-situ	 ii)	 restore	 the	 adsorptive	 capacity	 of	 the	 adsorbent	 by	 the	

removal	of	 the	adsorbed	 species	 (Brown	et	 al.,	 2004a).	 There	are	a	number	of	 advantages	 to	 this	

method	including	in-situ	regeneration	of	the	adsorbent,	minimal	adsorbent	losses	and		it	is	a	chemical	

free	process	(Jeswani	et	al.,	2015).			

	

However,	there	are	some	drawbacks	to	the	ERG	of	adsorbents,	which	 is	dependent	on	the	type	of	

adsorbent	 used.	 AC	 adsorbents	 are	 not	 highly	 conducting	 electrical	 materials,	 this	 means	 that	

regeneration	 times	 would	 be	 long	 and	 consequently	 would	 require	 a	 high	 energy	 consumption.	

However,	this	problem	can	be	eliminated	by	using	a	non-porous	material	like	the	Nyex.	As	described	

by	Hussain	et	al.,	(2013),	in	an	electrolytic	cell	ERG	of	the	used	Nyex	generates	relatively	low	voltages	

due	 to	 the	 highly	 conducting	 nature	 of	 the	 adsorbent.	 This	 means	 that	 the	 adsorbent	 can	 be	

regenerated	very	quickly	with	a	low	energy	consumption	(Brown	et	al.,	2004b,	Asghar	et	al.,	2012).		

	

One	of	the	major	drawbacks	of	adsorbents	with	low	porosity,	like	Nyex,	is	that	these	adsorbents	have	

a	low	adsorptive	capacity.	However,	in	contrast	to	AC,	this	means	that	the	time	to	reach	equilibrium	

is	lower	and	so	removal	of	the	organic	contaminants	through	ERG	is	quicker.	Using	this	method,	the	

Nyex	has	been	shown	to	be	capable	of	successfully	removing	a	wide	range	of	organic	contaminants	

including	pesticides	(Brown	et	al.,	2004a,	Nabeerasool	et	al.,	2015).		

	

	

3.7.	Degradation	Products	

	

There	are	two	different	pathways	in	which	organic	contaminants	can	be	electrochemically	oxidised	

during	electrochemical	oxidation	(Anglada	et	al.,	2009):	

	

i) Electrochemical	Conversion	

	

Here	organic	contaminants	are	only	partially	oxidised,	represented	in	equation	1,	and	subsequent	

treatment	may	be	needed.	

1)	

𝑅 → 𝑅𝑂 +	𝑒6	
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ii) Electrochemical	Combustion/Mineralisation	

	

Here	 organic	 contaminants	 are	 transformed	 into	 carbon	 dioxide,	 water	 and	 other	 inorganic	

components,	represented	by	equation	2.	

2)	

𝑅 → 𝐶𝑂0 +	𝐻0𝑂 + 𝑆𝑎𝑙𝑡𝑠 + 	𝑒6	

	

	

In	order	 to	achieve	a	 comprehensive	 treatment	of	 the	adsorbed	organic	 contaminant,	 the	organic	

compound	would	have	to	be	mineralised	into	CO2	and	H2O,	during	ERG.	Incomplete	oxidation	of	the	

adsorbed	organic	contaminant	could	lead	to	the	formation	of	various	undesirable	DPs.		

	

In	 studies	 conducted	 by	 Brown	 and	 Roberts,	 (2007),	 it	 was	 initially	 speculated	 that	 the	 adsorbed	

organic	contaminant	was	either	i)	completely	oxidised,	forming	no	DPs	or	ii)	that	the	DPs	formed	were	

retained	on	the	adsorbent	during	ERG	and	being	further	oxidised.	But	recent	studies,	performed	by	

the	same	group,	have	shown	that	intermediate	oxidation	products	were	formed	during	the	ERG	of	a	

Nyex	saturated		with	phenol	in	batch	and	continuous	ERG	reactors	(Hussain	et	al.,	2013).	

	

Often	 organic	 compounds	 are	 only	 partially	 degraded	 and	 are	 transformed	 into	 stable	 DPs.	 The	

similarity	of	the	DPs	molecular	structure	to	that	of	their	parent	compound,	often	means	that	these	

DPs	can	have	comparable	biological	effects	and	in	some	cases	heightened	toxicity	and	adverse	effects	

(Parsons,	2008).	Furthermore,	often	various	DPs	are	formed	and	their	synergistic	effect	on	humans	

and	wildlife	is	unknown	(Ribeiro	et	al.,	2015).		

	

	

4.	Aims	of	the	Project	

	

The	 overarching	 aim	was	 to	 test	 and	 assess	 the	 performance	 of	 Nyex	 for	 the	 removal	 of	 several	

current-use	pesticides,	specifically	to	examine	sorption	behaviour	of	these	chemicals	and	observe	the	

effect	of	an	electrical	current	on	their	chemical	behaviour	and	fate.	Specific	objectives	 include	the	

development	of	a	reproducible	analytical	method	using	HPLC	instrumentation;	determining	sorption	

isotherms	 using	 a	 laboratory-based	 Nyex	 testing	 regime,	 and	 deducing	 sorbed-chemical	

behaviour/degradation	in	the	presence	of	an	electrical	current.	
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1. Analytical	Method:	

	

• Develop	an	optimised	and	robust	analytical	method	for	the	identification	and	quantification	

of	atrazine	and	pirimicarb	at	µg/L	and	ng/L	levels	

• Develop	an	analytical	method	for	the	detection	of	any	potential	DPs	

	

2. Nyex	Performance	and	Behaviour:	

	

• Investigate	 the	 performance	 of	 the	 Nyex	 adsorbent	 material	 at	 removing	 atrazine	 and	

pirimicarb		

• The	kinetics	of	adsorption	will	be	investigated	to	determine	the	minimum	adsorbate	-	Nyex	

contact	time	required	to	reach	equilibrium	

• Using	this	minimum	time	to	reach	equilibrium	the	adsorptive	performance	will	be	assessed	

using	adsorption	isotherms	and	using	a	range	of	different	adsorption	models	to	assess	the	

data	

• Compound	mixture	adsorption	isotherm	experiments,	conducted	in	raw	water,	will	help	to	

evaluate	 any	 preferential	 removal	 of	 atrazine	 and	 pirimicarb	 and	 whether	 there	 is	 any	

competitive	influence	on	their	removal	due	to	the	presence	of	any	natural	organic	matter	

	

3. Electrochemical	Oxidation:	

	

• Saturate	the	Nyex	with	atrazine	and	pirimicarb	individually	to	establish	that	any	removal	of	

the	 compound	 from	 the	 ERG	 is	 due	 to	 the	 breakdown	 of	 the	 compound	 and	 not	 further	

adsorption	onto	the	Nyex	

• Test	the	performance	of	the	Nyex	during	ERG	to	investigate	its	ability	to	remove	and	treat	

atrazine	and	pirimicarb	at	trace	level	concentrations	when	a	current	is	applied		

• Develop	an	understanding	of	the	adsorbed	chemicals	behaviour	and	fate	during	ERG	

	

4. Degradation	Products:	

	

• Investigate	the	production	of	any	DPs	during	ERG	of	the	Nyex	

• Try	to	tentatively	identify	any	DPs	
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Chapter	2	–	Materials	and	Methods	

	

1.	Materials		

1.1.	Chemicals	and	Reagents		

PESTANAL	analytical	standards	atrazine	(neat,	CAS	number	1912-24-9),	diazinon	(neat,	CAS	number	

333-41-5),	pirimicarb	(neat,	CAS	number	23103-98-2)	and	simazine	d10	(neat,	CAS	number	220621-39-

6)	were	purchased	from	Sigma	Aldrich	(UK).	Methanol	and	acetonitrile	(ACN)	(both	HPLC	grade),	were	

purchased	 from	 Fisher	 Scientific.	 Deionised	 (DI)	 and	 ultrapure	 water	 (MQ)	 was	 prepared	 using	 a	

Millipore	Milli-Q	system	(Millipore,	Billerica,	MA,	USA).	

	

1.2.	Arvia	Tubular	Lab	Unit	

A	picture	of	the	Arvia	tubular	unit	is	presented	in	Fig.	3.		

	

	
Fig.	3.	Picture	of	the	tubular	unit	showing	an	upward	flow	configuration	

	



	 34	

The	 adsorbate	 stock	 solution	 enters	 from	 the	bottom	of	 the	 unit	 (upward	 flow)	with	 the	 aid	 of	 a	

peristaltic	 pump.	 The	 adsorbate	 solution	 travels	 through	 the	 vertical	 electrolytic	 cell,	 which	 is	

composed	 of	 an	 anodic	 compartment	 surrounded	 by	 cathodic	 stainless	 material.	 The	 anode	 and	

cathode	were	separated	by	a	Daramic	350	micro-porous	membrane.		

The	Nyex	bed	within	the	electrolytic	cell	was	15	cm	in	height	and	the	diameter	of	the	electrolytic	cell	

was	4	cm.	The	point	electrode	was	made	of	graphite	and	was	located	above	the	electrolytic	cell	in	the	

point	cap	electrode	(PCE)	(See	Fig.	4.).	The	Nyex	bed	in	the	PCE,	which	was	in	contact	with	the	point	

electrode,	acts	as	an	electric	 feeder	 into	 the	electrolytic	cell.	Thus,	 in	 the	PCE,	adsorption	 is	solely	

taking	 place	whereas,	 in	 the	 electrolytic	 cell	 the	 adsorbate	molecules	 are	 being	 electrochemically	

oxidised.		

	

Fig.	4.	Representative	schematic	of	the	tubular	unit	

	

1.3.	Nyex		

The	Nyex	2112	is	a	proprietary	material	supplied	by	Arvia	Technology	Ltd.	It	 is	a	granular	graphite-

based	adsorbent	with	an	average	particle	size	of	 	250	–	2000	µm.	The	Nyex	2112	is	relatively	non-

porous	and	thus	the	Nyex	has	a	low	adsorptive	capacity	for	organic	compounds.	An	SEM	image	of	the	

granular	Nyex	(Fig.	5.)	depicts	its	granular	shape	and	rough	surface	morphology.		
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Fig.	5.	SEM	image	of	granular	Nyex	

	

Nyex	 2112	 is	 highly	 conducting	 and	 has	 been	 shown	 to	 have	 the	 capacity	 be	 electrochemically	

regenerated.	Brown	et	al.,	(Brown	et	al.,	2004a,	Asghar	et	al.,	2012,	Nkrumah-Amoako	et	al.,	2014,	

Nabeerasool	et	al.,	2015)	have	demonstrated	that	a	system	based	on	anodic	ERG	of	 this	graphite-

based	adsorbent	is	capable	of	the	removal	of	various	organic	compounds	from	dyes	to	pesticides	from	

water.		

	

	

2.	Methods	

	

2.1.	Experiment	I	–	Extraction	Methodology		

Solid	phase	extraction	(SPE)	is	a	technique	used	for	sample	preparation	which	follows	principles	and	

concepts	similar	to	liquid	chromatography	(LC)	columns	for	the	selective	adsorption	of	target	analytes	

from	a	matrix.		

Like	an	LC	column,	an	SPE	tube	contains	a	solid	phase	that	is	made	up	of	unique	bonds.	If	an	analyte	

has	no	affinity	for	the	solid	phase,	it	will	travel	quickly	through	the	SPE	tube	and	elute.	This	analyte	is	

not	retained	and	has	a	low	k	value.	However,	if	an	analyte	travels	only	marginally	down	the	SPE	tube,	

it	 is	said	to	be	retained	on	the	SPE	tube	and	will	have	a	high	k	value.	This	results	 in	the	analyte	of	

interest	being	isolated	on	the	SPE	tube.	Subsequently,	a	solvent,	in	which	the	analyte	is	highly	soluble	

is	percolated	through	the	tube,	eluting	the	analyte	of	interest.	

The	aim	of	SPE	tubes	is:	

• To	 remove	 interferences	 to	 achieve	 better	 chromatography	 and	 attain	more	 reliable	 and	

consistent	analytical	results	
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• To	concentrate	samples	for	higher	detection	sensitivity	and	lower	limits	of	detection	

• Solvent	exchange	

There	are	a	variety	of	SPE	tubes	that	contain	different	bonded	phases.	These	different	bonded	phases	

will	provide	selectivity	based	on	the	compound	and	its	physical	and	chemical	properties.	The	different	

retention	mechanisms	 include:	 reverse	phase	 (RP),	 normal	phase	and	 ion	exchange.	Based	on	 the	

physical	and	chemical	properties	of	atrazine	and	pirimicarb	and	previously	reported	SPE	tubes	used	in	

peer	reviewed	papers,	it	was	determined	that	a	C-18	RP	SPE	tube	would	be	suitable	for	our	compounds	

(Pinto	and	Jardim,	2000,	Melo	et	al.,	2005,	Carabias-Martinez	et	al.,	2005).	

Supelclean	LC-18	tubes	(500	mg)	(Supelco,	UK)	were	used	for	the	SPE	procedure.	Before	using	the	SPE	

tubes	for	analyte	enrichment,	the	SPE	tubes	were	tested	for	their	atrazine	and	pirimicarb	recovery	

rates.	Spiked	DI	water	samples	containing	atrazine	and	pirimicarb	at	three	different	concentrations	

were	tested:	1,	0.25	and	0.05	mg/L.	The	extraction,	at	each	concentration,	was	repeated	five	times.	

The	mean	value	was	used	as	the	analyte	recovery	rate.		

	

2.2.	Experiment	II	–	Adsorption	Studies	

2.2.1.	Adsorption	Kinetics	

Individual	atrazine	and	pirimicarb	solutions	(250	µg/L;	3	L),	prepared	in	DI	water,	were	mixed	with	a	

magnetic	stirrer	with	12	g	of	pre-washed	and	dried	Nyex	for	4	h.	Samples	(30	mL)	were	collected	every	

10	min	for	the	first	60	min	and	thereafter	every	60	min.	Samples	were	then	extracted	using	the	SPE	

procedure	described	in	section	2.6.1.	and	analysed	by	HPLC/DAD.		

	

2.2.2.	Adsorption	Isotherms	

i. Single	Compound	Experiment	

Nine	individual	concentrations	of	atrazine	and	pirimicarb	(1,	2.5,	5,	10,	25,	50,	100,	250	and	500	

µg/L;	400	mL)	were	prepared	in	DI	water.	200	mL	of	these	solutions	were	set	aside	to	determine	

the	 initial	concentration	of	our	compound	in	solution	and	the	remaining	200	mL	aliquots	were	

mixed	with	0.8	g	of	pre-washed	and	dried	Nyex	for	2	h.	Samples	were	then	extracted	using	the	

SPE	procedure	described	in	section	2.7.1.	and	analysed	by	HPLC/DAD.		
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ii. Mixed	Compound	Experiment	

Nine	concentrations	of	a	combined	atrazine	and	pirimicarb	solution	(1,	5,	10,	25,	50,	100,	250	and	

500	 µg/L;	 400	 mL)	 were	 prepared	 with	 water	 taken	 from	 Runcorn	 Canal,	 Runcorn,	 UK.	 The	

isotherm	study	was	repeated	as	described	in	2.2.2.	i.	The	pH,	conductivity,	colour	and	total	organic	

carbon	(TOC)	of	the	canal	water	were	also	measured	and	recorded.		

The	amount	of	each	compound	adsorbed	(at	equilibrium)	per	mass	of	adsorbent	is	given	as	qe	(µg/g)	

and	was	determined	using	equation	(3).	

3)	

𝑞" = 	 (𝐶&	 − 	𝐶")	𝑉 𝑚	

	

Where	C0	 is	the	initial	concentration	of	our	compound	in	solution	(µg/L),	Ce	 is	the	concentration	of	

compound	remaining	in	solution	(µg/L)	at	equilibrium,	m	is	the	mass	of	adsorbent	used	(g)	and	V	is	

the	volume	of	the	solution	(L)	used	in	the	experiment.	

	

The	 adsorption	 data	 was	 then	 tested	 against	 a	 Langmuir	 adsorption	 isotherm	 model	 given	 by	

equations	(4)	and	(5).		

4)	

𝑞" = 	
𝑄&𝐾𝐶"
1 + 𝐾𝐶"

	

	

Linearization	gives:	

5)	

1
𝑞"
= 	

1
𝑄&

+ 	
1
𝐾𝑄&

1
𝐶"

	

	

Where	Q0	 represents	 the	maximum	 adsorption	 capacity	 (mono-layer	 coverage)	 (µg/g)	 and	 where	

1/KQ0	and	1/Q0	are	the	model	constants	and	are	derivable	from	a	best	fit	regression	line	to	a	plot	of	

1/qe	vs.	1/Ce.		

	

An	alternative	form	of	Langmuir,	plotting	Ce/qe	vs.	Ce	should	give	a	straight	line	with	intercept	1/KQ0	

and	slope	1/Q0	(equation	6).	
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6)	

𝐶"
𝑞"
=

1
𝐾𝑄&

+
𝐶"
𝑄&

	

	

The	adsorption	data	was	also	fitted	to	a	Freundlich	adsorption	isotherm	model	given	by	the	equations	

(7)	and	(8).		

7)	

𝑞" = 𝐾+𝐶"
,/-	

	

Linearization	gives:	

8)	

log 𝑞" = 1 𝑛 𝑙𝑜𝑔𝐶" + log 𝐾+	

	

	

The	Freundlich	model	parameters,	1/n	and	Kf,	are	system	specific	constants	that	may	be	derived	from	

a	best	fit	regression	line	on	a	log	(qe)	vs.	log	(Ce)	plot.		

	

2.3.	Experiment	III	–	Nyex	Saturation		

Before	 conducting	 Nyex	 ERG	 experiments,	 it	 is	 necessary	 to	 saturate	 the	 Nyex	 at	 or	 above	 the	

adsorbate	feed	concentration	to	be	treated.	This	is	important	as	it	will	act	as	a	base-line	from	which	

the	performance	of	the	system	under	applied	electric	current	can	be	determined.	 I.e.:	 	we	wish	to	

conclusively	show	destruction	(post	adsorption)	and	not	that	the	data	is	being	masked	by	adsorption.		

	

In	previous	studies,	the	Nyex	was	saturated	by	passing	a	known	volume	of	solution	through	the	Nyex	

bed,	 which	 sat	 within	 the	 unit.	 As	 these	 studies	 were	 investigating	 the	 treatment	 of	 highly	

concentrated	adsorbate	solutions,	saturation	was	rapid	and	thus	the	volume	of	solution	required	was	

low.	However,	the	objective	of	the	present	study	was	to	investigate	whether	ERG	of	the	Nyex	could	

successfully	treat	and	remove	atrazine	and	pirimicarb	at	trace	level	concentrations.	Investigating	the	

treatment	of	these	compounds	at	trace	level	concentrations	thus	presented	new	practical	challenges.	

	

Challenges	with	pre-saturating	the	Nyex	at	such	a	low	concentrations	were:	
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1) Saturation	would	require	a	rather	large	volume	of	water	approx.	1000	L.	This	would	enable	

enough	 amount	 of	 the	 MP	 to	 flow	 through	 the	 system	 such	 that	 it	 will	 be	 beyond	 the	

adsorptive	capacity	of	the	Nyex.		

2) Time	would	be	an	issue,	as	at	the	flow	rate	chosen,	it	would	take	an	impractically	long	length	

of	time	to	saturate	the	Nyex	bed	

3) The	availability	of	treatment	unit	

	

The	possible	methods	suggested	to	saturate	the	Nyex	prior	to	ERG	were:	

	

1) To	use	a	large	volume	approx.	1000	L	of	adsorbate	stock	solution	

2) Artificially	pre-saturate	the	Nyex	(i.e.:	to	mimic	the	effect	of	having	a	 large	volume	passing	

through	the	adsorbent	without	current)	and	then	start	the	trial	with	current	(i.e.:	ERG).	

	 	

All	the	above	challenges	led	to	the	adoption	of	method	option	2),	whereby	the	Nyex	was	artificially	

pre-saturated	with	the	pesticide	prior	to	commencing	the	ERG	experiment.	Thus,	in	order	to	establish	

how	much	atrazine	and	pirimicarb	was	required	to	saturate	the	Nyex	at	a	 low	µg/L	concentration,	

breakthrough	curve	(BTC)	experiments	at	higher	concentrations	were	conducted.	

	

2.3.1.	Breakthrough	Curve		

Individual	compound	solutions	of	atrazine	and	pirimicarb	were	prepared	in	tap	water	(500	µg/L)	and	

were	passed	through	two	separate	tubular	prototype	units	at	a	flow	rate	of	2	L/h.	An	initial	effluent	

sample	(200	mL)	was	collected	after	the	first	hour	and	thereafter	every	2	h	for	the	first	day,	thereafter	

samples	were	collected	every	24	h.	The	samples	were	extracted	using	the	SPE	procedure	described	in	

section	 2.6.1.	 and	 analysed	 by	 HPLC/DAD.	 Control	 samples	 from	 the	 drum	 containing	 the	 stock	

solution	were	also	collected	to	monitor	any	compound	adherence	to	the	surfaces	of	the	drum.	

BTCs	 are	 most	 commonly	 expressed	 as	 normalised	 concentrations	 against	 time.	 This	 normalised	

concentration	is	a	ratio	of	the	effluent	concentration	at	a	given	time	(Ct)	to	the	influent	concentration	

(C0)	and	is	expressed	as	Ct/C0	(Adeyemi,	2017).		

The	volume	(V)	of	effluent	passed	at	any	given	time	(t)	can	be	estimated	by	knowing	the	volumetric	

flow	rate	(Q).		

𝑉 = 𝑄𝑡	
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Where,	V	is	measured	in	Litres	(L),	Q	(L/h)	and	t	(h)	

The	amount	of	atrazine	and	pirimicarb	recovered,	qt,	from	the	effluent	samples	could	be	estimated	

over	the	time	taken	for	the	bed	to	become	“saturated”.	This	allowed	for	the	amount	of	compound	

adsorbed	onto	the	Nyex	to	be	determined.	This	quantity	can	be	estimated	through	integrating	the	

recovered	 atrazine	 and	 pirimicarb	 concentration	 (Cr)	 against	 time	 (t).	 The	 amount	 of	 recovered	

atrazine	 and	pirimicarb	 is	 the	difference	between	 the	 inlet	 and	effluent	 concentrations	 (Adeyemi,	

2017):	

9)	

𝑞I = 𝑄𝐴 = 𝑄 𝐶K𝑑𝑡	(µ𝑔)
INI

IN&
	

	

Similarly,	qt,	can	be	estimated	from	the	BTC:	

10)	

𝑞I = 𝑄𝐴 = 𝑄 1 −
𝐶
𝐶&

𝑑𝑡	(µ𝑔)
INI

IN&
	

	

Using	the	approximate	numerical	equation	of	the	trapezium	rule,	the	integral	aspect	of	equation	(10)	

can	be	determined	using	the	BTC	data.	“A”	is	an	integral	function	which	describes	the	area	of	the	BTC	

as	shown	in	Fig.	13,	page:	59	(Adeyemi,	2017).		

	

2.3.2.	Artificial	Pre-saturation		

A	0.75	mg/L	atrazine	compound	solution,	prepared	in	tap	water,	(4	L;	3	mg	of	atrazine)	was	mixed	for	

18	h	with	166	g	of	pre-washed	and	dried	Nyex.	This	pre-saturated	Nyex	was	then	transferred	into	the	

tubular	 unit	 (see	 Fig.	 3.).	 Initially	 a	 10	µg/L	 atrazine	 solution	was	 passed	 through	 the	Nyex	 in	 the	

tubular	unit	for	20	h	(1	L/h),	followed	by	a	3	µg/L	atrazine	solution	(1	L/h).		It	was	established	that	the	

Nyex	was	saturated	at	3	µg/L	when	the	effluent	sample	concentrations	were	3	µg/L.	The	samples	were	

analysed	by	HPLC/MS.		
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A	1	mg/L	pirimicarb	compound	solution,	prepared	in	tap	water,	(4	L;	4	mg	of	pirimicarb)	was	mixed	

for	18	h	with	166	g	of	pre-washed	and	dried	Nyex.	Again,	this	pre-saturated	Nyex	was	subsequently	

transferred	into	the	tubular	unit.	Initially	a	10	µg/L	pirimicarb	solution	was	passed	through	the	Nyex	

in	the	tubular	unit	for	20	h	(1	L/h),	followed	by	a	1	µg/L	pirimicarb	solution	(1	L/h).		It	was	established	

that	the	Nyex	was	roughly	saturated	at	1	µg/L	when	the	effluent	sample	concentrations	were	almost	

1	µg/L.	The	samples	were	analysed	by	HPLC/MS.		

For	 both	 atrazine	 and	 pirimicarb,	 samples	 from	 the	 drum	 containing	 the	 stock	 solution	were	 also	

collected	to	monitor	any	compound	adherence	to	the	surfaces	of	the	drum.	

	

2.4.	Experiment	IV	–	Electrochemical	Regeneration		

Once	it	was	established	that	the	Nyex	was	saturated	with	atrazine	and	pirimicarb	in	the	two	separate	

tubular	units,	a	current	of	0.125	A	(current	density	of	0.66	mA/cm2)	was	continuously	applied.	A	3	µg/L	

atrazine	solution	and	0.7	and	0.9	µg/L	pirimicarb	solutions	were	passed	through	the	corresponding	

units	at	a	flow	rate	of	1	L/h,	while	the	current	was	applied.	Effluent	samples	were	collected	every	hour	

on	the	first	day	and	thereafter	twice	a	day.	The	samples	were	analysed	by	HPLC/MS.		

	

2.5.	Experiment	V	–	Degradation	Product	Formation	

The	 effluent	 samples,	 collected	 from	 the	 ERG	 experiments,	 were	 used	 to	 tentatively	 identify	 the	

formation	of	any	DPs.	Full-scan	mode	on	the	mass	spectrometer	(MS)	produced	a	spectrum	allowing	

for	the	identification	of	any	new	ions.	The	analysis	is	described	in	more	detail	in	section	2.6.4	and	in	

the	appendices	section	2.3.	

	

2.6.	Analytical	Methods	

2.6.1.	Sample	Preparation		

In	 this	 study,	 direct	 analysis	 of	 samples	 on	 the	 HPLC/DAD	 could	 not	 be	 performed.	 A	 sample	

preparation	 step	 had	 to	 be	 included	 in	 the	 analytical	 method	 to	 concentrate	 the	 analytes	 in	 the	

samples	as	their	concentrations	were	below	the	limit	of	detection	of	the	HPLC/DAD.	This	step	also	

helped	 to	 remove	 any	 major	 analyte	 interferences	 and	 provided	 a	 method	 for	 sample	 solvent	



	 42	

exchange	from	water	into	ACN.	

Analyte	enrichment	and	purification	was	achieved	using	SPE	tubes	(Supelclean	LC-18	tubes	(500	mg),	

Supelco,	UK).	The	SPE	procedure	was	as	follows:	The	Supelclean	LC-18	tubes	were	conditioned	with	6	

mL	ACN,	then	6	mL	MeOH,	followed	by	3	mL	DI	water.		The	water	sample	to	be	extracted	was	then	

percolated	through	the	tube	with	the	assistance	of	a	vacuum	manifold	(Supelco	Visiprep	SPE	Vacuum	

Manifold)	at	a	rate	of	4	mL/min.	After	the	sample	was	passed	through	the	tube,	the	tubes	were	dried	

under	full	vacuum	for	20	min	to	remove	residual	water	and	the	analytes	were	eluted	into	a	test	tube	

by	use	of	3	mL	ACN.	Under	a	flow	of	nitrogen	gas	(N2),	the	eluate	was	evaporated	to	dryness	and	the	

sample	was	resolubilised	using	mobile	phase	B	(ACN).	The	sample	containing	the	analytes	was	stored	

at	4	±	2	°C	until	use.		

	

2.6.2.	Calibration	Standards		

To	quantify	unknown	concentrations	of	analytes	in	a	sample,	a	set	of	calibration	standards	(CS)	were	

prepared.	These	CSs	contain	a	range	of	known	concentrations	of	the	analytes	of	interest.	To	improve	

the	 robustness	 of	 the	method	 an	 internal	 standard	 (IS),	 at	 a	 fixed	 concentration,	was	 added.	 The	

analyte/IS	 response	 ratio	 was	 used	 to	 create	 a	 calibration	 line	 by	 plotting	 it	 against	 the	 analyte	

concentration.	This	 function	was	used	to	quantify	the	quality	control	 (QC)	standards	and	unknown	

samples.	Additionally,	all	standards	and	samples	were	prepared	in	a	solvent	composition	as	similar	as	

possible	 to	 the	 mobile	 phase	 composition	 at	 the	 beginning	 of	 the	 HPLC	 run	 to	 ensure	 good	

chromatographic	performance	and	peak	shape.		

In	this	study,	both	individual	atrazine	and	pirimicarb	CSs	and	calibration	mixture	consisting	of	atrazine	

and	pirimicarb,	at	a	range	of	concentrations,	were	prepared	for	the	identification	of	the	two	pesticides	

on	the	HPLC/DAD.	The	final	concentrations	of	the	pesticide	standards	were	1,	2.5,	5,	10,	25,	50,	100	

and	150	mg/L.	

For	pesticide	identification	and	quantification	on	the	LC/MS	calibration	mixtures	consisting	of	atrazine	

and	pirimicarb	at	a	range	of	concentrations,	along	with	an	IS	(simazine	d10),	at	a	single	concentration	

of	20	µg/L,	were	prepared.	The	final	concentrations	of	the	pesticide	standards	were	0.01,	0.1,	1,	2.5,	

5,	10,	25,	50	and	100	µg/L.		
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2.6.3.	HPLC/DAD	and	LC/MS	

	

HPLC/DAD	(Agilent	Technologies	1220	Infinity	LC)	with	diode	array	detection	(DAD)	at	wavelengths	of	

220	nm	and	250	nm	was	used	to	resolve	and	quantify	atrazine	and	pirimicarb,	respectively.	A	Kinetex	

EVO	 C18	 EVO	 4.6	 x	 150	 mm	 5-micron	 LC	 column	 was	 used	 for	 separating	 the	 analytes	 and	 was	

maintained	at	30	°C.	Solvent	A	consisted	of	MQ	water	and	solvent	B	consisted	of	ACN.	Gradient	elution	

with	the	following	profile	was	used.	Initial	solvent	ratio	(solvent	A:solvent	B)	was	70:30	(v/v).	This	was	

followed	by	a	linear	increase	of	solvent	B	to	45	%	from	0	to	7	min.	From	7	to	9	min	the	initial	solvent	

ratio	was	re-established	allowing	the	system	to	re-equilibrate	prior	to	subsequent	sample	injection.	

The	total	run	time	was	9	min	at	a	constant	flow	rate	of	1	mL/min.	Analytes	were	monitored	using	a	

DAD	 detector.	 Representative	 chromatograms	 showing	 the	 RTs	 of	 the	 pesticide	 analytes	 are	

presented	in	the	appendices	section	1.	(Fig.	26	and	Fig.		27.).					

	

LC/MS	(Agilent	Technologies	1100	Series	HPLC	system	coupled	to	a	Hewlett	Packard	MSD)	was	used	

to	resolve	and	quantify	atrazine	and	pirimicarb	as	well	as	any	of	their	DPs.	An	Agilent	Poroshell	120	

EC-C18	2.1	x	100	mm	2.7-micron	LC	column	was	used	for	separating	the	analytes	and	was	maintained	

at	30	°C.	Solvent	A	consisted	of	MQ	water	and	solvent	B	consisted	of	ACN.	Gradient	elution	with	the	

following	profile	was	used.	Initial	solvent	ratio	(solvent	A:solvent	B)	was	70:30	(v/v).	This	was	followed	

by	a	linear	increase	of	solvent	B	to	45	%	from	0	to	6	min	followed	by	a	rapid	increase	of	solvent	B	to	

90	%	from	6	to	7	min.	This	solvent	ratio	was	maintained	from	7	to	8	min.	Then	from	8	to	9	min	the	

initial	solvent	ratio	was	re-established	and	the	system	could	re-equilibrate	for	7	min.	The	total	run	

time	was	16	min	at	a	constant	flow	rate	of	0.2	mL/min.	

		

Analytes	were	monitored	using	single	ion	monitoring	(SIM)	in	positive	ionization	mode.	Quantification	

ion	mass-to-charge	ratio	(m/z)	for	atrazine,	diazinon,	pirimicarb,	simazine	(d10)	are	shown	in	Table	2.	

A	dwell	time	of	138	msec	was	used	for	all	ions.		

	

Table	 2.	 HPLC/MS	 quantification	 and	 confirmation	 ions	 and	 corresponding	
fragmentor	voltages	of	the	target	ions.	

Compound	 	
Quantification	
ion	(QI)	m/z	

	
Confirmation	
ion	(CI)	m/z	

	
Fragmentor	
Voltage	(V)	

Atrazine	 	 216.1	 	 218.1	 	 90	
Diazinon	 	 305.1	 	 169.1	 	 130	(QI),	180	(CI)	
Pirimicarb	 	 239.1	 	 182.1	 	 90	(QI),	150	(CI)	

Simazine	(d10)	 	 212.1	 	 214.1	 	 60	
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The	mass	spectrometric	parameters	were	as	follows:	N2	was	used	as	the	drying	gas	at	a	flow	rate	of	

11	L/min	and	a	temperature	of	350	°C.	The	nebulizer	pressure	(psi)	was	45	and	the	capillary	voltage	

was	4500	V.	Details	on	the	HPLC/MS	method	optimisation	are	discussed	in	the	appendices	section	2.	

with	representative	chromatograms	showing	the	m/z	values	and	RTs	of	the	pesticide	analytes.	

	

	

2.6.4.	Degradation	Products	

	

LC/MS	was	used	for	the	tentative	identification	of	the	formation	of	any	DPs.	The	same	mobile	phase	

gradient	used	 for	 the	 identification	and	quantification	of	atrazine	and	pirimicarb	 in	SIM	mode	was	

used	for	identification	of	the	DPs	in	full-scan	mode.	The	m/z	range	chosen	for	the	DPs	was	70	–	250	

and	 a	 default	 value	 of	 90	was	 chosen	 for	 the	 fragmentor	 voltage.	 Representative	 chromatograms	

showing	the	m/z	values	and	RTs	of	the	pesticide	DP	analytes	are	presented	in	the	appendices	section	

3.		

	

	

2.6.5.	Quality	Controls		

	

QCs	must	be	used	to	support	any	study	in	which	analytical	methods	are	used.	They	help	to	establish	

and	validate	that	the	optimised	method	is	fit-for-purpose.	

	

In	this	study,	several	QC	methods	were	used:	

	

i. Intra-	Sequence	QC	Sample	

QC	 samples	 are	 added	 to	 each	 sequence	 to	 provide	 sequence-level	 QC	 and	 demonstrate	 the	

repeatability,	accuracy,	precision	and	stability	of	the	method.	To	achieve	this	the	QC	sample	must	

reach	 a	 predefined	 level	 of	 accuracy	 for	 the	 sequence	 to	 be	 regarded	 as	 acceptable.	 The	QC	

samples	 contain	 a	 known	 amount	 of	 analyte	 and	 represent	 the	 matrix	 of	 the	 samples	 being	

analysed.	 If	the	method	performs	in	an	acceptable	manner,	as	determined	by	the	QC	samples,	

then	the	results	of	the	samples	containing	unknown	concentrations	of	analyte	can	be	reported	

with	confidence.		

	

ii. Internal	Standard	
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Since	a	MS	detector	 separates	analytes	by	 their	m/z	 ratio,	 labelled	 IS,	 that	 can	usually	not	be	

separated	by	the	LC,	will	be	separated	by	their	difference	in	mass	to	the	corresponding	unlabelled	

analyte.	These	labelled	ISs	are	frequently	spiked	into	samples,	CSs	and	QCs.	By	dividing	the	analyte	

peak	area	(APA)	by	the	IS	peak	area	(IPA)	(APA/IPA)	the	APA	is	normalised.	This	normalisation	can	

help	 achieve	 reliable	 quantitative	 analysis	 by	 controlling	 instrumental	 variability	 by	 correcting	

effects	such	as	fluctuations	in	the	sample	injection	volume	and	sensitivity	of	the	detector.	The	IS	

can	also	help	monitor	any	matrix	effects	i.e.:	ion	suppression.	

	

iii. Intra-day	QC	samples		

The	intra-day	precision	and	accuracy	was	tested	by	injecting	a	known	standard	(1	µg/L)	ten	times	

twice	in	one	day.	This	was	done	in	two	batches,	once	in	the	morning	and	once	in	the	evening.	This	

gave	an	insight	into	the	precision	and	short	term	variability	of	the	instrument.		
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Chapter	3	–	Results	and	Discussion		

	

1.	Experiment	I	–	Extraction	Methodology	

	

For	the	adsorption	studies	and	the	artificial	pre-saturation	of	the	Nyex	(Experiment	II	and	III),	samples	

were	 pre-concentrated	 using	 a	 SPE	 protocol.	 Atrazine	 and	 pirimicarb	 recoveries	were	 determined	

prior	 to	 sample	 analysis	 using	 Supelclean	 LC-18	 tubes	 (500	mg)	 connected	 to	 a	 SPE	manifold	 and	

vacuum	pump.	Subsequently,	the	solution	was	analysed	by	HPLC/DAD.	The	details	of	the	SPE	protocol	

used	are	shown	in	Table	3.	While,	the	recoveries	and	relative	standard	deviation	values	resulting	from	

this	SPE	protocol	are	listed	in	Table	4.		

 
Table	3.	Conditions	used	in	the	SPE	protocol	

Starting	
Concentration	

(mg/L)	
	

Extraction	
Volume	
(mL)	

	
Elution	
Volume	
(mL)	

	
Final	

Concentration	
(mg/L)	

1.0	 	 20	 	 3	 	 6.7	
0.25	 	 90	 	 3	 	 7.5	
0.05	 	 480	 	 3	 	 8.0	

	
	

Table	 4.	 Recovery	 and	 relative	 standard	 deviation	 of	 atrazine	 and	
pirimicarb		

Starting	
Concentration	

(mg/L)	

	 Number	of	
repeats	per	
compound	

	 Average	Recovery	(%)	

Atrazine	 	 Pirimicarb	

1.0	 	 5	 	 127	±	4	 	 103	±	9	
0.25	 	 5	 	 113	±	12	 	 109	±	12	
0.05	 	 5	 	 113	±	13	 	 120	±	2	

	

The	recovery	and	relative	standard	deviation	values	indicate	that	the	Supelclean	LC-18	SPE	tubes	can	

effectively	retain	both	atrazine	and	pirimicarb.	Thus,	it	is	possible	to	concentrate	the	target	analyte	in	

samples	making	 it	possible	 to	work	at	much	 lower	 concentrations,	while	having	 confidence	 in	 the	

experimental	data.		
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2.	Experiment	II	–	Adsorption	Studies	

	

2.1.	Adsorption	Kinetics	

	

Adsorption	 kinetic	 experiments	 (AKEs),	 using	 atrazine	 and	 pirimicarb,	 were	 done	 to	 establish	 the	

minimum	Nyex	contact	time	required	to	achieve	equilibrium.	From	these	experiments,	a	mixing	time	

of	120	min	was	determined	to	be	sufficient	for	the	adsorbent	to	attain	equilibrium	conditions.	From	

a	starting	concentration	of	250	µg/L,	on	average	in	two	hours,	the	Nyex	removed	25	µg	of	atrazine	per	

gram	of	Nyex	(25	µg/g).	Similarly	for	pirimicarb,	at	a	starting	concentration	of	250	µg/L,	on	average	in	

120	min,	the	Nyex	removed	36	µg	per	gram	of	Nyex	(36	µg/g).	These	results	indicate	that	there	is	a	

greater	affinity	for	the	adsorption	of	pirimicarb	onto	the	Nyex	over	atrazine.	Adsorption	of	atrazine	

and	pirimicarb	was	determined	to	be	fast	with	70	%	and	72	%	of	the	equilibrium	concentration	reached	

within	30	min	for	atrazine	and	pirimicarb,	respectively	(Fig.	6.	and	7.).		

	

	

	
Fig.	6.	Adsorption	kinetics	of	atrazine	onto	Nyex	performed	under	batch	conditions	using	0.8	g	of	Nyex	and	200	mL	

atrazine	solution	with	an	initial	concentration	of	250	µg/L.	In	this	figure,	the	error	bars	represent	error	to	one	
standard	deviation.	The	point	at	300	min	has	been	excluded	in	the	formation	of	the	trend	line.	There	was	a	lot	of	

variability	in	this	point	and	the	standard	deviation	was	high.	
	
	

0

50

100

150

200

250

300

-50 0 50 100 150 200 250 300 350

Co
nc
en

tr
at
io
n	
(µ
g/
L)

Time	(min)



	 48	

	

	
Fig.	7.	Adsorption	kinetics	of	pirimicarb	onto	the	Nyex	performed	under	batch	conditions	using	0.8	g	of	Nyex	and	200	
mL	pirimicarb	solution	with	an	initial	concentration	of	250	µg/L.	In	this	figure,	the	error	bars	represent	error	to	one	

standard	deviation.	

	

The	initial	slope	of	the	curve	for	atrazine	and	pirimicarb,	from	0	–	50	min,	is	the	steepest	part	of	the	

curve.	This	indicates	that	the	external	solution	concentration	decreases	quickly.	The	slope	of	the	curve	

begins	to	level	off	as	the	rate	of	the	decrease	of	the	external	solution	concentration	is	starting	to	slow	

down,	and	is	followed	by	a	plateau.	These	characteristics	of	the	curve	provide	some	early	information	

about	 the	 adsorption	 process	 occurring.	 	 The	 initial	 steep	 slope	 illustrates	 the	 high	 availability	 of	

adsorption	sites	on	the	Nyex.	It	also	shows	that	there	is	an	affinity	for	the	adsorption	of	atrazine	and	

pirimicarb	over	competing	water	molecules.	As	 site	availability	decreases	 there	 is	a	 corresponding	

decrease	 in	 the	 uptake	 rate	 of	 adsorbate	molecules	 onto	 the	 Nyex.	 This	 is	 demonstrated	 by	 the	

gradual	 levelling	 off	 of	 the	 curve.	 Then	 once	 there	 is	 no	more	 attraction	 for	 any	more	 adsorbate	

molecules	 on	 the	 adsorbent,	 the	 curve	 will	 plateau.	 This	 is	 significant	 as	 this	 demonstrates	 that	

equilibrium	has	been	achieved.	This	means	that	there	is	a	balance	between	the	solute	molecules	in	

the	external	solution	and	what	is	adsorbed	onto	the	adsorbent.	Additional	adsorption	can	only	occur	

by	raising	the	external	solution	concentration.		

	

For	 both	 atrazine	 (Fig.	 6.)	 and	 pirimicarb	 (Fig.	 7.)	 pseudo-equilibrium	 was	 reached	 at	 120	 min.	

Regarding	atrazine,	the	error	bar	of	the	data	point	at	300	min	is	quite	large.	This	indicates	that	there	

was	 some	 additional	 adsorption	 in	 one	 of	 the	 triplicates	 and	 de-sorption	 in	 another.	 Additional	

adsorption	could	occur	as	the	solution	volume	to	Nyex	ratio	is	decreasing	(30	mL	removed	for	every	

sample)	leading	to	increased	adsorption.	Another	consideration	is	that	the	magnetic	stirrer	could	be	

creating	 smaller	 Nyex	 particles/fines,	 creating	 new	 adsorption	 sites	 and	 adsorbing	 more	 of	 the	
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compound.	The	increase	in	concentration	could	be	due	to	de-sorption	of	the	compound	due	to	the	

high	velocity	of	the	magnetic	stirrer.		

	

Atrazine	AKEs	were	conducted	by	Brown	et	al.,	(2004a)	using	a	very	early	generation	of	Nyex,	the	Nyex	

100.	Nyex	100	is	a	wet	powder	containing	non-porous	particles	with	no	internal	surface	area.	In	a	5	

mg/L	atrazine	solution,	equilibrium	was	 reached	within	60	min	with	80	%	of	 the	equilibrium	value	

being	 achieved	 within	 10	 min.	 In	 comparison	 to	 the	 present	 study,	 the	 rate	 of	 adsorption	 was	

significantly	faster	and	the	contact	time	required	to	reach	equilibrium	was	considerably	lower.	This	

can	be	explained	by	 the	higher	atrazine	solution	concentration	used	 in	 this	 study	 (5	mg/L	vs.	0.25	

mg/L).	 Significantly	 more	 adsorbate	molecules	 are	 present	 in	 the	 solution	 surrounding	 the	 Nyex,	

leading	 to	 quick	 adsorption	 and	 a	 lower	 equilibrium	 time.	 This	 effect	 was	 demonstrated	 by	

Nabeerasool	 et	 al.,	 (2015)	who	 conducted	AKEs,	 at	 a	wide	 range	 of	 initial	 concentrations,	 for	 the	

adsorption	of	metaldehyde	onto	Nyex	1102.	Three	initial	concentrations	were	used,	namely:	0.25,	2	

and	12	mg/L.	For	2	and	12	mg/L,	equilibrium	was	reached	in	20	min	whereas,	in	the	case	of	the	lowest	

initial	concentration,	0.25	mg/L,	equilibrium	was	not	reached	until	50	min.	This	highlights	how	the	rate	

of	adsorption	onto	the	Nyex	can	be	influenced	by	lower	concentrations	and	thus	affect	the	equilibrium	

time.	

	

Although	it	has	been	demonstrated	that	lower	contaminant	concentrations	are	adsorbed	more	slowly	

onto	the	Nyex,	in	contrast	to	AC	these	determined	equilibrium	times	are	much	faster.	Adsorption	onto	

AC,	either	 in	 its	granular	 (GAC)	or	powdered	form	(PAC),	 is	a	very	popular	technique	used	to	treat	

water	contaminated	with	dissolved	organic	contaminants	(Brown	et	al.,	2004a).	Its	popularity	is	due	

to	 its	high	adsorption	capacities	 for	 these	dissolved	organic	contaminants.	This	 is	as	a	 result	of	 its	

micro-porous	structure,	leading	to	its	high	internal	surface	area.	AC	has	contrasting	characteristics	to	

the	adsorbent	used	in	this	study.	Nyex	has	markedly	less	total	surface	area	(TSA)	(roughly	1	m2/g)	in	

comparison	to	AC	(which	has	a	surface	area	of	600	–	1200	m2/g)	(Nkrumah-Amoako	et	al.,	2014).		

The	 influence	 the	 surface	area	has	on	 the	adsorption	of	 atrazine	 is	 demonstrated	by	 (Baup	et	 al.,	

2000).	In	this	study	the	initial	concentration	of	the	atrazine	solution	was	0.25	mg/L	and	equilibrium	

was	reached	after	2	to	3	days.	For	AC,	as	a	result	of	its	high	TSA,	intra-particle	diffusion	is	a	rate	limiting	

step	and	is	responsible	for	these	long	equilibrium	times.	Since	the	Nyex	has	a	low	TSA,	intra-particle	

diffusion	is	negligible	(and	irrelevant)	and	is	one	of	the	major	advantages	of	the	Nyex	over	AC.		
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2.2.	Adsorption	Isotherms	

	

The	most	 basic	 adsorption	 isotherm	 is	 constructed	 by	 plotting	 the	 solid-phase	 concentration	 (qe)	

against	 the	 liquid-phase	concentration	 (Ce),	at	equilibrium.	The	corresponding	graph	 illustrates	 the	

relationship	and	equilibrium	behaviour	of	the	adsorbate	molecules	between	these	two	phases.	

	

Fig.	8.	demonstrates	 that	 there	 is	a	clear	 relationship	between	the	adsorbate	concentration	 in	 the	

liquid	phase	and	adsorbate	concentration	accumulated	on	the	solid	phase.	However,	in	comparison	

to	atrazine,	the	initial	slope	of	the	curve	for	pirimicarb	is	steep.	This	steep	slope	is	not	maintained	as	

it	does	begin	to	decrease	with	increasing	liquid	phase	concentration.	Further	from	the	origin,	the	slope	

of	the	curve	for	atrazine,	begins	to	decrease.	It	is	clear	that	higher	liquid	phase	concentrations	have	a	

lesser	effect	on	the	adsorption	of	atrazine	onto	the	Nyex,	in	comparison	to	pirimicarb.	This	highlights	

that	the	Nyex	has	a	greater	adsorption	capacity	for	pirimicarb.	More	pirimicarb	adsorbate	molecules	

are	adsorbed	onto	the	solid	phase	(qe)	and	thus,	the	corresponding	Ce	value	is	lower	in	comparison	to	

that	for	atrazine.	

	

	
Fig.	8.	Atrazine	and	Pirimicarb	adsorption	isotherm	of	the	solid-phase	concentration	(qe)	versus	liquid-phase	

concentration	(Ce)	at	equilibrium	
	

The	shape	of	the	isotherms	obtained	are	indicative	of	the	adsorption	process	occurring.	As	previously	

described	in	chapter	1	(section	4.2.)	Giles	et	al.,	(1960)	developed	a	system	for	the	classification	of	

adsorption	isotherms	depending	on	the	initial	and	upper	slopes	of	the	curve.	This	system	divides	all	

isotherms	into	four	main	classes:	L-shaped	curves,	S-shaped	curves,	H-shaped	curves	and	C-shaped	

curves.	The	slope	of	the	initial	curve	is	dependent	on	the	rate	of	change	in	binding	site	availability,	

due	to	the	increase	of	adsorbate	molecules	being	adsorbed.		
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In	the	case	of	atrazine,	molecules	are	being	adsorbed	onto	the	Nyex	however,	with	the	increase	in	

liquid	phase	concentration	more	binding	sites	on	the	Nyex	are	filled.	This	makes	it	increasingly	difficult	

for	adsorption	to	continue	at	the	same	rate.	Thus,	as	 less	adsorption	is	occurring,	this	 leads	to	the	

decrease	 in	 the	 slope	 of	 the	 curve,	 which	 correspondingly	 results	 in	 higher	 liquid-phase	

concentrations.		

The	fact	that	the	slope	of	the	curve	for	pirimicarb	is	steeper	in	comparison	to	atrazine	is	significant.	

This	 illustrates	 that	 there	 is	a	higher	distribution	of	pirimicarb	molecules,	at	equilibrium,	adsorbed	

onto	the	Nyex.	This	 further	supports	and	confirms	the	 findings	 in	 the	AKEs,	which	also	 indicated	a	

greater	adsorption	affinity	toward	the	adsorption	of	pirimicarb.	Although	the	initial	slope	of	pirimicarb	

is	 steeper	 in	 comparison	 to	 atrazine,	 the	 same	mechanism	of	 adsorption	 is	 occurring.	 Similarly	 to	

atrazine,	the	shape	of	the	pirimicarb	adsorption	isotherm	illustrates	an	initial	high	uptake	of	adsorbate	

molecules.	However,	with	increasing	liquid	phase	concentration	the	rate	at	which	new	molecules	are	

adsorbed,	as	site	availability	becomes	more	limited,	decreases.		

	

Based	on	 the	 shape	of	 the	curves	 for	atrazine	and	pirimicarb	 (Fig.	8.),	 the	L-shaped	 isotherm	best	

describes	 the	 adsorption	mechanism	occurring.	 This	 is	 one	 the	most	 common	 isotherms	obtained	

from	crop	protection	products	 (Ecetoc).	The	classification	system	developed	by	Giles	et	al.,	 (1960),	

sub-divides	the	four	main	groups,	including	L-shaped	isotherms.	These	sub-divisions	are	characterised	

by	 the	 formation	of	 extended	plateau’s	 (e.g.:	 L-2)	 and	 re-established	 enhancement	 of	 adsorption,	

following	 an	 initial	 plateau	 (e.g.:	 L-3	 and	 L-4).	 In	 regards	 to	 both	 atrazine	 and	 pirimicarb	 it	 is	 not	

possible	to	conclusively	determine	whether	the	liquid	phase	concentration	has	ceased	influencing	the	

adsorption	of	adsorbate	molecules	onto	the	Nyex	i.e.:	the	curve	has	not	reached	an	extended	plateau	

(L-2).	In	order	to	further	classify	and	evaluate	the	adsorptive	behaviour	of	atrazine	and	pirimicarb,	a	

wider	and	higher	range	of	concentrations	would	be	needed.	However,	the	objective	of	the	present	

study,	was	to	understand	the	adsorption	mechanisms	occurring	at	low	µg/L	concentrations.	Thus,	the	

corresponding		concentration	range	investigated	was	low	(1	–	500	µg/L).	

	

Previous	studies	investigated	the	adsorption	mechanism	of	phenol,	benzoquinone,	hydroquinone	and	

catechol	 on	 the	 Nyex	 1000	 (Hussain	 et	 al.,	 2013).	 Like	 atrazine	 and	 pirimicarb,	 the	 adsorption	

isotherms	for	these	aromatic	compounds	were	reported	to	be	best	described	by	L-shaped	isotherms.		

	

	

2.2.1.	Adsorption	Isotherm	Models	
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i. Single	Compound	Isotherms	

	

Values	of	Langmuir	constants	Q0	and	K,	Freundlich	constants	Kf	and	1/n,	and	the	regression	co-efficient	

(R2)	for	atrazine	and	pirimicarb	are	listed	in	Table	5.		

	

Table	5.	Derived	Langmuir	and	Freundlich	adsorption	isotherm	parameters	of	atrazine	and	pirimicarb	
from	the	single	compound	experiment	
Pesticide	 Langmuir	isotherm	 	 Langmuir	isotherm	 	 Freundlich	isotherm	

	 1/Ce	vs.	1/qe	 	 Ce	vs.	Ce/qe	 	 Log	Ce	vs.	Log	qe	

	 R2	 Q0	 K	 	 R2	 Q0	 K	 	 R2	 1/n	 Kf	
Atrazine	 0.990	 11.2	 0.019	 	 0.887	 68.0	 0.004	 	 0.957	 0.83	 0.356	
Pirimicarb	 0.996	 36.5	 0.037	 	 0.938	 106.4	 0.013	 	 0.982	 0.85	 1.375	
Where	the	units	for	Q0	are	µg/g,	K	are	L/µg	and	Kf	are	L/g	
	

For	both	atrazine	and	pirimicarb,	the	adsorption	data	fits	the	first	Langmuir	isotherm	model	(1/Ce	vs.	

1/qe)	with	a	very	good	 linear	correlation	 (R2	=	0.990	and	0.996)	 (Table	5.	and	Fig.	9.).	The	derived	

Langmuir	equilibrium	constant,	K,	 is	higher	 for	pirimicarb	 than	atrazine	 (0.037	vs.	0.019	L/µg)	and	

indicates	that	pirimicarb	has	a	greater	affinity	to	be	adsorbed	onto	the	Nyex.	However,	the	derived	

maximum	 adsorption	 capacity	 values,	 Q0,	 of	 11.2	 and	 36.5	 µg/g,	 for	 atrazine	 and	 pirimicarb	

respectively,	are	below	their	highest	qe	value	of	36.9	and	74.8	µg/g,	respectively,	which	corresponds	

to	the	highest	concentration	used	in	the	adsorption	study	(500	µg/L;	Fig.	8).	As	Q0	is	the	value	that	

represents	the	maximum	loading	capacity	of	the	compound	onto	the	Nyex,	this	indicates	that,	despite	

the	high	R2	values,	the	model	doesn’t	accurately	represent	the	data.	

	

	

Fig.	9.	Langmuir	plot	(1/Ce	vs.	1/qe)	for	the	atrazine/Nyex	and	pirimicarb/Nyex	system,	where	qe	and	Ce	are	in	µg/g	and	
µg/L,	respectively	
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Additionally,	the	data	was	fitted	to	a	second	version	of	Langmuir	(Ce	vs.	Ce/qe	)	(Fig.	10.).	The	derived	

Q0	value	was	higher	for	both	atrazine	and	pirimicarb	(68.0	and	106.4	µg/g,	respectively;	Table	5.)	than	

in	the	first	version	of	Langmuir.	These	values	are	consistent	with	the	corresponding	qe	values	(Fig.	8.).	

Similarly,	K	values	of	0.004	and	0.013	L/µg,	for	atrazine	and	pirimicarb	respectively,	indicate	a	higher	

affinity	for	pirimicarb	adsorption	onto	the	Nyex	over	atrazine.	For	pirimicarb,	the	data	fit	very	well	to	

the	second	Langmuir	isotherm	model	(Fig.	10.),	where	R2	=	0.938.	However,	in	contrast,	atrazine	did	

not	fit	this	model	as	well,	where	R2	=	0.887.	Fitting	the	atrazine	data	to	this	model	highlights	some	

data	point	scatter	at	the	lower	solution	concentrations	used.		

	

	
Fig.	10.	Atrazine	and	pirimicarb	Langmuir	plot	of	Ce	vs.	Ce/qe	where	qe	is	in	µg/g	

	

Finally,	the	atrazine	and	pirimicarb	data	was	fitted	to	the	Freundlich	 isotherm	model	(Fig.	11.).	For	

both	 atrazine	 and	 pirimicarb,	 the	 data	 fit	 with	 a	 high	 linear	 correlation	 (R2	 =	 0.957	 and	 0.982,	

respectively)	(Table	5.).	
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Fig.	11.	Atrazine	and	pirimicarb	Freundlich	log-log	plot	of	solid-phase	concentration	(qe)	versus	liquid-phase	

concentration	(Ce)	at	equilibrium	

	

1/n	is	a	measure	of	the	adsorption	intensity	and	this	exponent	describes	the	linearity	of	adsorption	

over	a	concentration	range.	It	is	most	common	that	1/n	values	range	from	1	downwards.	A	value	of	1	

would	mean	that	there	is	no	degree	of	curvature	of	the	isotherm	curve,	as	the	relative	adsorption	of	

the	adsorbate	molecules	was	 the	 same	over	 the	whole	 concentration	 range	 tested	 (i.e.:	 C-shaped	

isotherm)	(Ecetoc).	Typically,	1/n	values	will	range	from	0.7	to	1.0.	Values	in	this	range	indicate	that	

with	 increasing	 adsorbate	 concentration,	 adsorption	 sites	 will	 become	 occupied	 leading	 to	 less	

adsorption	 (L-shaped	 isotherm).	 Additionally,	 1/n	 values	 <	 0.7	 describe	 a	 highly	 convex	 curved	

isotherms	 and	1/n	 values	 >	 1	 produce	 a	 concave	 curve.	 A	1/n	 value	 >1	 indicates	 that	 adsorption	

increases	with	increasing	concentration	(i.e.:	S-shaped	isotherms).	The	higher	the	1/n	value	the	more	

favourable	the	adsorption	(Hussain,	2012).	In	the	present	study,	the	values	for	1/n	were	0.83	and	0.85	

for	atrazine	and	pirimicarb,	respectively.	These	values	fall	within	the	0.7	to	1.0	range	and	are	indicative	

of	 the	 process	 occurring	 in	 an	 L-shaped	 isotherm.	 Furthermore,	 this	 describes	 that	 adsorption	 is	

favourable	for	both	compounds.	

The	Freundlich	adsorption	coefficient,	Kf,	is	a	parameter	that	provides	an	indication	of	the	adsorption	

capacity	of	the	adsorbent.	The	greater	the	Kf,	value	the	higher	the	adsorptive	capacity	that	molecule	

has	for	that	particular	adsorbent.	For	atrazine	and	pirimicarb,	the	Kf	values	were	0.356	and	1.375	L/g,	

respectively	and	indicates	that	the	Nyex	has	a	greater	adsorption	capacity	for	pirimicarb	over	atrazine.	

These	 results	 are	 consistent	with	 the	 results	 from	 the	AKEs	 (Fig.	 6	 and	 Fig.	 7)	 and	 the	 adsorption	

isotherm	(Fig.	8.).	

These	 models	 depict	 the	 relationship	 and	 distribution	 of	 adsorbate	 molecules	 between	 their	
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concentration	in	the	liquid	phase	versus	their	concentration	on	the	surface	of	the	adsorbent.	These	

models	 are	defined	and	 characterised	by	 a	 set	of	 assumptions,	which	 are	 linked	 to:	 i)	 the	 surface	

homogeneity/	 heterogeneity	 (binding	 sites	 energies)	 and	 ii)	 the	 likelihood	 of	 inter	 adsorbate	

molecular	interactions	(Asghar,	2011).	The	Langmuir	model	assumptions	include:	surface	uniformity	

i.e.:	 all	 binding	 site	 energies	 are	 similar,	 that	 there	 is	 mono-layer	 adsorption,	 that	 there	 is	 no	

interaction	among	the	adsorbed	molecules	(Asghar,	2011,	Hussain,	2012).	Highly	porous	materials,	

such	as	AC,	most	often	show	a	preference	towards	Langmuir-type	adsorption,	where	monomolecular	

adsorption	occurs	as	there	is	a	large	surface	area	and	many	adsorption	sites	(Czepirski	et	al.,	2000).	

However,	the	Freundlich	adsorption	isotherm	is	best	suited	to	adsorbents	with	rough	heterogeneous	

surfaces	as	these	adsorbents	have	multiple	site	types,	with	a	range	of	adsorption	energies	available	

for	adsorption.	Furthermore,	in	the	Langmuir	model,	it	is	assumed	that	at	a	maximum	coverage,	there	

is	 only	 a	mono-molecular	 layer	 on	 the	 surface.	 This	means	 that	 there	 is	 no	 stacking	 of	 adsorbed	

molecules.	The	Freundlich	isotherm	does	not	have	this	restriction	(Ecetoc).		

Thus,	taking	into	account:	

• The	good	R2	values	for	both	atrazine	and	pirimicarb	when	modelled	against	the	Freundlich	

adsorption	isotherm	

• That	the	empirically	derived	Freundlich	parameters,	Kf	and	1/n,	 indicate	that	adsorption	is	

favourable		

• That	 the	 Nyex	 is	 characterised	 by	 its	 low	 surface	 area,	 non-porosity	 and	 heterogeneous	

binding	sites,	which	are	all	favoured	by	Freundlich-type	adsorption	

• That	Langmuir	assumes	homogeneous	surface	binding	energies		

• The	inconsistencies	and	discrepancies	from	modelling	the	data	to	the	two	Langmuir	models,	

in	regard	to	their	Q0	values	

All	these	points	indicate	that	Langmuir-type	adsorption	is	unlikely	to	occur	when	the	Nyex	is	used	as	

the	adsorbent	for	these	two	compounds.	Therefore,	the	data	is	best	represented	by	the	Freundlich	

isotherm	model.	This	indicates	that	either	mono-	or	multi-layer	adsorption	can	occur	on	the	surface	

of	the	Nyex.	Importantly,	these	isotherms	demonstrate	that	atrazine	and	pirimicarb	are	both	capable	

of	being	adsorbed	onto	the	Nyex	despite	its	non-porosity	and	could	therefore	possibly	be	removed	

using	a	combined	adsorption	and	electrochemical	process.		

Similar	adsorption	isotherm	studies	have	been	done	using	the	Nyex	by	modelling	the	data	onto	either	

Langmuir	or	Freundlich	adsorption	isotherms.	Likewise,	many	of	these	studies	have	shown	that	the	

data	best	fit	the	Freundlich	adsorption	isotherm	model.	This	was	the	case	 in	a	study	conducted	by	
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Hussain	et	al.,	(2013)	where,	the	adsorption	of	benzoquinone	and	hydroquinone	onto	the	Nyex	1000	

was	best	represented	by	a	Freundlich	adsorption	isotherm	model.	Additionally,	atrazine	adsorption	

isotherm	studies,	conducted	on	the	Nyex	100,	determined	that	the	data	was	also	best	represented	by	

the	Freundlich	model	(Brown	et	al.,	2004a).	In	this	study,	they	report	the	following	derived	Freundlich	

parameters:	Kf	=	0.279	L/g	and	1/n	=	0.55.	In	comparison,	the	Freundlich	parameters	obtained	in	the	

present	study	(Kf	=	0.365	L/g	and	1/n	=	0.83),	 these	parameters	 indicate	that	the	Nyex	2112	has	a	

greater	loading	capacity	and	affinity	for	atrazine	(higher	Kf	value)	and	that	the	adsorption	intensity	is	

greater	onto	the	Nyex	(higher	1/n	value).		

Currently,	AC	is	one	of	the	most	widely	used	adsorbent	for	the	removal	of	organic	contaminants.	This	

is	due	to	its	high	adsorption	capacity	for	organic	compounds.	The	performance	of	AC	is	largely	due	to	

its	porosity,	which	provides	AC	with	a	large	surface	area	to	accommodate	different	types	and	sizes	of	

organic	compounds.	For	example,	in	a	study	conducted	by	Lupul	et	al.,	(2015),	the	adsorption	capacity	

of	atrazine	onto	AC	was	reported	to	be	263	mg/g.	This	demonstrates	that	the	adsorption	capacity	of	

AC	 is	 far	 greater	 than	 Nyex,	 where	 reported	 adsorptive	 capacities	 are	 in	 the	 low	 µg/g	 range	

(Nabeerasool	et	al.,	2015).		

	

ii. Mixed	Compound	Adsorption	Isotherms		

The	single	compound	adsorption	isotherm	experiments	allowed	for	the	maximum	performance	of	the	

Nyex	 to	 be	 evaluated	 regarding	 the	 removal	 of	 atrazine	 and	 pirimicarb.	 However,	 doing	 mixed	

compound	isotherms	will	help	assess	the	preferential	adsorption	of	atrazine	and	pirimicarb	when	both	

compounds	are	present	in	solution	and	competing	for	the	same	binding	sites.		Furthermore,	in	a	real-

life	scenario,	to	establish	how	effectively	the	Nyex	can	remove	MPs	from	surface	water,	the	effect	of	

natural	organic	matter	(NOM),	should	be	considered.	Therefore,	these	mixed	compound	adsorption	

isotherms	were	done	in	raw	water	(Canal	water	from	Runcorn,	Cheshire,	UK)	and	the	TOC	content	was	

determined	to	be	10.2	mg/L	(Table	6.).	Other	properties	of	the	water	collected	from	Runcorn	Canal	

are	shown	in	Table	6.	Thus,	these	isotherms	will	investigate	whether	the	presence	of	NOM	and	two	

other	adsorbate	 species	 (atrazine	and	pirimicarb)	will	 have	an	effect	on	 their	 adsorption	onto	 the	

Nyex.		

Table	6.	Runcorn	Canal	water	properties		
pH	 	 Conductivity	 	 Colour	 	 Total	Organic	Carbon	
8	 	 749	µS/cm	 	 Yellow	hue	 	 10.2	mg/L	
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The	preferential	adsorption	of	atrazine	and	pirimicarb,	in	the	presence	of	NOM,	onto	the	Nyex	was	

determined	first	(Fig.	12.).	This	adsorption	isotherm	illustrated	that,	at	equilibrium,	there	is	a	higher	

distribution	 of	 pirimicarb	 adsorbate	 molecules	 on	 the	 Nyex	 rather	 than	 in	 the	 liquid	 phase,	 in	

comparison	to	atrazine.	This	demonstrates	that	when	both	compounds	are	in	solution	together,	that	

there	is	a	preference	for	pirimicarb	adsorption	onto	the	Nyex.	

	

	

Fig.	12.	Atrazine	and	Pirimicarb	adsorption	isotherm	of	the	solid-phase	concentration	(qe)	versus	liquid-phase	
concentration	(Ce)	at	equilibrium	

	

Using	the	experimental	data,	the	adsorptive	performance	of	the	Nyex	in	raw	water	was	then	assessed	

by	using	a	range	of	different	adsorption	models.	Values	of	Langmuir	constants	Q0	and	K,	Freundlich	

constants	Kf	and	1/n,	as	well	as	the	regression	coefficients	(R2)	for	atrazine	and	pirimicarb	are	listed	in	

Table	7.		

	

Table	7.	Derived	Langmuir	and	Freundlich	adsorption	isotherm	parameters	of	atrazine	and	pirimicarb	
from	the	mixed	compound	experiment	
Pesticide	 Langmuir	isotherm	 	 Langmuir	isotherm	 	 Freundlich	isotherm	

	 1/Ce	vs.	1/qe	 	 Ce	vs.	Ce/qe	 	 Log	Ce	vs.	Log	qe	

	 R2	 Q0	 K	 	 R2	 Q0	 K	 	 R2	 1/n	 Kf	
Atrazine	 0.870	 3.0	 0.068	 	 0.264	 45.9	 0.001	 	 0.881	 0.75	 0.209	
Pirimicarb	 0.917	 3.1	 0.197	 	 0.132	 147.1	 0.02	 	 0.953	 0.80	 0.365	
Where	the	units	for	Q0	are	µg/g,	K	are	L/µg	and	Kf	are	L/g	
		
	
For	both	atrazine	and	pirimicarb,	the	experimental	adsorption	data	fits	to	the	first	Langmuir	isotherm	

0.0

10.0

20.0

30.0

40.0

50.0

60.0

0.0 100.0 200.0 300.0 400.0 500.0

q e
(μ
g/
g)

Ce (μg/L)

Pirimicarb

Atrazine



	 58	

model	 (1/Ce	 vs.	1/qe)	with	a	good	 linear	 correlation	 (R2	=	0.870	and	0.917)	 (Table	7.).	 The	derived	

Langmuir	equilibrium	constant,	K,	 is	higher	 for	pirimicarb	 than	atrazine	 (0.068	vs.	0.197	L/µg)	and	

indicates	that	pirimicarb	has	a	preference	to	be	adsorbed	onto	the	Nyex.	However,	similarly	to	the	

single	compound	isotherms,	Q0	values	of	3.0	and	3.1	µg/g,	for	atrazine	and	pirimicarb	respectively,	

are	below	their	highest	qe	value	of	24.6	and	53.9	µg/g	(Fig.	12).	Again,	this	indicates	that	the	model	

doesn’t	accurately	represent	the	data	for	the	mixed	compound	adsorption	isotherm.	The	data	was	

fitted	to	a	second	version	of	Langmuir	(Ce	vs.	Ce/qe)	(Table	7.)	and	the	derived	Q0	value	was	higher	for	

both	atrazine	and	pirimicarb	(45.9	and	147.1	µg/g,	respectively)	than	in	the	first	version	of	Langmuir.	

These	values	are	consistent	with	the	corresponding	qe	values.	Similarly,	K	values	of	0.001	and	0.02	

L/µg,	for	atrazine	and	pirimicarb	respectively,	indicate	a	preference	for	pirimicarb	adsorption	onto	the	

Nyex	over	atrazine.	However,	the	R2	values	were	very	low	where,	R2	=	0.264	and	0.132	for	atrazine	

and	pirimicarb,	respectively.	These	data	are	very	poorly	represented	by	this	model.	The	model	which	

best	fits	the	experimental	data	was	the	Freundlich	equation,	where	R2	=	0.881	and	0.953	for	atrazine	

and	 pirimicarb,	 respectively.	 The	 values	 for	 1/n	 were	 0.75	 and	 0.80	 for	 atrazine	 and	 pirimicarb,	

respectively.	The	Kf	values	 for	atrazine	and	pirimicarb	were	0.209	and	0.365	L/g,	 respectively.	This	

reveals	 that	 when	 atrazine	 and	 pirimicarb	 are	 in	 the	 same	 solution,	 preferential	 adsorption	 of	

pirimicarb	is	observed.		

The	Freundlich	isotherm	model	was	determined	to	best	represent	the	experimental	data	for	the	single	

and	mixed	compound	adsorption	 isotherms.	For	atrazine	and	pirimicarb,	 the	1/n	and	Kf	values	are	

both	lower	in	the	mixed	vs.	the	single	compound	isotherms	(Table	8.).	Regarding	the	1/n	values,	this	

indicates	that	the	degree	of	curvature	of	the	line	is	slightly	lower,	meaning	the	adsorption	intensity	is	

lower	(i.e.:	at	higher	concentrations,	less	of	the	adsorbate	was	adsorbed	onto	the	Nyex).	This	indicates	

that	 there	 is	 competitive	 adsorption	 occurring	 between	 atrazine,	 pirimicarb	 and	NOM.	 This	 could	

mean	that	atrazine	and	pirimicarb	are	competing	for	similar	adsorption	sites	even	though	they	contain	

slightly	different	FGs	and	their	3D	structure	is	different.		

The	Kf	value	for	pirimicarb	decreased	by	73	%	when	compared	to	the	single	compound	isotherm	(Table	

8.).	 This	 is	 a	 significant	 decrease.	 The	 decrease	 in	 the	Kf	 value	 for	 atrazine	 is	 not	 as	 great	 as	 for	

pirimicarb	but	still	significant	(41	%	decrease,	Table	8.).	This	decrease	indicates	that	the	Nyex	has	a	

lower	adsorption	capacity	for	pirimicarb	when	atrazine	and	NOM	is	present	in	solution	and	likewise	

for	atrazine.	This	is	another	indication	that	atrazine,	pirimicarb	and	NOM	are	competing	for	the	same	

binding	sites.		
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Table	8.	Comparison	of	the	derived	Freundlich	parameters,	1/n	and	Kf	from	the	single	and	mixed	
compound	adsorption	isotherm	experiments	

	 	 	
Pesticide	

Freundlich	isotherm	-	Log	Ce	vs.	Log	
qe	

	 	 R2	 	 1/n	 	 Kf	
Single	compound	isotherm	 	 Atrazine	 0.957	 	 0.83	 	 0.356	

	 	 Pirimicarb	 0.982	 	 0.85	 	 1.375	
Mixed	compound	isotherm	 	 Atrazine	 0.870	 	 0.75	 	 0.209	

	 	 Pirimicarb	 0.917	 	 0.80	 	 0.365	
Where	the	units	for	Kf	are	L/g	
	

Ultimately,	 these	 results	 demonstrate	 that	 there	 is	 competitive	 adsorption	 occurring	 between	

atrazine,	 pirimicarb	 and	 NOM	 in	 solution.	 Thus,	 the	 presence	 of	 NOM	 can	 adversely	 affect	 the	

adsorption	capacity	of	atrazine	and	pirimicarb.	This	has	been	demonstrated	in	similar	studies	for	other	

MPs	 in	which	AC	was	 the	adsorbent	material	used	 (Smith	and	Weber,	1989).	However,	 this	 is	not	

surprising.	Both	atrazine	and	pirimicarb	were	present	at	concentrations	that	were	3	to	4	orders	of	

magnitude	 lower	than	the	concentration	of	NOM	in	the	water	 (10.2	mg/L;	Table	6.).	Furthermore,	

NOM	is	a	heterogeneous	mixture	of	compounds	of	varying	physio-chemical	properties	and	molecular	

characteristics,	making	the	likelihood	of	competition	for	binding	sites	on	the	Nyex	even	greater	(Hu	et	

al.,	2014).		

The	 results	 from	 this	mixed	 compound,	 raw	water,	 adsorption	 isotherm	 highlights	 that	 the	 NOM	

content	is	an	important	factor	in	removal	of	atrazine	and	pirimicarb	from	water.	Methods	to	try	and	

reduce	the	amount	of	NOM	in	the	water	before	treatment,	would	greatly	improve	the	adsorption	of	

atrazine	and	pirimicarb	onto	the	Nyex.	

	

3.	Experiment	III	–	Nyex	Saturation		

3.1.	Breakthrough	Curve		

A	BTC	illustrates	the	loading	behaviour	of	the	adsorbate	in	a	column	system	(Aksu	and	Gonen,	2004).	

Adsorption	is	the	accumulation	of	adsorbate	molecules	onto	the	surface	of	an	adsorbent.	In	a	fixed	

bed	system	 in	a	column,	 the	adsorbent	which	comes	 into	contact	with	 the	adsorbate	solution	will	

saturate	first,	as	this	is	where	the	adsorption	initially	takes	place.	As	time	passes	and	greater	volumes	

of	adsorbate	solution	pass	through	the	bed,	the	adsorption	zone	moves	along	the	fixed	adsorbent	bed	

in	the	column	until	it	approaches	the	exit	of	the	bed.	When	the	concentration	of	the	adsorbate	at	the	



	 60	

exit	 of	 the	 column	 is	 equal	 to	 the	 feed	 concentration,	 this	 indicates	 that	 the	 adsorption	 zone	has	

moved	through	the	entire	column	and	the	bed	is	now	saturated	(Ghorai	and	Pant,	2005).	The	longer	

the	time	required	for	the	adsorbate	concentration	to	break	through	the	adsorbent	bed,	the	higher	the	

adsorption	capacity	and	efficiency	of	the	adsorbent	(Adeyemi,	2017).		

	

A	breakthrough	curve	(BTC)	is	most	commonly	expressed	in	terms	of	normalised	concentration	against	

time.	This	is	the	ratio	of	effluent	adsorbate	concentration	(Ct)	to	inlet/feed	adsorbate	concentration	

(C0),	(Ct/C0),	as	a	function	of	time	(Aksu	and	Gonen,	2004)	(Fig.	13.)	

	

	
Fig.	13.	Schematic	representation	of	a	break	through	curve.	Source:	(Oliveira	et	al.,	2011)	

	

At	a	concentration	of	Cb	and	a	corresponding	time	of	tb	the	adsorbate	has	“broken	through”.	At	a	time	

of	1	the	bed	is	said	to	be	exhausted	or	saturated.	Once	the	adsorbate	solution	has	broken	through	the	

ratio	of	the	effluent	to	influent	concentration	will	equal	1	and	the	curve	will	reach	a	plateau.	Fig.	14.	

depicts	the	BTC	for	atrazine	and	Fig.	15.	depicts	the	BTC	for	pirimicarb.		
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Fig.	14.		Breakthrough	curve	for	the	recovery	of	atrazine	from	the	solution	using	Nyex	at	a	flow	rate	of	2	L/h,	a	bed	height	

of		15	cm	and	initial	concentration	of	500	µg/L	using	an	upward	flow	configuration		
	

	

	
Fig.	15.	Breakthrough	curve	for	the	recovery	of	pirimicarb	from	the	solution	using	Nyex	at	a	flow	rate	of	2	L/h,	a	bed	height	

of	15	cm	and	initial	concentration	of	500	µg/L	using	an	upward	flow	configuration	
	

	

As	can	be	observed	from	these	BTCs,	atrazine	and	pirimicarb	did	not	reach	saturation	when	using	a	

influent	concentration	of	500	µg/L	(i.e.:	the	effluent/	influent	concentration	did	not	reach	1).	It	was	

not	possible	to	reach	the	time	necessary	to	saturate	the	bed	for	atrazine	and	pirimicarb	because	the	

columns	became	blocked	as	something	had	started	grow	in	the	feed	solution.	However,	it	was	possible	

to	reach	a	point	where	the	effluent	concentration	for	atrazine	and	pirimicarb	was	approximately	300	

µg/L	(Table	9.	and	10.)	Therefore,	an	estimate	of	how	much	adsorbate	needed	to	saturate	the	Nyex	
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in	the	column	at	300	µg/L	could	be	calculated	for	atrazine	and	pirimicarb	using	equation	10	(Table	9.	

and	10.).		

	

Table	9.	Estimation	of	the	amount	of	atrazine	adsorbed	onto	the	Nyex	
using	the	breakthrough	experimental	data	
Influent	concentration	=	500	µg/L	
Flow	rate	=	2	L/h	
Time	
(h)	

Effluent		
concentration	(µg/L)	

Amount	of	pirimicarb		
released	in	the	effluent	(µg)	

0	 0	 0	
1	 27	 27	
2	 30	 56	
17	 153	 2745	
19	 159	 625	
21	 165	 648	
23	 172	 674	
48	 239	 10283				
72	 264	 12091			
89	 313	 9814	 	
Total	amount	of	atrazine	found	in	the	
effluent	(µg)		

36,963	µg	
	

	

	

Thus,	the	amount	of	atrazine	adsorbed	onto	the	Nyex	=	the	amount	that	was	fed	into	the	column	–	

the	amount	of	atrazine	released	in	the	effluent		

i.e.:	amount	fed	into	the	column	=	500	µg/L	x	89	h	x	2h/L	

=	89,000	µg		

	

Then,	the	amount	of	atrazine	adsorbed	onto	the	Nyex:	

89,000	µg	–	36,	963	µg	=	52,	037	µg	(52.04	mg)	
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Table	10.	Estimation	of	the	amount	of	pirimicarb	adsorbed	onto	the	Nyex	
using	the	breakthrough	experimental	data		
Influent	concentration	=	500	µg/L	
Flow	rate	=	2	L/h	
Time	
(h)	

Effluent		
concentration	(µg/L)	

Amount	of	pirimicarb		
released	in	the	effluent	(µg)	

0	 0	 0	
2	 2	 5	
17	 43	 686	
19	 56	 199	
21	 62	 235	
23	 74	 270	
25	 82	 312	
42	 139	 3758				
46	 152	 1165				
48	 142	 590	
72	 210	 8464	
96	 245	 10921	
113	 306	 9355	
Total	amount	of	pirimicarb	found	in	
the	effluent	(µg)		

35,	959	µg	
	

	

	

Thus,	the	amount	of	pirimicarb	adsorbed	onto	the	Nyex	=	the	amount	that	was	fed	into	the	column	–	

the	amount	of	pirimicarb	released	in	the	effluent		

i.e.:	amount	fed	into	the	column	=	500	µg/L	x	113	h	x	2h/L	

=	113,	000	µg		

Then,	the	amount	of	pirimicarb	adsorbed	onto	the	Nyex:	

113,	000	µg	–	35,	959	µg	=	77,	041	µg	(77.04	mg)	

	

	

3.2.	Artificial	Pre-saturation	

In	order	to	saturate	the	Nyex	at	300	µg/L,	approximately	52	mg	of	atrazine	and	77	mg	of	pirimicarb	

would	be	 required.	Thus,	a	mass	of	3	mg	of	atrazine	and	4	mg	of	pirimicarb	was	chosen	 to	 try	 to	

saturate	the	Nyex	at	a	low	µg/L	concentration.	When	loading	the	pesticide	compound	onto	the	Nyex	

using	these	compound	masses,	they	were	found	to	saturate	the	Nyex	at	3	µg/L	and	approximately	1	

µg/L	for	atrazine	and	pirimicarb,	respectively.	Subsequently,	during	the	ERG	experiments	and	trials	an	

atrazine	feed	solution	of	3	µg/L	and	pirimicarb	feed	solutions	of	0.7	and	0.9	µg/L	were	used.		
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4.	Experiment	IV	–	Electrochemical	Regeneration		

	

4.1.	Electrochemical	Regeneration	Results		

	

A	bench	top,	flow	through	tubular	unit	was	used	to	analyse	and	investigate	the	ERG	of	the	Nyex	and	

evaluate	 its	ability	 to	 treat	atrazine	and	pirimicarb	at	 low	µg/L	 concentrations.	Thus,	 these	 results	

represent	 a	 series	 of	 trials/repeats	 done	 to	 investigate	 the	 performance	 of	 this	 system	 under	 an	

applied	current.	Prior	to	these	ERG	trials,	the	Nyex	was	artificially	pre-saturated	(i.e.:	Ct/C0	>	1)	and	

then	 transfer	 into	 the	 tubular	 unit.	 This	 provided	 a	 base-line	 from	which	 the	 performance	 of	 the	

system,	under	applied	electric	current,	could	be	determined.	

	

Two	trials	of	the	ERG	of	the	Nyex	with	adsorbed	atrazine	were	performed.	The	Nyex	was	saturated	to	

3	µg/L	and	the	stock	passing	through	the	Nyex	during	the	ERG	was	also	3	µg/L.	A	current	of	0.125	A	

(0.66	mA/cm2)	was	applied	and	the	upward	flow	rate	was	1	L/h.	The	destruction	of	atrazine	during	the	

ERG	 is	 represented	 in	 Fig.	 16.	 The	 corresponding	 values	 of	 the	 graph	 are	 presented	 in	 Table	 11.,	

alongside	the	measured	voltage	and	pH	values	of	the	effluent	solution.		

	

	

	
Fig.	16.	Atrazine	effluent	concentrations	during	regeneration	showing	an	average	of	two	trials,	where	the	error	bars	

represent	error	to	one	standard	deviation	
	

	

The	results	show	that	in	the	effluent	samples,	the	concentration	of	atrazine	initially	increased	in	both	

trials	(Table	11.).	After	36	h,	the	atrazine	concentration	in	the	effluent	started	to	decrease	back	down	

towards	the	stock/fed	concentration.	The	recorded	voltage	values	were	initially	high	but	decreased	

steadily	with	 time.	 The	 pH	 values	 are	 neutral	 (7.5)	 at	 the	 beginning	 of	 the	 ERG	 trials	 but,	 the	 pH	
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dropped	with	time	to	around	pH	6.	Finally,	Nyex	fines	were	observed	in	the	effluent	samples	after	48	

h	in	both	trials.	

	

Table	11.	Atrazine	effluent	concentrations	during	electrochemical	regeneration	in	the	two	
separate	trials	conducted.	pH	and	voltage	values	recorded	in	each	trial	are	shown	as	averages	
with	error	represented	as	one	standard	deviation.		

Time	
(h)	

Trial	1.	
Effluent	
Conc.	

	
Trial	2.	
Effluent	
Conc.	

	
Average	

Effluent	Conc.	
&	Error	

	
Average	pH	
&	Error	

	
Average	voltage	

&	Error	

0	 3.1	 	 3.1	 	 3.1	±	0	 	 7.5	±	0.0	 	 8.3	±	0.8	
0.08	 3.4	 	 1.6	 	 2.5	±	1.3	 	 7.3	±	0.1	 	 7.4	±	1.7	
1	 3.7	 	 2.6	 	 3.2	±	0.8	 	 7.0	±	0.2	 	 6.5	±	0.8	
2	 4.7	 	 3.1	 	 3.9	±	1.2	 	 6.6	±	0.1	 	 6.8	±	0.1	
3	 5.2	 	 4.1	 	 4.7	±	0.8	 	 6.5	±	0.1	 	 6.3	±	0.5	
4	 5.5	 	 4.5	 	 5.0	±	0.7	 	 6.0	±	0.5	 	 6.3	±	0.1	
5	 6.6	 	 4.6	 	 5.6	±	1.4	 	 5.9	±	0.4	 	 6.1	±	0.2	
6	 7.3	 	 5.0	 	 6.1	±	1.6	 	 6.1	±	0.1	 	 6.7	±	0.5	
7	 8.0	 	 5.3	 	 6.7	±	1.9	 	 5.8	±	0.6	 	 5.9	±	0.0	
8	 7.5	 	 5.6	 	 6.5	±	1.3	 	 6.0	±	0.4	 	 6.1	±	0.5	
24	 8.9	 	 7.6	 	 8.3	±	0.9	 	 6.1	±	0.0	 	 5.7	±	0.6	
30	 9.6	 	 8.9	 	 9.3	±	0.5	 	 5.8	±	0.6	 	 5.8	±	0.4	
36	 10.3	 	 10.1	 	 10.2	±	0.1	 	 5.8	±	0.6	 	 5.8	±	0.2	
48	 8.7	 	 9.1	 	 8.9	±	0.3	 	 6.0	±	0.4	 	 6.0	±	0.0	
56	 6.8	 	 6.2	 	 6.5	±	0.4	 	 6.1	±	0.3	 	 5.9	±	0.2	
72	 7.8	 	 6.7	 	 7.3	±	0.7	 	 6.1	±	0.0	 	 5.9	±	0.2	
76	 5.4	 	 5.5	 	 5.5	±	0.1	 	 6.1	±	0.1	 	 6.1	±	0.1	
80	 6.0	 	 4.0	 	 5.0	±	1.4	 	 6.3	±	0.2	 	 6.1	±	0.1	
96	 4.6	 	 4.8	 	 4.7	±	0.1	 	 6.3	±	0.3	 	 6.0	±	0.1	

Effluent	concentration	in	µg/L,	voltage	in	volts	(V)	
	

	

Three	 trials	 of	 the	 ERG	of	 the	Nyex	with	 pre-adsorbed	 pirimicarb	were	 performed.	 The	Nyex	was	

saturated	to	0.7	µg/L	(trial	1)	and	0.9	µg/L	(trial	2	and	3)	and	the	stock	passing	through	the	Nyex	during	

the	ERG	was	correspondingly	0.7	µg/L	and	0.9	µg/L.	A	current	of	0.125	A	(0.66	mA/cm2)	was	applied	

and	the	upward	flow	rate	was	1	L/h.	The	destruction	of	pirimicarb	during	the	ERG	is	represented	in	

Fig.	17.	The	corresponding	effluent	concentration	values	of	the	graph	are	presented	in	Table	12.,	while	

pH	and	voltage	values	recorded	during	ERG	of	the	Nyex	are	presented	in	Table	13.		
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Fig.	17.	Pirimicarb	effluent	concentrations	during	regeneration	showing	an	average	of	three	trials,	where	the	error	bars	

represent	error	to	one	standard	deviation	
	

	

There	was	greater	variation	about	the	mean	in	the	effluent	pirimicarb	concentrations,	in	contrast	to	

the	ERG	of	atrazine	(Fig.	16.).	This	was	due	to	the	variation	in	the	pirimicarb	concentration	measured	

in	the	effluent	samples	(Table	12.).	Similarly	to	the	atrazine	trials,	there	was	an	initial	increase	in	the	

concentration	of	pirimicarb	in	the	effluent	samples	in	all	three	trials.	However,	this	initial	increase	in	

concentration,	varied	in	the	three	trials	and	follows	the	order:	trial	1>	trial	3>	trial	2.		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

0 20 40 60 80 100

Ef
flu

en
t	C

on
ce
nt
ra
tio

n	
(µ
g/
L)

Time	(h)



	 67	

Table	12.	Pirimicarb	effluent	concentrations	during	electrochemical	regeneration	in	
the	three	separate	trials	conducted.	Effluent	concentrations	are	shown	individually	
and	as	an	average	with	error	represented	as	one	standard	deviation.	

Time	(h)	
Trial	1.	
Effluent	
Conc.	

	
Trial	2.	
Effluent	
Conc.	

	
Trial	3.	
Effluent	
Conc.	

	
Average	Effluent	
Conc.	&	Error	

	

0	 0.8	 	 0.9	 	 0.9	 	 0.8	±	0.1	 	
0.08	 1.0	 	 1.8	 	 1.1	 	 1.3	±	0.5	 	
1	 1.8	 	 1.4	 	 1.9	 	 1.7	±	0.3	 	
2	 2.6	 	 1.5	 	 2.4	 	 2.1	±	0.6	 	
3	 3.2	 	 1.4	 	 2.5	 	 2.4	±	0.9	 	
4	 3.6	 	 1.4	 	 2.5	 	 2.5	±	1.1	 	
5	 4.1	 	 1.4	 	 2.6	 	 2.7	±	1.3	 	
6	 4.0	 	 1.4	 	 2.5	 	 2.7	±	1.3	 	
7	 3.7	 	 1.5	 	 2.5	 	 2.6	±	1.1	 	
8	 3.7	 	 1.5	 	 2.5	 	 2.6	±	1.1	 	
24	 3.0	 	 1.8	 	 2.0	 	 2.3	±	0.7	 	
36	 2.8	 	 1.8	 	 1.8	 	 2.1	±	0.6	 	
48	 2.4	 	 1.4	 	 1.5	 	 1.8	±	0.6	 	
56	 -	 	 1.3	 	 1.6	 	 1.5	±	0.2	 	
72	 -	 	 1.3	 	 1.1	 	 1.2	±	0.1	 	
80	 -	 	 1.3	 	 1.1	 	 1.2	±	0.1	 	

Effluent	concentrations	in	µg/L	
	

	

Likewise	to	the	ERG	of	the	Nyex	with	pre-adsorbed	atrazine,	in	all	the	trials,	the	amount	of	pirimicarb	

measured	in	the	effluent	samples	decreased.	For	trial	1	and	3	the	decrease	was	observed	after	8	h	

and	after	36	h	for	trial	2.	However,	for	both	atrazine	and	pirimicarb	the	effluent	concentrations	never	

went	 back	 down	 to	 the	 stock/fed	 concentration.	 Again,	 Nyex	 fines	were	 observed	 in	 the	 effluent	

samples	after	48	h	in	all	three	trials.	Trial	1	was	terminated	after	48	h	due	to	the	presence	of	Nyex	

fines	however,	 trial	2	and	3	were	kept	 running	even	after	 fines	had	been	observed	 in	 the	effluent	

samples.	The	recorded	voltages	and	pH	values	in	trial	1	and	3	were	similar.	The	voltages	in	these	trials	

were	initially	high	(approx.	9	V)	and	decrease	over	time.	The	pH	values	were	neutral	(approx.	7.5)	at	

the	beginning	of	each	trial,	but	the	pH	dropped	with	time	to	around	pH	6	(Table	13.).		

However,	a	different	trend	was	observed	for	the	recorded	voltages	and	pH	values	in	trial	2	vs.trial	1	

and	3.	In	trial	2,	the	voltages	recorded	were	half	of	those	measured	in	trial	1	and	3.	Furthermore,	the	

pH	values	remained	neutral.		
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Table	13.	Voltages	and	pH	values	recorded	during	the	electrochemical	
regeneration	of	the	pirimicarb-adsorbed	Nyex	in	the	three	separate	trials	
conducted.		

	 Trial	1.	 	 Trial	2.	 	 Trial	3.	
Time	
(h)	

Voltage	 pH	 	 Voltage	 pH	 	 Voltage	 pH	

0	 -	 7.5	 	 -	 7.7	 	 -	 7.7	
0.08	 8.9	 7.5	 	 4.0	 7.4	 	 8.8	 7.3	
1	 9.2	 6.8	 	 3.5	 7.3	 	 8.2	 6.8	
2	 8.7	 6.6	 	 3.6	 7.4	 	 7.9	 6.6	
3	 8.9	 6.6	 	 3.9	 7.5	 	 7.6	 6.5	
4	 8.0	 6.4	 	 4.1	 7.5	 	 7.3	 6.4	
5	 8.1	 6.4	 	 4.3	 7.4	 	 7.0	 6.5	
6	 7.8	 6.5	 	 4.7	 7.4	 	 7.4	 6.7	
7	 7.5	 6.5	 	 5.1	 7.5	 	 6.6	 6.6	
8	 7.3	 6.5	 	 5.0	 7.5	 	 6.9	 6.5	
24	 6.6	 6.4	 	 4.8	 7.2	 	 6.5	 6.6	
36	 6.5	 6.5	 	 4.5	 7.3	 	 6.3	 6.6	
48	 6.2	 6.5	 	 4.2	 7.0	 	 5.4	 6.4	
56	 -	 -	 	 4.1	 7.2	 	 5.6	 6.4	
72	 -	 -	 	 4.1	 7.1	 	 5.7	 6.3	
80	 -	 -	 	 4.2	 7.2	 	 5.8	 6.5	

voltage	in	volts	(V)	

	

	

In	an	ideal	ERG	process,	the	adsorbent	should	be	regenerated	while	simultaneously	fully	oxidising	the	

adsorbed	species,	resulting	in	no	adsorbate	molecules	being	transferred	into	solution	(Hussain,	2012).		

In	this	study,	the	ERG	results	demonstrated	that	atrazine	and	pirimicarb,	at	trace	level	concentrations,	

were	 not	 effectively	 treated	 and	 destroyed.	 Furthermore,	 these	 results	 illustrate	 that	 adsorbate	

molecules	have	been	transferred	into	the	liquid	phase	during	ERG.	This	demonstrates	that	atrazine	

and	pirimicarb	are	desorbing	from	the	Nyex	surface	when	there	is	a	current	applied.	This	accounts	for	

the	initial	increase	in	the	concentration	of	atrazine	and	pirimicarb	in	the	effluent	samples.	

	

To	 evaluate	why	 this	 desorption	 is	 occurring	 it	 is	 necessary	 to	 understand	 the	 chemistry	 of	 both	

compounds	and	thus	the	way	in	which	they	interact	with	the	Nyex	during	adsorption	(without	current)	

and	during	ERG	(with	current).		
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4.2.	The	Chemistry	of	Atrazine	and	Pirimicarb	

	

At	 a	 neutral	 pH	 (e.g.:	 7.5)	 atrazine	 and	pirimicarb	 are	 neutral	 species	 in	water.	 The	nature	 of	 the	

molecule	 i.e.:	 its	acidity/	basicity,	will	determine	 its	 ionic	form	at	different	pH	values.	Atrazine	and	

pirimicarb	 are	 both	 bases.	 Since	 they’re	 both	 basic	molecules	 the	 values	 of	 the	 base	 dissociation	

constant	 (pKb)	 and	 the	 conjugate	 acid	 dissociation	 constant	 (pKah)	 provide	 information	 on	 the	

ratio/distribution	 of	 charged	 to	 uncharged	 species	 in	 solution.	 Table	 14.	 shows	 the	 molecular	

structures	and	corresponding	pKb	and	pKah	values	of	atrazine	and	pirimicarb	(Whitacre,	Lupul	et	al.,	

2015).		

	

Table	 14.	 Atrazine	 and	 pirimicarb	 molecular	 structures	 and	 dissociation	
constants	

Pesticide	 	 Atrazine	 	 Pirimicarb	

	
Molecular	Structure	

	

	

	

	
Base	Dissociation	
Constant	(pKb)	

	 12.3	 	 9.6	

	
Conjugate	Acid	
Dissociation	

Constant	(pKah)	

	 1.7	 	 4.4	

	

	

For	a	basic	molecule	in	an	aqueous	environment:	

	

𝐵 +	𝐻0𝑂 ⇋ 	𝐻𝑂6 + 𝐵𝐻4	

	

	

Where,	B	is	the	base	and	BH+	is	the	conjugate	acid.	

	

Kb,	 is	 	 the	 base	 ionisation	 constant	 and	 represents	 the	 equilibrium	 constant	 of	 bases	 in	 aqueous	

solutions.	It	is	used	to	predict	the	extent	of	base	dissociation	and	thus	the	strength	of	the	base.	

	

𝐾Q = 	
𝐵𝐻4 [𝐻𝑂6]
[𝐻0𝑂]
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Thus,	 the	 larger	 the	Kb	value	 the	stronger	 the	base	and	 the	greater	 the	dissociation.	Kb	values	are	

expressed	as	the	negative	log	of	Kb	(i.e.:	pKb)	thus,	the	lower	the	pKb,	the	stronger	the	base.	Atrazine	

and	pirimicarb	have	pKb	values	of	12.3	and	9.6	respectively,	which	makes	them	both	relatively	weak	

bases	(Table	14.).		

	

Depending	 on	 the	 pH	of	 the	 aqueous	 solution,	 atrazine	 and	 pirimicarb	 can	 exist	 in	 different	 ionic	

forms.	The	possible	states	of	atrazine	and	pirimicarb	are	shown	in	Fig.	18.		

	

	
Fig.	18.	States	of	atrazine	and	pirimicarb	

	

	

Furthermore,	 the	 distribution	 of	 these	 states	 at	 different	 pH	 values	 is	 illustrated	 in	 Fig.	 19.	 This	

diagram	 illustrates	 the	 relationship	 between	 the	 distribution	 of	 the	 various	 states	 of	 atrazine	 and	

pirimicarb	at	different	pH	values.	This	figure	highlights	that	two	equilibrium	states	exist:	

	

• Between	the	cationic	and	neutral	species	(at	lower	pH	values)		

• 	Between	the	neutral	and	anionic	species	(at	higher	pH	values)	

	

	

N

N

N

Cl

N
H

N
HH

N

N

N

Cl

N
H

N

N

N

N

Cl

N
H

N
H

neutral anioniccationic

N

N

O N

O

NN

N

O N

O

N

neutralcationic

H

Atrazine

Pirimicarb



	 71	

	
Fig.	19.	The	possible	states	of	atrazine	and	pirimicarb	and	their	distribution	over	the	whole	pH	range	(1	-14)	

	
	
	

For	bases	if:	

	

• pH	>	pKb	–	deprotonated	and	anionic	(negatively	charged)	

• pH	<	pKb	–	neutral		

• pH	=	pKb	–	50/	50	distribution	of	neutral	to	anionic	species	

	

The	pKb	of	atrazine	is	very	high	(12.3),	making	it	a	very	weak	base.	This	indicates	that	atrazine	will	only	

be	deprotonated	at	very	high	pH	values	(when	there	is	a		large	presence	of	OH-	ions	in	solution).	When	

the	pH	<	pKb,	the	higher	ratio	of	H+	ions	means	that	atrazine	will	be	in	its	neutral	form.		In	regards	to	

pirimicarb,	apart	from	the	methyl	groups,	there	are	no	other	extractable	H	atoms	(i.e.:	pirimicarb	has	

no	acidic	proton).	In	order	to	remove	a	H	atom	from	pirimicarb	(i.e.:	from	a	methyl	group)	a	strong	

base	would	be	required.	Thus,	pirimicarb	also	has	a	 large	pKb	value	(9.6).	Similarly	 to	atrazine,	 this	

large	pKb	value	means	that	in	order	for	pirimicarb	to	be	deprotonated	and	anionic	the	external	pH	has	

to	be	high.		

	

However,	 in	 these	 experiments	 the	 aqueous	 solution	 becomes	 acidic	 i.e.:	 the	 there	 is	 a	 higher	

presence	of	H+	ions	in	solution	from	the	anodic	oxidation	of	water.	As	shown	in	Fig.	19.	an	equilibrium	

also	exists	between	the	neutral	and	cationic	species.	This	equilibrium	occurs	at	lower	pH	values	where	
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the	molecule	becomes	protonated	and	cationic.	When	the	molecule	is	protonated	(i.e.:	the	conjugate	

acid,	BH+),	the	dissociation	constant	of	that	protonated	species	is	known	as	its	pKah.		

Thus,	for	bases	if:	

	

• pH	<	pKah	–	protonated		and	cationic	(positively	charged)	

• pH	>	pKah	–	neutral		

• pH	=	pKah	–	50/	50	distribution	of	neutral	to	cationic	species	

	

The	two	most	basic	nitrogen	(N)	sites	on	pirimicarb	are	those	on	the	ring	and	are	the	sites	most	likely	

to	be	protonated.	The	most	basic	N	has	a	pKah	value	of	around	4.4.	Since	the	pKb	value	is	above	the	

effluent	 pH	 values,	 for	 the	 purpose	 of	 this	 dissertation,	 there	 are	 two	 possible	 pirimicarb	 forms,	

neutral	 and	 cationic.	 Protonation	 of	 the	 neutral	 molecule	 to	 its	 corresponding	 cationic	 form	 is	

possible,	if	the	pH	decreases	until	the	pH	reaches	the	pKah	threshold	of	the	basic	N	atom.	Thus,	it	is	

expected	that	at	a	pH	of	4.4,	that	there	will	be	a	50/50	distribution	of	the	cationic	and	neutral	species	

in	solution.	Decreasing	this	pH	further,	the	presence	of	H+	ions	increases	and	the	equilibrium	will	shift	

from	the	neutral	species	to	the	cationic	species.	Thus,	in	water,	at	a	pH	of	7.5,	pirimicarb	will	be	largely	

in	its	neutral	form	(Fig.	19.).		

	

For	atrazine	the	site	at	which	protonation	occurs	is	more	complex	than	pirimicarb,	as	it	has	more	N	

atoms	which	are	all	 likely	to	be	protonated	(five	vs.	two).	Therefore,	at	a	very	low	pH	there	can	be	

multiple	mono-protonated	 species.	However,	 the	most	basic	N	 (i.e.:	 the	N	atom	most	 likely	 to	be	

protonated)	is	in	the	centre	of	the	ring.	This	is	the	most	stable	site	for	protonation	because	the	positive	

charge	can	be	delocalised	over	three	N	atoms.	This	occurs	through	the	delocalisation	of	the	lone	pair	

of	electrons	on	the	N	atoms	(from	the	ethyl-	and	isopropyl-amino	side	chains)	into	the	ring	system.	

Although	 atrazine	 has	 three	 possible	 forms	 (anionic,	 neutral	 and	 cationic)	 for	 the	 purpose	 of	 this	

dissertation,	only	the	neutral	and	cationic	forms	are	taken	into	account.	The	pKah	of	atrazine	is	1.7,	

thus	even	in	acidic	conditions,	where	the	pH	is	around	3/4,	most	of	the	species	will	be	in	its	neutral	

form.		In	very	acidic	conditions,	at	pH	1.7	and	below,	there	will	be	an	equilibrium	shift	from	the	neutral	

to	the	cationic	species.	However,	once	this	site	 is	protonated,	the	H	atom	is	considered	to	be	very	

acidic.	As	a	result,	it	is	easily	removed	as	it	would	go	back	to	the	neutral	species,	which	is	more	stable	

and	favourable.	Hence,	you	require	a	harsh	acidic	environment	to	protonate	it.		
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Thus,	for	the	purpose	of	this	dissertation,	atrazine	and	pirimicarb	will	both	be	neutral	species	at	pH	

7.5.	 Atrazine	 will	 only	 be	 protonated	 and	 cationic	 at	 very	 low	 pH	 values	 while	 pirimicarb	 will	 be	

protonated	at	less	harsh	acidic	conditions.		

	

	

4.3.	Molecular	Interaction	with	the	Nyex	during	Adsorption	

	

The	adsorption	and	thus	removal	of	organic	compounds	is	strongly	dependent	on	the	carbon	surface	

chemistry	of	 the	adsorbent	 (Nkrumah-Amoako	et	al.,	2014,	Lupul	et	al.,	2015).	The	carbon	surface	

properties	 are	 governed	mostly	 by	 the	 presence	 of	 oxygen	 (O)	 and	N	 FGs	 (Mattson	 et	 al.,	 1969).	

Furthermore,	the	ionisation	of	the	adsorbate	molecule	is	important,	as	it	will	influence	the	interactions	

it	will	have	with	 the	various	organic	FGs	on	 the	Nyex	 surface.	 In	 this	 study,	during	 the	adsorption	

process,	 the	pH	of	 the	atrazine	and	pirimicarb	 solutions	were	neutral	and	hence	both	compounds	

were	in	their	neutral	form	and	uncharged.	

	

Several	groups	have	reported	on	the	different	molecular	interactions	responsible	for	the	adsorption	

of	 atrazine	 onto	 various	 adsorbents.	 These	 predominantly	 highlight	 the	 role	 of	 non-covalent	

interactions	i.e.:	a	mix	of	π-π	stacking	interactions,	van	der	Waals	forces	and	electrostatic	interactions	

(Ledesma	et	al.,	2014).	For	example,	a	study	by	Lupul	et	al.,	(2015)	described	that	the	adsorption	of	

atrazine	onto	AC	mainly	involved	π	–	π	interactions	between	the	atrazine	π	electron	ring	and	the	π	

electrons	of	the	graphene	layers	of	AC.	This	mechanism	of	adsorption	was	also	believed	to	contribute	

substantially	 to	 the	adsorption	of	atrazine	onto	Nyex	100	 (Brown	et	al.,	2004a).	Both	atrazine	and	

pirimicarb	 have	 aromatic	 rings	 consisting	 of	 π	 conjugated	 electrons,	 which	 are	 delocalised	 in	 the	

aromatic	ring.	Thus,	π-π	stacking	interactions	of	the	aromatic	rings	of	atrazine	and	pirimicarb,	with	

other	conjugated	systems	on	the	adsorbent,	could	likely	be	a	predominant	interaction	accounting	for	

the	adsorption	of	these	two	compounds	onto	the	Nyex.	However,	H	bonding	molecular	interactions	

are	 also	 highly	 likely	 to	 occur	 between	 the	 organic	 FGs	 on	 the	 Nyex	 surface	 and	 atrazine	 and	

pirimicarb.	 For	 example,	 atrazine	 is	 capable	 of	 forming	 hydrogen	 bonds	 (HBs)	 with	 other	 HB	

acceptor/donator	moieties	in	other	molecules	(Welhouse	and	Bleam	1993).	These	authors	report	that	

the	para	N	in	the	atrazine	ring	is	a	HB	acceptor	while	the	ethylamino	and	isopropylamino	side	chains	

can	be	a	HB	donors	(Welhouse	and	Bleam,	1993,	Lupul	et	al.,	2015).	Additionally,	atrazine	has	been	

known	to	form	HBs	with	carboxyl	and	phenolic	FGs	(Davies	and	Jabeen,	2003).	Likewise,	pirimicarb	

has	four	N	and	two	O	atoms	capable	of	being	HB	acceptor	sites.		
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Nkrumah-Amoako	et	al.,	(2014)	reported	that	prior	to	oxidation,	the	predominant	FGs	determined	to	

be	on	the	surface	of	the	Nyex	were:		

	

• Hydroxyl	FGs	

• Phenolic	FGs	

• Carbonyl	FGs	

	

The	presence	of	these	groups	indicate	that	H	bonding	(van	der	Waals	forces)	and	π-	π	interactions	can	

form	between	the	FGs	on	the	surface	of	the	Nyex	and	atrazine	and	pirimicarb.	

	

When	 there	 is	an	 interaction	of	 two	π	conjugated	electron	systems,	 two	 factors	will	 influence	 the	

stability	of	such	complexes	(Mattson	et	al.,	1969):	

	

• The	electron	density	in	the	donor		

• The	electron	affinity	of	the	acceptor	

	

The	electron	density	of	an	aromatic	ring	is	strongly	influenced	by	the	nature	of	the	substituent	groups	

(Mattson	et	 al.,	 1969).	 For	example,	 if	 the	hydroxy	group	on	 the	phenol	 is	 in	 the	para	position,	 it	

behaves	as	an	electron	donating	group.	In	this	case,	phenol	would	be	a	good	candidate	as	an	electron	

donor	 in	 a	 π	 system.	 The	 electronegative	 chlorine	 atom	 on	 atrazine	 would	 cause	 an	 electron	

withdrawing	effect,	pulling	electrons	from	the	π	conjugated	ring.	Thus,	a	stable	and	strong	interaction	

of	 the	two	π	systems	between	phenol	and	atrazine	could	 likely	occur.	Similarly,	 for	pirimicarb,	 the	

amide	group	would	have	an	electron	withdrawing	effect,	enhancing	the	π-π	stacking	interaction	of	its	

own	aromatic	ring	with	phenol.	Mattson	et	al.,	(1969)	also	suggested	that	a	π	interaction,	between	

the	carbonyl	FGs	on	the	surface	of	AC	and	the	adsorbate	aromatic	ring,	could	be	formed.	In	this	donor	

–	acceptor	 complex	 the	carbonyl	O	acts	as	 the	electron	donor	while	 the	aromatic	 ring	acts	as	 the	

electron	acceptor.	This	could	also	occur	in	the	present	study	as	both	atrazine	and	pirimicarb	would	

act	as	the	electron	acceptors	in	the	complex.		

	

Lastly,	the	Nyex	surface	contains	a	collection	of	organic	FGs	which	contain	O	and	H	atoms	(phenol,	

hydroxyl	and	carbonyl	groups).	Phenol	and	hydroxyl	groups	can	 readily	 form	HB	donor	–	acceptor	

interactions	with	O.	Thus,	H	bonding	is	a	likely	surface	interaction	responsible	for	the	adsorption	of	

atrazine	 and	 pirimicarb.	 The	 results	 from	 the	 adsorption	 studies	 (Experiment	 II)	 have	 consistently	

indicated	 that	Nyex	has	 a	 lower	 adsorption	 capacity	 for	 atrazine	 i.e.:	 it	 is	 not	 adsorbed	as	well	 as	
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pirimicarb.	This	may	be	rationalised	by	the	difference	 in	 the	extent	and	strength	of	 the	H	bonding	

occurring	between	atrazine	and	pirimicarb	and	the	adsorbent	FGs.	The	electronegativity	of	O	is	greater	

than	that	of	N.	Thus,	O	–	H	bonds	will	form	stronger	HB	donor	-	acceptor	interactions	in	comparison	

to	N	–	H	bonds.	Atrazine	contains	five	N	atoms,	two	of	which	act	as	H	donors	and	three	as	H	acceptors.	

Whereas,	pirimicarb	contains	two	O	atoms	and	four	N	atoms,	all	of	which	act	as	HB	acceptors.	There	

are	more	sites	available	for	H	bonding	on	pirimicarb	as	well	as	O	atoms.	This	could	contribute	to	the	

higher	Nyex	adsorption	capacity	toward	pirimicarb.		

	

	

4.4.	The	Effects	of	Electrochemical	Regeneration	on	the	Nyex	and	on	Adsorption	

	

ERG	which	leads	to	electrochemical	oxidation,	will	alter	the	surface	chemistry	of	the	Nyex	(Nkrumah-

Amoako	et	al.,	2014).	The	changes	will	specifically	be	observed	to	modify	the	O	containing	FGs	on	the	

carbon	surface	(Mattson	et	al.,	1969,	Mehta	and	Flora,	1997,	Lupul	et	al.,	2015)	and	are	believed	to	

give	the	Nyex	new	surface	properties	(Nkrumah-Amoako	et	al.,	2014).	(Coughlin,	1968)	and	(Mehta	

and	Flora,	1997)	both	reported	that	the	adsorptive	capacity	of	AC	for	phenol	was	reduced	after	anodic	

oxidation.	 Therefore,	 the	 hypothesis	 that	 there	 is	 a	 relationship	 between	 the	modification	 of	 the	

surface	chemistry	of	the	electrochemically	oxidised	carbon	and	its	ability	to	continue	to	adsorb	organic	

compounds,	 is	 highly	 credible	 (Nkrumah-Amoako	 et	 al.,	 2014).	 This	 could	 be	 why	 atrazine	 and	

pirimicarb	desorb	from	the	Nyex	during	ERG,	rather	than	being	destroyed	or	mineralised	on	the	Nyex	

surface.	

	
In	 the	present	 study,	 the	desorption	of	 atrazine	 and	pirimicarb	 is	 likely	 to	be	due	 to	 a	mixture	of	

contributing	factors.	These	include:	

	

• Modifications	of	the	Nyex	surface	during	ERG		

• The	stability	of	the	molecular	interactions	being	compromised		

• Significant	changes	in	the	localised	pH	around	the	Nyex		

• The	experimental	method	chosen	to	pre-saturate	the	Nyex	for	the	ERG	experiments	

	

During	anodic	oxidation,	the	Nyex	surface	transfers	electrons	to	the	cathode	and	results	in	(Brown	et	

al.,	2004b,	Brown	and	Roberts,	2007,	Nkrumah-Amoako	et	al.,	2014):	

	

• Oxidation	of	the	organic	contaminant	

• Oxidation	of	water		
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• Oxidation	of	the	surface	of	the	Nyex		

	

This	 electron	 transfer	 results	 in	 a	 temporary	 net	 positive	 charge	 surrounding	 the	 Nyex.	 Another	

important	feature	of	the	ERG	of	the	Nyex,	is	the	change	in	the	pH	of	the	solution.	Before	ERG	(i.e.:	

during	adsorption)	the	pH	is	neutral	and	atrazine	and	pirimicarb	are	in	their	neutral	forms.	However,	

during	treatment	the	pH	drops	to	approx.	6/5.	This	decrease	in	pH	is	as	a	result	of	the	oxidation	of	

water	in	the	anodic	compartment,	which	will	increase	the	amount	of	H+	ions	in	solution	(Brown	et	al.,	

2004b).	However,	simultaneously	in	the	cathodic	compartment,	the	reduction	of	water	is	increasing	

the	pH	(Brown	et	al.,	2004b).	Both	compartments	are	separated	by	a	membrane	and	so	the	water	

from	 two	 compartments	will	mix	 on	 exiting	 the	 unit.	 Therefore,	 the	 pH	measured	 in	 the	 effluent	

samples	will	be	a	mixture	of	the	anodic	and	cathodic	solution	pH	and	will	not	give	the	exact	pH	value	

of	the	solution	around	the	Nyex.	Thus,	the	localised	pH	around	the	Nyex	is	likely	to	be	significantly	

lower	than	the	measured	values	 (Asghar,	2011).	However,	 this	 is	 likely	 to	have	a	greater	effect	on	

pirimicarb,	as	its	corresponding	pKah	value	is	higher	than	atrazine’s.	Thus,	a	greater	distribution	of	the	

pirimicarb	cationic	species	in	solution	would	be	expected.		

	

Studies	 on	 the	 effect	 of	 ERG	 and	 thus	 electrochemical	 treatment	 on	 the	Nyex	 surface	 have	 been	

conducted	by	(Nkrumah-Amoako	et	al.,	2014).	Herein,	they	report	that	ERG	of	the	Nyex	led	to:		

	

• A	significant	decrease	in	the	presence	of	phenolic	FGs	

• An	increase	in	the	formation	of	carboxylic	acid	FGs	

• A	significant	decrease	in	the	presence	of	hydroxyl	FGs	

	

The	decrease	of	phenolic	compounds	on	the	Nyex	surface	is	significant.	This	would	indicate	that	the	

π	interactions	between	the	phenolic	compounds	and	atrazine	and	pirimicarb	would	be	lost.	As	this	

was	considered	to	be	a	major	way	in	which	these	compounds	adsorb	onto	the	Nyex	surface,	it	is	likely	

that	this	could	be	a	contributing	factor	towards	the	desorption	of	both	compounds.	Furthermore,	for	

the	remaining	phenolic	groups,	Mattson	et	al.,	(1969)	reported	that	the	presence	of	additional	acidic	

surface	O	groups,	produced	from	the	oxidation	of	carbon,	will	withdraw	electrons	from	the	phenolic	

π	-	system.	They	report	that	this	would	affect	the	stability	of	the	π	system	due	to	the	shift	in	electron	

density.	In	addition	to	this,	the	pH	of	the	atrazine	and	pirimicarb	solution	is	decreasing,	due	to	the	

oxidation	of	water.	This	will	shift	the	equilibrium	and	ratio	from	the	neutral	species	to	the	cationic	

species,	in	particular	for	pirimicarb.	Protonation	will	result	in	a	full	positive	charge	in	the	ring	and	will	

affect	the	aromaticity	of	the	ring	(Fig.	18).	Thus,	the	electron	deficient	phenol	and	cationic	pirimicarb	
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molecule	will	repel	one	another,	destabilising	and	breaking	the	π	interaction.	This	could	contribute	to	

the	desorption	of	pirimicarb	during	ERG.	

	

As	 mentioned	 above,	 electrochemical	 oxidation	 of	 the	 Nyex	 surface	 leads	 to	 an	 increase	 in	 the	

formation	of	carboxylic	acid	groups.	This	could	have	occurred	through	the	oxidation	of	aldehyde	FGs	

present	on	the	Nyex	surface	to	carboxylic	acid	(Mattson	et	al.,	1969,	Brown	et	al.,	2004a).	The	original	

π	interactions	between	the	Nyex	carbonyl	FGs	and	atrazine	and	pirimicarb	could	be	weakened	by	the	

transformation	of	these	carbonyl	FGs.	The	reason	being	that	the	conjugated	O	atom	on	a	carboxylic	

acid	has	a	lower	dipole	moment	than	the	carbonyl	O	atom	of	an	aldehyde	moiety.	The	dipole	moment	

is	the	determining	factor	for	the	strength	of	the	donor	–	acceptor	complex	formed.	Thus,	a	carbonyl	

group	provides	a	stronger	π	interaction	(Mattson	et	al.,	1969).	Hence,	the	electrochemical	oxidation	

of	the	Nyex	surface	could	reduce	the	adsorption	of	atrazine	and	pirimicarb	by	reducing	this	dipole	

moment.	

	

ERG	decreases	the	amount	of	hydroxyl	groups	present	on	the	surface	of	the	Nyex.	This	would	reduce	

the	amount	of	H	bonding	which	is	thought	to	occur	during	adsorption.	As	this	was	considered	to	be	a	

main	 mechanism	 for	 the	 adsorption	 of	 atrazine	 and	 pirimicarb,	 it	 is	 likely	 to	 contribute	 to	 their	

desorption.	This	is	supported	by	a	study	done	by	Mattson	et	al.,	(1969).	They	reported	that	there	was	

a	simultaneous	decrease	in	the	presence	of	hydroxyl	groups	and	reduced	adsorptive	performance	of	

phenol	onto	AC,	after	oxidative	treatment	of	the	sorbent.		

	

Another	important	factor,	which	could	contribute	to	the	desorption	of	atrazine	and	pirimicarb,	is	the	

decrease	 in	 the	pH.	 This	 decrease	 in	 pH	 could	 contribute	 in	 various	ways	 including	 increasing	 the	

solubility	of	atrazine	and	pirimicarb.	Acidic	conditions	will	create	more	cationic	species	and	greater	

solubility	 of	 compounds	occurs	when	 they’re	 charged	 (e.g.:	 protonated)	 and	 thus	more	polar	 and	

hydrophilic.	 This	 can	 lead	 to	 desorption	 from	 the	 adsorbent	 due	 to	 the	 formation	 of	 stronger	

adsorbate	–	water	bonds.	This	increase	in	solubility	has	been	described	and	reported	by	Dabrowski	et	

al.,	(2005)	for	phenol	adsorption	onto	AC.	The	change	in	pH	could	also	contribute	to	the	desorption	of	

atrazine	and	pirimicarb	 in	another	way.	 In	acidic	 conditions,	 there	 is	an	equilibrium	shift	 from	 the	

neutral	 to	 the	 cationic	 species.	 Simultaneously,	 the	 Nyex	 is	 being	 oxidised	 from	 the	 ERG	 and	 is	

transferring	electrons	to	the	cathode.	As	a	result,	the	Nyex	goes	from	being	neutral	to	temporarily	

positively	charged.	This	would	result	in	a	repulsive	electrostatic	effect	between	the	positively	charged	

Nyex	and	cationic	atrazine	and	pirimicarb	adsorbate	molecules.	Thus,	this	may	also	be	a	possible	major	
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contributing	factor	to	the	desorption	effect	of	atrazine	and	pirimicarb.	However,	again	this	is	more	

likely	for	pirimicarb	than	atrazine.	

	

Analysing	 the	 results,	what	 stands	 out	 is	 how	 rapidly	 this	 desorption	 effect	was	 observed.	 It	was	

immediate	and	visible	in	the	first	effluent	samples	taken	after	5	min.	Changes	in	pH	and	modifications	

of	the	Nyex	surface	FGs	would	not	be	as	instant	and	quick	as	the	effect	an	applied	current	would	have.	

All	the	discussed	factors	could	likely	have	contributed	and	influenced	the	desorption	of	atrazine	and	

pirimicarb.	However,	 the	applied	current	 itself	 (and	not	 just	 the	side-effects	of	 the	current)	 is	also	

likely	 to	 play	 an	 important	 role	 in	 the	 desorption	 of	 both	 compounds.	 This	 is	 supported	 by	 the	

comparison	of	the	voltage	values	recorded	in	the	three	trials	of	the	pirimicarb	ERG	results	(Table	13.).	

In	trial	1	and	3	the	initial	voltages	were	double	that	of	trial	2	and	the	amount	of	desorption	observed	

in	trial	2	was	notably	less	than	in	trial	1	and	3	(Table	12.).	This	illustrates	that	the	voltage	and	current	

play	a	role	in	the	extent	of	desorption	of	both	atrazine	and	pirimicarb.	This	effect	is	termed	“electro-

desorption”.	Electro-desorption	is	used	as	the	first	key	step	in	the	regeneration	of	GAC.	It	is	reported	

that	 a	 higher	 electric	 current	 would	 accelerate	 the	 desorption	 of	 the	 contaminant	 from	 the	 GAC	

surface.	Furthermore,	it	has	been	shown	to	be	time	dependent	i.e.:	the	longer	the	RG	time	the	greater	

the	extent	of	desorption	(Narbaitz	and	Karimi-Jashni,	2009).	

	

Another	observation	which	supports	this	theory	is	that	the	extent	of	desorption	of	both	atrazine	and	

pirimicarb	is	similar.	Without	taking	the	applied	current	into	account,	the	key	factors	thought	to	be	

responsible	for	the	desorption	of	atrazine	and	pirimicarb	are:		

	

• Loss	of	stability	of	the	intermolecular	interactions	

• Increased	solubility		

• Repulsive	electronic	effects	

		

However,	as	previously	discussed,	the	acidic	conditions	would	have	to	be	very	harsh	for	atrazine	to	be	

protonated.	These	harsh	conditions	were	likely	not	attained	in	these	experiments.	Thus,	ERG	should	

have	 had	 a	 greater	 effect	 on	 pirimicarb	 and	 thus	 one	 would	 expect	 more	 pirimicarb	 desorption.	

However,	this	was	not	observed.	The	extent	of	desorption	of	both	atrazine	and	pirimicarb	was	similar,	

if	indeed	slightly	higher	for	atrazine.	This	further	indicates	that	the	applied	current	itself	was	also	likely	

to	be	partly	responsible	for	the	desorption	of	both	compounds.		
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The	desorption	of	atrazine	and	pirimicarb	from	the	Nyex	surface	was	unexpected.	Other	Nyex	ERG	

studies	using	other	organic	compounds	have	not	observed	this	desorption	effect	(Brown	04,	Brown	

07,	Ashgar	12,	Nabeerasool	15).		However,	there	are	some	important	differences	in	these	sets	of	ERG	

experiments.	These	include:	the	method	of	artificial	pre-saturation	of	the	Nyex	prior	to	ERG	and	the	

unit	in	which	Nyex	ERG	was	carried	out.			

Time	 limitations	 of	 this	 project	 led	 to	 the	 decision	 to	 artificially	 pre-saturate	 the	 Nyex	 prior	 to	

commencing	the	ERG	trials.	This	method	of	artificially	pre-saturating	the	Nyex	was	not	chosen	in	any	

of	the	above	referenced	studies	(as	explained	in	chapter	2	section	2.3.).	However,	this	was	the	only	

viable	and	practical	option	for	this	project.	It	could	be	that	artificial	saturating	the	Nyex	lead	to	the	

desorption	of	both	pesticides.	Secondly,	ERG	of	the	Nyex	was	conducted	in	a	proto-type	tubular	unit	

and	not	the	commercialised	Organics	Destruction	Cell	(ODC)	unit.	As	this	is	an	early	prototype,	and	

with	the	limited	time	allowed	in	this	project,	optimisation	of	the	operating	conditions	could	not	be	

explored	to	improve	the	results.	

	

Ultimately,	there	are	many	different	factors	which	could	play	a	role	in	the	desorption	of	atrazine	and	

pirimicarb.	While	all	are	plausible	and	could	have	contributed,	more	work	needs	to	be	done	to	assess	

the	 contribution	 of	 each	 factor	 to	 draw	 a	 definite	 conclusion.	 Furthermore,	 importantly	 the	

methodology	 should	be	 reviewed	and	 improved	 to	 see	whether	other	methods	 could	 prove	more	

successful.		

	

Finally,	after	the	initial	desorption,	there	was	some	reduction	in	the	amount	of	atrazine	and	pirimicarb	

detected	in	the	effluent	samples	(Fig.	16.	and	17.).	This	reduction	may	be	due	to	attrition	of	the	Nyex.	

Particles	were	observed	in	the	effluent	samples	after	48	h	and	the	amount	of	fines	observed	increased	

with	time.	This	is	an	indication	that	the	Nyex	particles	have	started	to	erode	under	the	applied	current	

during	 ERG	 of	 the	 Nyex.	 This	 attrition	 increases	 the	 Nyex’s	 surface	 area	 and	 promotes	 further	

adsorption.	This	effect	was	also	observed	on	the	Nyex	1000	(Nkrumah-Amoako	et	al.,	2014).	However,	

in	the	present	study	there	was	also	the	formation	of	atrazine	and	pirimicarb	DPs	(discussed	below).	

Therefore,	it	is	likely	that	this	decrease	in	the	effluent	concentration	of	atrazine	and	pirimicarb	is	due	

to	a	combination	of	new	adsorption	and	the	oxidative	destruction	of	both	compounds.		
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5.	Experiment	V	–	Degradation	Product	Formation	

	

In	 the	 present	 study,	 the	 tentative	 identification	 of	 the	 atrazine	 and	 pirimicarb	 DPs	 formed	 via	

reactions	with	 ·OH	 radicals	 during	 the	 electrochemical	 oxidative	 processes	were	 assessed	 using	 a	

HPLC/MS	based	method.	The	formation	of	two	DPs	was	observed	for	atrazine,	while	pirimicarb	formed	

one	DP.	Due	to	time	restrictions,	the	DPs	in	this	study	were	not	identified	through	the	use	of	authentic	

standards.	Thus,	all	values	corresponding	to	the	formation	of	DPs	are	peak	areas	and	response	values.	

However,	in	this	dissertation	a	tentative	identification	could	be	made	on	the	structure	of	the	unknown	

DP.	 This	was	based	on	 their	 exhibited	m/z	 ratios	 and	RTs	 and	was	 compared	 to	 the	m/z	 ratios	of	

atrazine	DP	formed	in	other	AOP	studies.		

	

	

5.1.	Atrazine	Degradation	Products	

	

The	DPs	of	atrazine	were	tentatively	identified	as	de-ethyl-deisopropyl-atrazine	(DEDIA)	and	2-chloro-

4-ethylimino-6-isopropylamino-s-triazine	(ATRA-imine).	The	DPs	of	atrazine	with	their	corresponding	

m/z	ratios	and	RTs	are	shown	in	Fig.	20.		

	

	

	
Fig.	20.	Molecular	structures	of	the	atrazine	DPs	with	their	corresponding	m/z	ratio	and	RTs	

	 	

	

Table	15.	 shows	 the	 relative	amounts	of	DP	 formation	of	DEDIA	and	ATRA-imine.	ATRA-imine	was	

detected	after	the	current	had	been	turned	on	for	5	min	in	the	two	atrazine	ERG	trials.	DEDIA	was	

formed	slightly	slower	as	it	was	detected	after	1	hour	in	trial	1	(T1)	and	after	2	hours	in	trial	2	(T2).	
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Both	 the	 response	values	of	DEDIA	and	ATRA-imine	 show	 that	 there	was	an	 initial	 increase	 in	 the	

formation	of	these	DPs,	which	then	began	to	decrease	after	8	h	for	DEDIA	in	T1	and	T2.	While	the	

formation/	detection	of	ATRA-imine	started	to	decline	after	48	and	36	h	in	T1	and	T2,	respectively.	

The	relative	amounts	of	DEDIA	formed	in	T1	and	T2	and	ATRA-imine	formed	in	T1	and	T2,	were	similar.		

	

Table	15.	Formation	of	atrazine	degradation	products	(DEDIA	and	ATRA-imine)	and	corresponding	
recorded	voltage	values.	

	 Trial	1.	 	 Trial	2.	

Time	(h)	 DEDIA	 ATRA-imine	 Voltage	 	 DEDIA	 ATRA-imine	 Voltage	
0	 0	 0	 -	 	 0	 0	 -	

0.08	 0	 105	 8.8	 	 0	 103	 7.7	
1	 102	 174	 8.6	 	 0	 163	 6.2	
2	 112	 161	 7.1	 	 0	 155	 5.9	
3	 105	 179	 6.8	 	 59	 173	 6.7	
4	 118	 190	 5.9	 	 114	 186	 6.6	
5	 160	 163	 6.2	 	 187	 154	 6.4	
6	 217	 201	 6.2	 	 147	 208	 5.9	
7	 166	 157	 7.0	 	 208	 148	 6.3	
8	 178	 169	 5.9	 	 273	 173	 5.9	
24	 77	 169	 5.7	 	 250	 177	 6.4	
30	 54	 169	 5.2	 	 238	 179	 6.1	
36	 0	 146	 5.5	 	 95	 137	 6.1	
48	 67	 149	 5.6	 	 87	 95	 5.9	
56	 49	 114	 6.0	 	 0	 107	 6.0	
72	 55	 114	 6.0	 	 78	 102	 5.7	
76	 0	 95	 6.0	 	 0	 114	 5.7	
80	 0	 122	 6.1	 	 0	 151	 6.0	
96	 0	 131	 6.0	 	 0	 139	 6.2	

Values	are	expressed	as	response	x	10-3,	where	response	is	defined	as	peak	area	count	of	the	metabolite/peak	area	count	
of	the	internal	standard.	The	voltage	was	measured	in	volts.	

	

	

DEDIA	(Fig.	20.;	A)	is	an	atrazine	DP	which	has	been	identified	in	other	electrochemical	AOPs	(Acero	

et	al.,	2000,	Balci	et	al.,	2009,	Komtchou	et	al.,	2016,	Komtchou	et	al.,	2017).	In	comparison	with	other	

atrazine	 DPs	 formed	 in	 these	 studies,	 DEDIA	 was	 one	 of	 the	 more	 resistant	 to	 electrochemical	

oxidation	and	was	broken	down	more	slowly.	The	slow	destruction	of	DEDIA	indicates	that	it	has	a	low	

reactivity	 with	 ·OH	 radicals	 (Balci	 et	 al.,	 2009).	 DEDIA	 is	 formed	 through	 the	 de-alkylation	 of	 the	

ethylamino	and	 isopropylamino	atrazine	 side	 chains.	Balci	 et	 al.,	 (2009)	proposed	a	mineralisation	

pathway	of	atrazine	by	·OH	radicals,	part	of	which	included	the	formation	of	DEDIA.	This	mechanism	

for	 the	 formation	 of	 DEDIA	 is	 shown	 in	 Fig.	 21.	 This	mechanism	 illustrates	 that	 DEDIA	 is	 formed	
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through	two	other	intermediates,	de-isopropyl-atrazine	(DIA)	and	de-ethyl-atrazine	(DEA).	Both	DIA	

and	 DEA	 are	 formed	 through	 the	 N-dealkylation	 of	 the	 isopropylamino	 side	 chain	 and	 the	 N-

dealkylation	of	the	ethylamino	side	chain,	respectively.	When	both	side	chains	are	dealkylated	to	the	

free	amino	group,	DEDIA	is	formed	(Fig.	21.)	

	

	
	

Fig.	21.	Proposed	reaction	pathway	for	the	formation	of	DEDIA		
	

	

In	the	present	study,	DIA	and	DEA	were	not	detected.	However,	Balci	et	al.,	(2009)	reported	that	the	

maximum	 concentrations	 of	 DIA	 and	 DEA	 were	 measured	 after	 8	 and	 30	 min,	 respectively.	

Furthermore,	the	time	for	complete	destruction	of	DIA	and	DEA	was	20	and	140	min,	respectively.	

This	highlights	that	·OH	radical	attack	on	atrazine,	forming	DIA	and	DEA,	was	very	quick.	As	was	the	

subsequent	·OH	radical	attack	on	DIA	and	DEA	forming	DEDIA.	In	the	present	study,	 it	seems	likely	

that	DEDIA	was	formed	through	the	dealkylation	of	DIA	and	DEA.	DIA	and	DEA	may	not	have	been	

detected	due	to	a	combination	of	different	factors.	Firstly,	the	concentration	of	atrazine	in	solution	is	

very	low	and	depending	on	the	sensitivity	of	the	LCMS	method,	they	may	not	have	been	below	the	

limit	of	detection.	Secondly,	·OH	radicals	are	highly	reactive	and	unpredictable	and	in	this	study,	could	

have	reacted	quicker	with	DIA	and	DEA	to	form	DEDIA.		

A	proposed	mechanism	for	the	dealkylation	of	both	atrazine	side	chains	is	shown	in	Fig.	22.	Acero	et	

al.,	 (2000)	reported	that	the	ethylamino	group	was	found	to	be	four	times	more	reactive	than	the	

isopropyl	group,	when	under	 ·OH	radical	attack.	Thus,	this	proposed	mechanism	starts	with	the	N-
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dealkylation	of	the	atrazine	ethylamino	side	chain	to	form	DEA,	which	is	then	further	dealkylated	to	

DEDIA.	 However,	 DEDIA	 can	 also	 be	 formed	 from	 ·OH	 racial	 attack	 on	 atrazine	 forming	 DIA	 (N-

dealkylation	of	the	isopropylamino	group)	and	subsequently	forming	DEDIA.		This	·OH	radical	reaction	

mechanism	involves	H	abstraction,	which	produces	a	carbon-centered	radical.	Each	bond	contains	two	

electrons	thus,	breaking	the	neighbouring	N-C	bond	will	result	in	the	formation	of	an	electron	lone	

pair.	 One	 electron	 will	 quench	 the	 carbon-centered	 radical,	 while	 simultaneously	 forming	 a	 new	

radical	on	the	N	atom.	Subsequently,	this	N	radical	can	abstract	a	H	atom	from	water,	regenerating	

the	·OH	radical	and	forming	the	free	amino	group.		

	

	
	

Fig.	22.	Proposed	mechanism	for	the	formation	of	DEDIA	through	·OH	radical	attack	on	atrazine	
	

	

The	formation		of	ATRA-Imine	(Fig.	20.;	B),	through	·OH	radical	attack	on	atrazine	during	an	AOP,	was	

reported	by	Acero	et	al.,	(2000).	In	this	study	it	was	reported	to	be	a	primary	DP	but	not	a	predominant	

DP.	A	mechanism	for	the	formation	of	ATRA-imine	through	·OH	radical	attack	was	also	proposed.	In	

this	reaction	mechanism	a	·OH	radical	abstracts	a	H	atom	from	the	carbon	(C)	atom	adjacent	to	N,	

producing	a	carbon-centered	radical.	Subsequently,	the	addition	of	O2	to	this	intermediate	results	in	

the	generation	of	a	peroxide	radical.	Atrazine	imine	(ATRA-imine)	is	then	formed	following	the	loss	of	

the	perhydroxyl	radical	(Acero	et	al.,	2000,	Luo	et	al.,	2017).		
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ATRA-imine	 is	 highly	 susceptible	 to	 hydrolysis	 which	 leads	 to	 the	 formation	 of	 the	N-dealkylated	

derivative	(DEA)	(Acero	et	al.,	2000).	Since	ATRA-imine	is	easily	hydrolysed	this	may	account	for	its	

absence	in	surface	and	natural	waters	(Luo	et	al.,	2017).	Therefore,	ATRA-imine	is	not	considered	to	

be	a	persistent	DP	and	a	concern	to	the	environment.	

	

However,	unlike	ATRA-imine,	DEDIA	 is	 resistant	 to	chemical	oxidation,	 including	with	very	 reactive	

species	like	·OH	radicals	(Balci	et	al.,	2009).	Due	to	the	persistent	nature	of	DEDIA,	Komtchou	et	al.,	

(2017)	highlighted	that	of	all	the	atrazine	DPs	formed	in	that	study,	that	DEDIA	was	the	most	important	

and	significant	DP.		

Panshin	et	al.,	(2000),	conducted	an	analysis	of	atrazine	and	four	of	its	DPs	in	the	pore	water	of	the	

Vadose	Zone,	Central	Indiana.	After	a	single	application	of	atrazine,	atrazine	DPs	were	identified	in	the	

following	 order:	 DEA	 >	 DEDIA	 >	 DIA.	 The	 following	 season,	 when	 atrazine	 was	 not	 applied,	 the	

concentrations	of	the	atrazine	DPs	were	 identified	 in	the	following	order:	DEDIA	>	DEA	>	DIA.	This	

observed	change	in	the	DP	order	is	due	to	the	degradation	of	DIA	and	DEA	to	DEDIA.	However,	the	

fact	 that	 DEDIA	was	 the	most	 abundant	DP	 detected	 the	 following	 year,	 taking	 into	 account	 that	

atrazine	 was	 not	 applied	 onto	 crops,	 demonstrates	 its	 persistent	 and	 recalcitrant	 nature	 in	 the	

environment	(Panshin	et	al.,	2000).	Furthermore,	this	study	discussed	that	atrazine	and	its	DPs	move	

rapidly	 through	soil.	 In	particular	 this	was	discussed	to	be	the	case	 for	DEDIA,	as	 it	has	 the	 lowest	

adsorption	coefficient,	making	it	more	mobile	than	other	atrazine	DPs.	Due	to	DEDIA’s	mobility	and	

persistence	in	the	environment,	there	could	be	a	risk	for	it	to	persist	in	the	environment	and	eventually	

contaminate	drinking	water	supplies.		

	

There	are	limited	studies	on	the	toxicity	of	DEDIA	and	ATRA-imine.	However,	DEDIA	has	been	shown	

to	 demonstrate	 some	 toxicity.	 This	 included	 a	 recent	 study	 where	 DEDIA	 was	 evaluated	 for	

developmental	effects	 in	 rabbits	and	 rats	 (Scialli	 et	al.,	2014).	This	 study	 reported	 that	DEDIA	was	

responsible	for	the	reductions	in	fetal	body	weights	of	rats.	However,	despite	the	limited	knowledge	

of	 the	 toxicity	 of	DEDIA	 and	ATRA-imine,	 the	US-EPA	have	 evaluated	 and	 categorized	 the	 triazine	

herbicides,	 including	 atrazine,	 and	 their	 most	 common	 chlorinated	 DPs,	 as	 having	 a	 common	

mechanism	of	toxicity	(USEPA,	2003).		

	

	

	

	

5.2.	Pirimicarb	Degradation	Products		
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The	 pirimicarb	 DP	 was	 tentatively	 identified	 as	 2-methylamino-5,6-dimethylpyrimidin-4-yl-

dimethylcarbamate	or	desmethylpirimicarb	(DMP).	The	DP	of	pirimicarb	with	its	corresponding	m/z	

ratio	and	RT	is	shown	in	Fig.	23.	

	

	
Fig.	23.	Molecular	structures	of	the	proposed	pirimicarb	DP	with	the	corresponding	m/z	ratio	and	RT	

	

	

Table	16.	shows	the	relative	amounts	of	formation	of	DMP	in	the	three	pirimicarb	ERG	experiments.	

In	T1	and	T3,	DMP	was	detected	after	1	h.	There	was	a	steady	increase	in	the	formation	of	DMP	until	

36	h,	after	which	there	was	a	sharp	decline	in	the	amount	of	DMP	detected/formed.	In	T2	DMP	was	

detected	after	3	h	and	throughout	the	time	of	the	trial	lower	amounts	of	DMP	were	formed.	Unlike	

T1	and	T3,	in	T2	there	was	no	sharp	decline	in	the	formation	of	DMP	after	48	h.		
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Table	16.	Formation	of	pirimicarb	degradation	product	(DMP)	and	the	corresponding	recorded	
voltage	values.	

	 Trial	1.	 	 Trial	2.	 	 Trial	3.	
Time	(h)	 DMP	 Voltage	 	 DMP	 Voltage	 	 DMP	 Voltage	

0	 0	 -	 	 0	 -	 	 0	 -	
0.08	 0	 8.9	 	 0	 4.0	 	 0	 8.8	
1	 41	 9.2	 	 0	 3.5	 	 80	 8.2	
2	 77	 8.7	 	 0	 3.6	 	 127	 7.9	
3	 93	 8.9	 	 43	 3.9	 	 141	 7.6	
4	 165	 8.0	 	 55	 4.1	 	 187	 7.3	
5	 206	 8.1	 	 66	 4.3	 	 210	 7.0	
6	 231	 7.8	 	 59	 4.7	 	 213	 7.4	
7	 232	 7.5	 	 64	 5.1	 	 255	 6.6	
8	 254	 7.3	 	 72	 5.0	 	 258	 6.9	
24	 405	 6.6	 	 113	 4.8	 	 257	 6.5	
36	 335	 6.5	 	 91	 4.5	 	 292	 6.3	
48	 55	 6.2	 	 74	 4.2	 	 139	 5.4	
56	 -	 -	 	 89	 4.1	 	 154	 5.6	
72	 -	 -	 	 87	 4.1	 	 112	 5.7	
80	 -	 -	 	 79	 4.2	 	 120	 5.8	

Values	are	expressed	as	response	x	10-3,	where	response	is	defined	as	peak	area	count	of	the	metabolite/peak	area	count	
of	the	internal	standard.	The	voltage	was	measured	in	volts.	

	

	

Several	research	groups	have	reported	on	the	formation	of	DMP	as	a	DP	of	pirimicarb	(Chen	et	al.,	

2009,	Fenoll	et	al.,	2015,	Wu	et	al.,	2016).	 	 Fenoll	et	al.,	 (2015)	 identified	DMP	as	a	pirimicarb	DP	

produced	 from	 the	 photocatalytic	 oxidation	 of	 pirimicarb	 in	 aqueous	 slurries	 containing	 a	 TiO2	

catalyst.	 The	 photocatalytic	 process	 initiates	 a	 series	 of	 chemical	 reactions	 that	 will	 eventually	

mineralise	organic	 compounds,	 including	 through	 the	 formation	and	attack	of	 ·OH	 radicals.	 In	 this	

study,	the	authors	report	that	DMP	was	the	second	most	abundant	DP	formed	in	the	mineralisation	

of	pirimicarb.	

	

The	 formation	of	DMP	through	photocatalysis	was	also	demonstrated	by	Wu	et	al.,	 (2016).	 In	 this	

study	they	highlighted	that	·OH	radicals	were	the	main	active	species	involved	in	the	degradation	of	

pirimicarb.	Similarly	 to	Fenoll	et	al.,	 (2015),	 they	 report	 that	a	major	degradation	pathway	 for	 the	

mineralisation	of	pirimicarb	is	through	N-dealkylation.	Wu	et	al.,	(2016)	described	the	formation	of	

DMP	through	the	N-dealkylation	of	 the	2-dimethylamino	group	of	pirimicarb	by	 ·OH	radicals.	They	

explain	that	C-H	bonds	adjacent	to	N	atoms	have	a	stereo-	electronic	effect	and	that	that	accounts	for	

the	high	rates	of	H	atom	abstraction	by	electrophilic	·OH	radicals.	For	this	reason,	H	atoms	in	the	2-
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dimethylamino	group	in	the	pirimicarb	molecule	are	susceptible	to	a	radical	attack	(Wu	et	al.,	2016).	

The	·OH	radical	reaction	mechanism	itself	involves	H	abstraction	from	the	N-methyl	group,	resulting	

in	the	formation	of	water	and	a	radical	on	the	C	adjacent	to	the	N	atom.	This	carbon-centered	radical	

reacts	rapidly	with	O2	and	transforms	into	an	alkoxy	radical.	The	fragmentation	of	this	alkoxy	radical	

produces	the	N-N-methylamino	group	(Lee	and	Choi,	2004).		

	

The	environmental	fate	of	pirimicarb	and	its	DPs	have	been	investigated	(Cabras	et	al.,	1990,	Taboada	

et	al.,	1994,	Romero	et	al.,	1994,	Chen	et	al.,	2009).	Once	released	into	the	environment	pirimicarb’s	

DPs	are	 susceptible	 to	biotic	and	abiotic	degradation.	The	main	pathway	 for	 their	bio-	and	photo-

degradation	include	oxidative	dealkylation	and	hydrolysis	(Hill,	1978).	Pirisi	et	al.,	(1969)	studied	the	

photo-degradation	 of	 pirimicarb	 including	 the	 corresponding	 photolysis	 rates	 and	 half-life	 of	

pirimicarb’s	DPs	in	water.	They	report	that	in	water,	DMP	undergoes	further	degradation	to	the	N-N-

free	amino	(A)	and	the	N-N-formylamino	(B)	derivative	(Fig.	24).	Subsequently,	both	DMP	DPs	were	

further	photo-degraded	to	unknown	species.	They	found	that	the	associated	environmental	t1/2	and	

t1/100	values	calculated	for	these	DPs	were	suggestive	that	they	have	a	relatively	low	risk	of	persistence	

in	natural	waters	(Pirisi	et	al.,	1996).			

	

	
Fig.	24.	Photo-degradation	of	pirimicarb	in	water	(Pirisi	et	al.,	1996)	

	

	

Regarding	 the	 potential	 toxicity	 of	 DMP,	 pirimicarb	 only	 underwent	 a	 small	 alteration	 of	 a	 single	

structural	moiety	to	form	DMP.	In	this	case,	most	of	the	parent’s	pesticide	structure	is	still	intact	and	
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so	it	is	possible	that	DMP	will	retain	the	same	or	a	similar	mode	of	action	and	toxicity	as	the	parent	

compound	(Parsons	et	al.,	2008).	As	pirimicarb	is	reported	to	be	acutely	toxic	towards	mammals,	due	

to	its	inhibition	of	the	enzyme	acetylcholinesterase	(Machemer	and	Pickel,	1994),	DMP	may	exhibit	a	

similar	effect.		

	

Finally,	it	was	observed	that	the	increase	in	the	formation	of	the	DPs	(Table	15.	and	16.)	mirrored	the	

increase	in	the	desorption	of	atrazine	and	pirimicarb	(Table	11.	and	12.).	Furthermore,	the	formation	

of	 DPs	 decreases	 when	 the	 desorption	 of	 atrazine	 and	 pirimicarb	 decreases.	 This	 is	 an	 unusual	

observation,	as	the	increase	in	the	formation	of	DPs	should	correspond	to	a	decrease	in	the	adsorbate	

effluent	concentration.	This	is	an	indication	that	the	formation	of	the	DPs	could	be	occurring	through	

in-direct	 oxidation	 and	 thus	 predominantly	 via	 ·OH	 radical	 attack.	 Direct	 oxidation	 of	 organic	

compounds	can	occur	either	through	the	diffusion	of	the	adsorbate	from	the	liquid	phase	to	the	anode	

surface	or	through	oxidation	of	the	adsorbate	molecules	on	the	anode	surface	(Anglada	et	al.,	2009).	

In	contrast,	in	in-direct	oxidation,	a	strong	oxidising	agent	(e.g.:	·OH)	is	electrochemically	generated	

at	the	anode	surface	which	destroys	the	adsorbate	in	the	liquid	phase	(Fig.	25.).		

	

	

	
Fig.	25.	Schemes	for	a)	direct	and	b)	indirect	electrolytic	treatment	of	pollutants	(Anglada	et	al.,	2009)		

	
	

Thus,	in	order	for	in-direct	electrochemical	oxidation	to	occur,	there	must	be	adsorbate	de-sorption	

from	the	Nyex	bed	 in	 the	electrolytic	 cell.	 In	 this	 study,	adsorbate	desorption	was	shown	to	occur	

during	ERG	of	the	Nyex.	Thus,	when	the	adsorbate	molecules	in	the	bed	are	desorbing	into	the	liquid	

phase,	 they’re	being	oxidised	 in	 the	 liquid	by	 ·OH	radicals,	 rather	 than	being	oxidised	on	the	Nyex	

surface.	As	a	result,	there	is	a	higher	adsorbate	concentration	in	the	liquid	phase	and	correspondingly	

a	higher	concentration	of	DPs	formed	through	in-direct	oxidation.	Hence,	an	increase	in	the	adsorbate	

effluent	concentration	was	observed	as	well	as	an	increase	in	the	formation	of	DPs.	Correspondingly,	

when	the	adsorbate	liquid	phase	decreased	(less	desorption	occurring),	the	amount	of	DPs	formed,	



	 89	

also	 decreased.	 In-direct	 oxidation	 has	 been	 reported	 to	 play	 a	 key	 role	 in	 another	 study	 which	

investigated	the	formation	of	DPs	during	ERG	of	the	Nyex	(Hussain	et	al.,	2013).	
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Chapter	4	–	Conclusions	and	Future	Work	

	

	

1.	Conclusion	

	

In	this	study,	the	performance	of	the	Nyex,	for	the	removal	of	two	trace	level	current-use	pesticides,	

was	evaluated.	This	was	achieved	through	basic	kinetic	experiments,	determining	sorption	isotherms	

and	investigating	the	effects	of	an	electrical	current	on	their	chemical	behaviour	and	fate.		

	

For	 atrazine	 and	 pirimicarb,	 a	 time	 of	 2	 h	was	 determined	 to	 be	 sufficient	 for	 the	Nyex	 to	 attain	

equilibrium	 conditions.	 Subsequently,	 adsorption	 isotherms	 and	 a	 range	 of	 different	 adsorption	

models	provided	an	understanding	of	the	mechanism	of	adsorption	and	the	adsorptive	performance	

of	 the	 Nyex.	 The	 single	 compound	 isotherm	 experiments	 demonstrated	 that	 there	 was	 a	 higher	

distribution	 of	 pirimicarb	molecules,	 at	 equilibrium,	 adsorbed	 onto	 the	 Nyex,	 when	 compared	 to	

atrazine.	 This	 indicated	 a	 greater	 Nyex	 adsorption	 affinity	 toward	 the	 adsorption	 of	 pirimicarb.	

Nonetheless,	the	same	mechanism	of	adsorption	of	both	atrazine	and	pirimicarb	was	occurring	and	

was	best	described	as	an	L-shaped	isotherm.	The	Freundlich	Isotherm	model	was	determined	to	be	

the	optimal	fit	to	the	empirical	data	for	atrazine	and	pirimicarb.	This	is	consistent	with	the	low	surface	

area	 of	 the	 Nyex	 and	 its	 rough	 and	 heterogeneous	 surface	 morphology.	 The	 derived	 Freundlich	

parameters,	1/n	and	Kf,	were	both	high	indicating	that	adsorption	was	favourable.	The	Kf	value	for	

pirimicarb	was	determined	to	be	three	times	higher	than	the	Kf	value	of	atrazine.	This	indicated	that	

the	Nyex	has	a	significantly	higher	adsorption	capacity	for	pirimicarb.	

		

Again,	 the	Freundlich	 Isotherm	was	determined	 to	 fit	 the	empirical	data	 the	best	 for	atrazine	and	

pirimicarb	 for	 the	 compound	mixture	 isotherm	experiments,	which	were	 conducted	 in	 raw	water.	

Comparison	of	the	Freundlich	parameters	from	the	single	and	mixed	compound	isotherms	provided	

information	of	the	effect	the	presence	of	both	compounds	and	other	NOM	had	on	their	adsorption.	

Lower	1/n	values	indicated	that	the	adsorption	intensity	was	lower.	Similarly,	the	derived	Kf	values	

were	 significantly	 lower,	 in	 particular	 for	 pirimicarb.	 This	 indicated	 that	 either	 the	presence	of	 an	

additional	 	 compound	 and/or	 the	 presence	 of	 NOM,	 reduced	 the	 Nyex’s	 adsorption	 capacity	 for	

atrazine	and	pirimicarb.	Thus,	methods	to	try	and	reduce	the	amount	of	NOM	before	treatment	or	

judicious	placement	of	the	unit,	would	greatly	improve	the	adsorption	of	atrazine	and	pirimicarb	onto	

the	Nyex.	The	 isotherm	studies	demonstrated	that	atrazine	and	pirimicarb	were	both	suitable	and	
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capable	of	being	adsorbed	onto	the	Nyex	and	may	therefore	be	removed	efficiently	using	a	combined	

adsorption	and	electrochemical	process.		

	

Once	the	performance	of	the	Nyex	was	established,	the	effectiveness	of	the	ERG	of	the	artificially	pre-

saturated	Nyex	was	evaluated	by	passing	a	current	through	it.	The	results	indicated	that	during	ERG,	

atrazine	and	pirimicarb	were	transferred	from	the	Nyex	surface	back	into	solution	and	detected	in	the	

effluent	samples.	This	desorption	was	rationalised	to	stem	from	the	modifications	of	the	Nyex	surface	

chemistry,	 changes	 in	 the	 localised	pH	 around	 the	Nyex,	 electro-desorption	 and	 the	 experimental	

method	chosen	to	artificially	pre-saturate	the	Nyex	prior	to	ERG.	The	desorption	was	unexpected	and	

time	limitations	restricted	further	work	into	investigating	the	cause	of	this	effect.	It	is	possible	that	

artificial	pre-saturation	 led	 to	 the	desorption	of	both	compounds	and	hence	caused	problems	and	

interfered	with	the	ERG	of	the	Nyex.	Thus,	while	 in	the	present	study	ERG	of	the	Nyex	with	 in-situ	

electrochemical	 oxidation	 did	 not	 effectively	 treat	 or	 destroy	 atrazine	 and	 pirimicarb,	 this	 only	

indicates	that	further	work	needs	to	be	done	to	improve	and	review	the	methodology	to	achieve	the	

desired	result.		

	

Some	treatment	during	ERG	was	observed,	evidenced	by	the	formation	of	DPs.	Two	atrazine	DPs	were	

formed	and	tentatively	identified	as	ATRA-imine	and	DEDIA.	While,	one		pirimicarb	DP	was	formed	

and	 tentatively	 identified	 as	DMP.	DEDIA	has	 a	 low	 reactivity	 towards	 ·OH	 radicals	 and	 is	 a	DP	of	

concern	 to	 the	 environment	 due	 to	 its	 recalcitrant	 nature.	 Unlike	 DEDIA,	 ATRA-imine	 is	 highly	

susceptible	 to	 hydrolysis	 and	 thus	 is	 not	 considered	 to	 be	 a	 persistent	 DP	 and	 a	 concern	 to	 the	

environment.	Likewise,	DMP	is	susceptible	to	abiotic	and	biotic	degradation	and	is	not	considered	to	

be	a	persistent	compound.	Therefore,	although	DPs	were	formed	the	relative	number	of	DPs	was	low	

and	from	the	three	formed,	one	represented	being	a	possible	concern	to	the	environment.	Finally,	

·OH	radicals	are	thought	to	be	the	main	species	involved	in	the	breakdown	of	atrazine	and	pirimicarb	

during	the	ERG.	This	was	rationalised	as	the	high	and	low	rates	of	DP	formation	mirrored	the	increasing	

and	decreasing	adsorbate	concentrations	in	the	effluent	samples.		

	

Therefore,	in	summary	looking	back	on	the	initial	aims	of	the	project	(Chapter	1,	section	4.)	we	can	

state:	

	

1. A	robust	and	accurate	analytical	method	for	the	detection	and	quantification	of	atrazine	and	

pirimicarb	was	developed.	In	addition,	this	method	was	used	to	tentatively	identify	the	DPs	

formed	on	ERG	of	the	saturated	Nyex.	
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2. Adsorption	behaviour	of	the	Nyex	adsorbent	was	investigated	and	kinetic	studies,	adsorption	

isotherms	 and	 breakthrough	 curves	 were	 all	 used	 to	 characterise	 the	 nature	 of	 the	 Nyex	

sorbate	interactions.	Additionally,	studies	in	a	raw	water	were	undertaken	to	model	possible	

interferences	and/or	competing	adsorption	in	a	“real	system”.	

3. The	potential	treatment	of	atrazine	and	pirimicarb	during	ERG	using	electrochemical	oxidation	

was	 studied.	 Given	 the	 limitations	 experienced	 of	 the	 “artificial	 pre-saturation”	 method,	

electrochemical	oxidation	was	found	to	be	ineffective.	However,	review	of	the	methodology	

for	future	experiments	could	prove	promising.		

4. The	fate	and	behaviour	of	atrazine	and	pirimicarb	during	ERG	was	evaluated.	

5. The	 DPs	 found	 were	 tentatively	 identified	 and	 their	 potential	 impact	 on	 the	 natural	

environment	assessed.		

	

Overall	therefore,	all	the	initial	aims	of	the	project	laid	out	in	Chapter	1	section	4.	were	successfully	

met.	
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2.	Future	Work	
	

Future	 work	 is	 required	 to	 investigate	 whether	 the	 observed	 atrazine	 and	 pirimicarb	 desorption,	

during	ERG,	was	a	physical	or	electro-desorptive	effect.	Furthermore,	future	work	should	be	carried	

out	 on	 the	 optimisation	 of	 the	 experimental	 method,	 specifically	 relating	 to	 the	 artificial	 pre-

saturation	of	the	Nyex.		

	

	

1. Physical	Desorption	

	

• Desorption	Isotherm		

	

A	 desorption	 isotherm	 experiment	 would	 help	 to	 evaluate	 the	 adsorption-desorption	 behaviour	

occurring	 between	 the	 dissolved	 atrazine	 and	 pirimicarb	 and	 the	 Nyex.	 A	 desorption	 isotherm	

experiment	follows	the	same	method	of	an	adsorption	isotherm	experiment,	in	which	the	solid-phase	

concentration	 (qe)	 and	 liquid-phase	 concentration	 (Ce),	 at	 equilibrium,	 are	 measured.	 Then,	 the	

adsorbent	 is	removed	and	added	to	an	adsorbate-free	 liquid-phase.	At	desorption	equilibrium,	the	

solid-phase	 concentration	 and	 liquid-phase	 concentrations	 are	 measured.	 An	 isotherm	 results	 by	

repeating	 this	 procedure	 using	 different	 initial	 adsorbate	 concentrations	 (Ditoro	 and	 Horzempa,	

1982).		

	

• pH	Effect		

	

The	pH	could	play	a	major	role	in	the	solubility	of	atrazine	and	pirimicarb,	resulting	in	desorption	from	

the	Nyex	surface	and	should	be	investigated.	The	pH	may	increase	the	solubility	of	both	compounds	

through	 ionisation	and	 thus,	 the	 resulting	desorption	may	actually	be	a	physical	desorption	 rather	

than	 an	 electrochemical	 effect.	 In	 order	 to	 evaluate	 the	 effect	 pH	 has	 on	 the	 adsorption	 of	 both	

compounds,	adsorption	isotherm/kinetic	experiments	at	different	pH	values	should	be	conducted.		

	

	

2. Electrochemical	Desorption	

	

An	experiment	could	be	done	in	which	the	trials	were	repeated	without	pre-saturating	the	Nyex	first.	

i.e.:	Simultaneously	adsorbing	and	destroying.	Thus,	if	the	observed	desorption	is	due	to	an	electro-
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desorption	effect,	then		running	the	current	whilst	your	adsorbing	one	should	not	observe	an	increase	

in	the	adsorbate	effluent	concentration.		

	

	

3. Nyex	Saturation	

	

The	ERG	experiments	should	be	repeated,	whereby	the	Nyex	is	saturated	by	passing	the	adsorbate	

solution	through	the	Nyex	bed,	located	in	the	tubular	unit,	prior	to	turning	on	the	current	.	Thus,	the	

Nyex	would	not	be	artificially	pre-saturated.	This	would	help	evaluate	if	artificially	pre-saturating	the	

Nyex	was	responsible	for	the	desorption	of	atrazine	and	pirimicarb.		
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Appendices		
	
	
1.	HPLC/DAD	
	
Arvia	 Technology	 had	 a	 pre-existing	 optimised	 method	 for	 the	 detection	 of	 atrazine.	 This	 same	

method	also	allowed	 for	 the	detection	of	pirimicarb.	Thus,	both	compounds	 fell	with	ease	 into	an	

existing	analytical	method.		

Representative	chromatograms	showing	the	wavelength	and	RTs	of	atrazine	and	pirimicarb	are	shown	

in	Fig.	26.		and	Fig.	27..,	respectively.	

	
Fig.	26.	representative	chromatogram	of	atrazine,	detection	at	wavelength	220	nm	and	a	RT	of	5.7	min	

	
	

	
Fig.	27.	representative	chromatogram	of	pirimicarb,	detection	at	wavelength	250	nm	and	a	RT	of	5.1	min	

	
	
	
2.	HPLC/MS	Optimisation	

	

The	aim	was	to:		

• Develop	 an	 optimised	 and	 robust	 HPLC/MS	 method	 for	 the	 identification	 and	

quantification	of	atrazine,	diazinon,	pirimicarb	and	simazine	at	ng/mL	and	pg/mL	levels	

• To	develop	an	analytical	method	for	the	detection	of	any	potential	DPs	

	

2.1		Development	and	Optimisation	of	the	MS	Detector	Method	

	

The	aim	was	to:	

• Identify	suitable	quantification	and	confirmation	ions	for	each	compound	

• Subsequently	to	try	to	optimise	MS	parameters	(e.g.	fragmentor	voltages)	to	achieve	a	

high	detection	sensitivity	for	the	analytes	of	interest		
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To	obtain	mass	spectra,	individual	compound	standards	containing	atrazine,	diazinon,	pirimicarb	

and	simazine	(1000	ng/mL)	were	injected	straight	onto	the	MS,	without	the	use	of	a	column	in	

positive	ionisation	mode	.	The	mass	spectrum	shows	the	abundance	of	ions	formed	depending	on	

their	m/z	 ratio.	The	highest	signal	was	chosen	as	 the	quantification	 ion	 (QI).	One	or	 two	more	

relatively	high	signals	was	used	as	confirmation	ions	(CI)	(Fig.	26).	Having	the	QI	and	CI	ions	for	

each	target	analyte	the	MS	parameters	were	now	optimised.	In	order	to		optimise	the	sensitivity	

of	the	MS,	different	fragmentor	voltages	(FV)	were	tested	for	each	analyte.		The	optimal	FVs	for	

each	analyte	are	shown	below	including	their	corresponding	QI	and	CIs.	

	

Mass	spectrum	of	

atrazine	

	

QI:	216.1,	FV:	90	

CI:	218.1,	FV:	90	

	
	

Mass	spectrum	of	

diazinon	

	

QI:	305.1,	FV:	130	

CI:	169.1,	FV:	180	

	
	

Mass	spectrum	of	

pirimicarb	

	

QI:	239.1,	FV:	90	

CI:	182.1,	FV:	150	
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Mass	spectrum	of	

simazine	

	

QI:	212.1,	FV:	60	

CI:	214.1,	FV:	60	

	
	

Fig.	28.			Mass	spectrum	of	atrazine,	diazinon,	pirimicarb	and	simazine	including	the	quantification	ion	(QI),	
confirmation	ion	(CI)	and	fragmentor	voltages	(FV)	

	
	
	

2.2	Development	and	Optimisation	of	the	HPLC	Method	

	

The	goal	was	to	produce	a	mobile	phase	gradient	programme	that	would:	

	

• Achieve	baseline	separation	of	the	target	analytes	(resolved	peaks)	

• Good	chromatographic	performance	(slim,	sharp	peak	shape)	

• Have	a	short	run	time	

• Have	the	analytes	elute	early	and	not	remain	 in	 the	column	for	 too	 long,	as	otherwise	

peaks	will	often	become	broad	

	

Important	to	note	is	that	the	pumps	and	tubing	on	this	HPLC	system	have	a	dead	volume	of	ca.	

0.9	mL.	At	a	flow	of	0.2	mL/min	this	means	that	a	certain	mobile	phase	ratio	reaches	the	column	

(and	 hence	 the	 compounds	 injected)	 only	 ca.	 4.5	 min	 after	 the	 pumps	 changed	 to	 this	 ratio	

according	to	the	mobile	phase	gradient	method.		

	

a) First	the	individual	analytes	(25	ng/mL)	were	injected	onto	the	HPLC/MS	to	establish	the	elution	

order	of	these	compounds.	Solvent	A:	MQ	water,	solvent	B:	ACN	

	 	

Elution	order:	

Simazine,	pirimicarb,	atrazine	and	diazinon	

	

b) Then	a	standard	containing	all	4	analytes	 (25	ng/mL)	was	 injected	onto	the	HPLC/MS	to	 try	 to	

optimise	the	mobile	phase	gradient.	For	all	methods	tested,	solvent	A:	MQ	water,	solvent	B:	ACN	

and	the	flow	rate	was	0.2	mL/min.	
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The	first	mobile	phase	gradient	used	was:	

Time	(min)	 %	B	

	

0.00	 40	

9.00	 80	

11.00	 80	

12.00	 40	

19.00	 40	

	

Pirimicarb	and	atrazine	are	not	resolved.	This	may	be	because	of	the	sharp	increase	of	the	organic	

solvent	(B)	from	40	–	80	%,	from	0	–	9	min.	Therefore,	the	next	step	was	to	elongate	the	time	it	

took	for	the	mobile	phase	to	reach	80	%	B.	This	will	decrease	the	mobile	phase	gradient	slope	

from	A	to	B.	The	reasoning	being	that	the	more	aqueous	mobile	phase	present	in	the	column	the	

more	the	analytes	will	be	retained.	

	

Time	(min)	 %	B	

	

0.00	 40	

15.00	 80	

17.00	 80	

18.00	 40	

22.00	 40	

	

However,	this	did	not	improve	the	separation	of	these	peaks.		

	

The	next	approach	was	to	have	two	steps	in	the	increase	of	solvent	B.		

Step	1:	0	–	9	min,	40	–	60	%	B	(shallow	gradient)	

Step	2:	9	–	10	min,	60	–	80	%	B	(steep	gradient)	

As	one	of	the	aims	is	to	keep	the	run	time	short	you	don’t	want	to	have	a	low	%	B	run	through	the	

column	for	longer	than	necessary.	
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Time	(min)	 %	B	

	

0.00	 40	
09.00	 60	
10.00	 80	
12.00	 80	
13.00	 40	

19.00	 40	

	

This	did	not	help	to	resolve	the	peaks.		

	

Subsequently	having	an	even	shallower	mobile	phase	gradient	slope	in	step	1	was	tested.	

I.e.:	Step	1:	0	–	9	min,	40	–	50	%	B	

As	well	as	a	steeper	mobile	phase	gradient	in	the	second	step.	

I.e.:	Step	2:	9	–	10	min,	50	–	80	%	B	

Time	(min)	 %	B	

	

0.00	 40	
09.00	 50	
10.00	 80	
12.00	 80	
13.00	 40	

19.00	 40	

	

However,	there	was	still	no	difference.		

	

Therefore,	we	focused	on	the	analytes	at	the	entrance	of	the	column.	It	is	possible	that	an	initial	

solvent	ratio	of	60:40	(A:B)	is	too	high	and	causes	pirimicarb	and	atrazine	to	co-elute.				

	

Time	(min)	 %	B	

	

0.00	 30	
09.00	 50	
10.00	 80	
12.00	 80	
13.00	 30	

19.00	 30	
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There	was	a	significant	difference		as	pirimicarb	and	atrazine	are	almost	resolved.	It	was	noted	

that	6	min	was	not	a	long	enough	time	for	the	pressure	to	stabilise	to	the	initial	starting	mobile	

phase	ratio	and	equilibrate	the	column.		

	

Wanted	to	see	what	the	chromatography	would	be	like	by	decreasing	the	initial	ratio,	i.e.:	75:25.	

Also	the	time	given	to	equilibrate	the	column	was	extended	from	6	to	7	min.	

	

Time	(min)	 %	B	

	

0.00	 25	

06.00	 45	

07.00	 80	

11.00	 80	

12.00	 25	

19.00	 25	

	

This	resulted	in	poor	separation.		

Subsequently,	the	following	mobile	phase	gradient	tested	was	as	shown	below.	Here	solvent	B	is	

increased	to	90	%	(instead	of	80	%).	The	aim	was	to	shorten	the	run	time	by	having	diazinon	elute	

earlier.	Having	a	high	%	of	solvent	B	pass	 through	the	column	would	also	elute	any	unwanted	

contaminants	from	the	column.	Again	the	time	given	for	the	column	to	re-equilibrate	to	the	initial	

mobile	phase	ratio	was	7	min.	

	

Time	(min)	 %	B	

	

0.00	 30	

06.00	 45	

07.00	 90	

11.00	 90	

12.00	 30	

19.00	 30	

	

This	method	gave	the	best	separation	of	pirimicarb	and	atrazine.	Also,	diazinon	was	eluted	earlier	

(14.9	vs.	15.9	min)	and	the	peak	shape	was	slightly	sharper	and	improved.	

	

The	method	was	slightly	altered	when	Diazinon	was	no	longer	an	analyte	of	interest	in	this	study.	

Diazinon	 is	 the	 final	 compound	 to	 elute	 and	 the	 run	 could	 be	 shortened	 as	 it	 was	 no	 longer	
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necessary	to	have	a	high	%	of	solvent	B	pass	through	the	column	for	4	min.	From	our	previous	

method	development	we	knew	that	the	pump	needed	7	min	to	allow	the	pressure	to	stabilise	at	

the	initial	solvent	ratio	allowing	the	column	to	re-equilibrate.	The	final	method	run	time	was	16	

min.	This	mobile	phase	gradient	was	used	for	all	samples	 in	Experiments	 III,	 IV	and	V	 is	shown	

below.	The	RTs	were	as	follows	for	simazine,	pirimicarb	and	atrazine	respectively:	5.4,	8.4	and	9.4	

min.		

	
Time	(min)	 %	B	

	

0.00	 30	

06.00	 45	

07.00	 90	

08.00	 90	

09.00	 30	

16.00	 30	

	

c) When	 doing	 the	 HPLC	 optimisation	 a	 25	 ng/mL	 standard	 was	 used,	 which	 produced	 nice	

peaks.	 However,	 on	 testing	 higher	 concentrations,	 i.e.	 250	 ng/mL,	 the	 chromatographic	

performance	worsened	considerably.		

	

d) The	column	used	until	now	had	been	used	predominantly	for	environmental	samples	and	was	

relatively	old	(Phenomenex	Synergi	4u	Fusion-RP	80	Å	150	x	2.00	mm	4-micron	column).	 It	

was	 replaced	 with	 a	 	 newer	 column	 which	 had	 been	 used	 mostly	 for	 standards	 (Agilent	

Poroshell	120	EC-C18	2.1	x	100	mm	2.7	micron	column).	The	same	method	was	used	on	the	

new	column	to	inject	the	higher	concentrated	standard.	The	chromatography	remained	poor.		

	

e) The	next	approach	was	to	investigate	whether	altering	the	solvent	composition	in	the	samples	

and	 standards	 would	 have	 an	 effect	 on	 the	 peak	 shape	 of	 the	 analytes.	 For	 the	 solvent	

composition	investigation	a	mixed	compound	standard	at	1000	ng/mL	was	used	with	varying	

solvent	compositions.	The	first	solvent	composition	tested	was	50:50	MQ:ACN,	this	gave	very	

poor	 chromatography.	 Then	 a	 ratio	 of	 80:20	 was	 tested,	 the	 chromatography	 was	 much	

improved	and	produced	slim	peaks.	However,	there	was	a	slight	split	in	the	pirimicarb	peak.	

To	 investigate	 if	 we	 could	 fix	 this	 slight	 split,	 a	 ratio	 of	 85:15	 was	 tested.	 This	 made	 no	

difference	 to	 the	 peak	 split	 or	 peak	 shape.	 A	 solvent	 composition	 ratio	 of	 80:20	 for	 all	

standards,	QC	samples	and	study	samples	was	therefore	chosen.	
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f) Although	the	chromatography	and	peak	shape	for	the	CS	was	very	good	from	1	–	1000	ng/mL	

at	 the	beginning	of	 the	study	the	 linear	range	 for	atrazine	and	pirimicarb	was	 from	1	 -250	

ng/mL	and	for	diazinon	1	–	10	ng/mL.	However,	over	time	the	 linearity	deteriorated	and	a	

quadratic	equation	gave	a	better	fit	for	atrazine.				

	

g) The	sensitivity	of	the	method	was	evaluated	by	running	CSs	from	0.01	ng/mL	(10	pg/mL).	For	

atrazine	and	pirimicarb,	the	limit	of	detection	(LOD)	was	0.05	and	0.01	ng/mL,	respectively	

and	the	signal/noise	ratio	was	above	3.	

	

	

2.3.	Development	of	Analytical	Method	for	the	detection	of	Degradation	Products	

	

• The	 same	 MP	 gradient	 used	 for	 the	 identification	 and	 quantification	 of	 atrazine	 and	

pirimicarb	in	SIM	mode	was	used	for	identification	of	the	DPs	in	full-scan	mode	

• The	m/z	range	chosen	to	scan	for	DPs	was	70	-	250	

• The	default	value	of	90	was	chosen	for	the	fragmentor	voltage	

• The	chosen	extracted	molecular	ions	were	picked	due	to	previous	studies	in	which	these	

ions	were	identified	as	atrazine	and	pirimicarb	DPs	

	

Degradation	Product	Chromatograms:	

	

Atrazine	

i. DEDIA		

	 	 m/z:	145	

	 	 RT:	2.2	min	

	

	

ii. ATRA-imine	

	 	 m/z:	213	
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	 	 RT:	5.4	min	

	

	

	

Pirimicarb		

i. DMP	

	 	 m/z:	225	

	 	 RT:	3.4	min	
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