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1	Introduction
It	is	common	practice	to	reuse	digested	sludge	from	wastewater	treatment	plants	(WWTPs)	as	soil	amendment	due	to	its	high	content	of	plant	nutrients,	such	as	phosphate	and	organic	matter.	In	Denmark,	59%	of	the	produced

sludge	is	applied	on	agricultural	land,	and	in	the	EU	39%	is	reused	in	this	way	(Milieu	Ltd.,	2010).	The	percentage	of	reused	sludge	is	expected	to	increase	with	an	increasing	awareness	of	the	shortage	of	natural	resources	and	as	the

philosophy	 of	 circular	 economy	gains	 ground.	However,	 the	 reuse	 of	 sludge	poses	 a	 risk	 for	 contamination	 of	 soil	 and	water	 environments	 as	many	 organic	 contaminants	 sorb	 to	 the	 organic	material	 in	 the	 sludge	 and	 are	 then

transferred	to	agricultural	land	during	sludge	application	(Clarke	and	Smith,	2011).
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Abstract

The	reuse	of	digested	sludge	from	wastewater	treatment	plants	(WWTPs)	as	soil	fertilizer	poses	a	risk	for	contamination	of	soil	and	water	environments.	The	present	study	provides	a	new	approach	for	investigating	the

exposure	of	hydrophobic	organic	chemicals	 in	sewage	sludge.	The	methodology	of	equilibrium	sampling	with	multiple	thicknesses	of	silicone	was	successfully	validated	and	applied	to	complex	sludge	matrices.	Polycyclic

aromatic	hydrocarbon	(PAH)	concentrations	in	silicone	(Csilicone)	were	determined	and	compared	across	four	WWTPs.	Activity	ratios	(ARs),	defined	as	Csilicone	at	equilibrium	with	digested	sludge	(final	product)	over	Csilicone	at

equilibrium	with	secondary	sludge	(intermediate	product),	were	in	the	range	0.85–20	with	all	except	one	AR>1.	These	ARs	thus	revealed	increased	thermodynamic	potential	of	both	parent	and	alkylated	PAHs	in	digested

sludge	compared	with	secondary	sludge,	and	 thereby	higher	exposure	of	PAHs	 in	sludge	after	digestion	 than	before	digestion.	This	observation	can	be	explained	by	 the	concept	of	 “solvent	depletion”	 as	 organic	matter

decreased	by	a	factor	of	1.3	during	digestion,	resulting	in	reduced	sorptive	capacity	and	increased	freely	dissolved	concentrations	(Cfree).	The	PAHs	with	logKow	>	6	had	ARs	close	to	1.3,	whereas	PAHs	with	logKow	<	6	showed

higher	ARs	than	the	organic	matter	decrease	factor	of	1.3.	Cfree	in	digested	sludge	were	higher	than	reported	in	rural	soil	and	generally	consistent	with	levels	reported	for	Baltic	Sea	sediment.
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Polycyclic	aromatic	hydrocarbons	(PAHs)	are	examples	of	hydrophobic	organic	chemicals	(HOCs)	that	sorb	to	organic	material	in	sludge.	The	PAHs	constitute	a	complex	group	of	neutral,	nonpolar	compounds	consisting	of	fused

aromatic	 rings	with	or	without	alkyl	groups	attached	at	different	positions	on	 the	 ring	structure	 (Stout	et	al.,	2002).	PAHs	are	associated	with	various	health	 risks,	and	 their	carcinogenicity	 is	well	documented	 for	 several	 of	 the

compounds	(Boström	et	al.,	2002).	PAHs	enter	WWTPs	via	 industrial	effluent,	domestic	wastewater,	and	dry	and	wet	deposition.	For	European	areas,	 the	total	content	of	 the	16	US	EPA	priority	PAHs	 in	sewage	sludge	 is	 typically

reported	in	the	low	mg/kg	dry	weight	(DW)	range	(Busetti	et	al.,	2006;	Ozcan	et	al.,	2013;	Villar	et	al.,	2009).	Sludge	amendment	has	been	reported	as	an	important	PAH	source	to	soil	with	the	risk	of	causing	substantially	elevated	soil

levels	(Oleszczuk	and	Baran,	2005).	When	applying	sludge	as	soil	fertilizer,	the	maximum	allowed	total	PAH	concentration	is	6 mg/kg	DW	in	the	EU	and	3 mg/kg	DW	in	Denmark.	However,	“total	PAH”	in	the	context	of	this	legislation

includes	only	nine	PAHs,	of	which	none	is	alkylated	(Milieu	Ltd.,	2010).

A	typical	wastewater	treatment	process	in	Danish	WWTPs	proceeds	as	follows:	The	influent	passes	through	a	primary	settling	tank	and	is	then	led	through	an	aeration	tank,	where	secondary	sludge	settles.	The	secondary

sludge	is	then	digested	anaerobically	at	elevated	temperatures.	This	digestion	process	typically	proceeds	over	three	weeks,	and	the	final	product	is	digested	sludge.	Anaerobic	digestion	is	a	low-cost,	energy-efficient	way	to	reduce

excess	organic	material	in	the	sewage	sludge,	leaving	mineralized	compounds	like	ammonium,	phosphates	and	sulfides	in	solution	(van	Lier	et	al.,	2008),	and	it	involves	several	biochemical	reactions	performed	by	specialized	bacterial

consortia.	Hydrolysis	is	generally	the	rate-limiting	biochemical	step	in	the	overall	digestion	process	(van	Lier	et	al.,	2008).	However,	the	anaerobic	digestion	process	does	hardly	degrade	organic	pollutants	like	PAHs	(Larsen	et	al.,

2009).	After	digestion,	the	sludge	can	be	dewatered	in	different	ways	before	further	handling	(incineration,	composting,	or	use	as	soil	amendment),	and	the	water	is	either	recycled	in	the	WWTP	or	discarded	as	effluent.	The	discard	of

effluent	is	considered	environmentally	safe,	as	all	problematic	compounds	(like	the	PAHs)	are	thought	to	be	either	degraded	in	the	aerobic	WWTP	steps	or	strongly	sorbed	to	the	organic	matter	in	the	sludge	and	thereby	essentially

removed	from	the	aqueous	phase.

PAH	measurements	in,	e.g.,	sludge,	sediment,	and	soil	are	most	often	reported	as	the	total	compound	concentration	(mg/kg	or	μg/kg)	obtained	based	on	exhaustive	extraction.	However,	the	total	concentration	does	not	give	any

information	on	the	availability	of	the	compound	for	bio-uptake	nor	the	fraction	of	chemical	that	can	be	mobilized	or	take	part	in	transformation	processes	(Reichenberg	and	Mayer,	2006).	In	addition,	total	concentrations	are	difficult	to

compare	between	similar	matrices	with	very	heterogeneous	compositions	(e.g.,	sludge	or	soil)	and	between	different	matrix	types	(e.g.,	air,	water,	soil,	and	human	tissue).	The	freely	dissolved	concentration	(Cfree)	and	chemical	activity

(a)	are	thus	more	meaningful	parameters	for	characterizing	and	quantifying	exposure	(Gobas	et	al.,	2018).	Cfree	is	proportional	to	chemical	activity,	which	quantifies	the	energetic	state	of	a	HOC	relative	to	its	reference	state	(a = 1)	and

thus	expresses	its	thermodynamic	potential	(Schwarzenbach	et	al.,	2002).	The	chemical	activity	of	a	substance	is	equal	in	all	phases	of	an	equilibrated	system,	and	differences	in	chemical	activity	(i.e.,	differences	in	thermodynamic

potential)	drive	 spontaneous	processes	 such	as	diffusion	and	partitioning	 (Reichenberg	and	Mayer,	2006).	These	 rules	 are	 true	 regardless	 of	 the	heterogeneity,	 the	organic	matter	quality,	 and	 the	 sorptive	 capacity	 of	 the	matrix.

Assessing	 ratios	 in	 chemical	 activities	 between	 environmental	media	 can	 thus	 be	 utilized	 to	 investigate	 environmental	 processes	 and	 to	 discover	 new	 phenomena:	 Jahnke	 et	 al.	 (2014)	measured	 the	 thermodynamic	 potential	 of

polychlorinated	biphenyls	(PCBs)	in	sediment	and	eels	from	the	same	lake	and	found	PCBs	in	eel	to	be	under-equilibrated	relative	to	the	sediment	even	though	the	biota	to	sediment	accumulation	factors	exceeded	one.	Gilbert	et	al.

(2014)	found	motile	microorganisms	to	co-transport	PAHs	within	a	chemical	activity	gradient	of	1 mm	and	by	that	enhance	mass	transfer	of	HOCs	through	diffusive	boundary	layers.	Smith	et	al.	(2013)	found	that	PAHs	exerting	no	or

limited	toxicity	at	saturation	when	tested	 individually	can	form	toxic	mixtures	due	to	solubility	and	activity	addition.	 .	To	the	best	of	our	knowledge,	studies	on	chemical	activity	ratios	of	HOCs	 in	WWTP	sludge	have	not	yet	been

reported.

Chemical	activity	can	be	determined	with	equilibrium	sampling	devices	 that	utilize	 the	partitioning	of	 freely	dissolved	molecules	between	a	matrix	and	a	polymer	 reference	phase	 (Mayer	et	al.,	2003).	The	partitioning	of

molecules	between	matrix	and	polymer	 is	driven	by	differences	 in	 the	 initially	 low	chemical	activity	of	 the	compound	 in	 the	polymer	compared	 to	 the	higher	chemical	activity	 in	 the	sample	 (Legind	et	al.,	2007),	until	 reaching	a

thermodynamic	equilibrium	(i.e.,	the	same	chemical	activity	in	polymer	and	sample).

Artola-Garicano	et	al.	(2003)	applied	Direct	Immersion	Solid	Phase	Microextraction	(DI-SPME)	to	measure	the	Cfree	of	polycyclic	musks	in	aqueous	suspensions	of	WWTP	sludge.	They	investigated	various	fractions	from	influent

to	secondary	sludge,	which	was	the	final	product	in	the	studied	WWTPs.	They	found	(1)	that	Cfree	varied	much	less	than	Ctotal	during	the	treatment	process	and	(2)	that	Cfree	were	largely	constant	and	in	some	cases	even	increased

between	influent	and	effluent	despite	a	high	removal	rate	of	these	compounds	due	to	sorption	to	sludge	constituents.	This	observation	leads	to	the	crucial	question	of	what	actually	happens	to	the	sludge-bound	HOCs	in	the	digestion

process	 following	the	aerobic	WWTP	steps.	 Investigating	this	question,	however,	requires	new	analytical	methods,	since	a	major	 limitation	of	DI-SPME	is	 the	risk	of	damaging	the	 fiber	during	agitation	 in	solid	matrices	with	high

viscosity	(Souza-Silva	et	al.,	2015).	So	far	other	passive	sampling	methods	have	not	been	used	for	the	analysis	of	trace	contaminants	in	WWTP	sludge	(Lindholm-Lehto	et	al.,	2017).

The	present	study	applied	negligible	depletion	equilibrium	sampling	with	silicone-coated	jars	of	multiple	coating	thicknesses	(Reichenberg	et	al.,	2008;	Reichenberg	and	Mayer,	2006)	to	secondary	and	digested	sludge.	This

equilibrium	sampling	methodology	has	a	built-in	quality	control	for	(1)	confirming	equilibrium	sampling	without	time	series	measurements	and	(2)	detecting	the	absence	of	artefacts,	such	as	silicone	surface	abrasion,	adsorption	on	the

silicone	surface,	and	sample	depletion.	Due	to	proportionality	between	PAH	concentrations	in	silicone	(Csilicone)	and	chemical	activity,	Csilicone	values	can	without	further	conversion	give	valuable	information	as	changes	in	Csilicone	follow

changes	in	the	thermodynamic	potential	(Reichenberg	et	al.,	2008).	Further,	Cfree	can	be	determined	from	Csilicone	using	silicone-	and	analyte-specific	silicone	to	water	partition	coefficients	(Ksilicone,	water):



Equilibrium	sampling	using	jars	coated	with	multiple	thicknesses	of	silicone	has	successfully	been	applied	for	studying	HOCs	in	soil	(Reichenberg	et	al.,	2008;	Määenpää	et	al.,	2011),	marine	(Jahnke	et	al.,	2012;	Schmidt	et	al.,

2017),	lake	(Jahnke	et	al.,	2014),	and	river	sediments	(Schäfer	et	al.,	2015).

Parent	and	alkylated	PAHs	were	used	as	model	HOCs.	The	objectives	of	the	present	study	were:	 i)	validation	of	the	equilibrium	sampling	methodology	when	applied	on	sewage	sludge,	 ii)	determination	of	activity	ratios	to

quantify	differences	 in	 the	 thermodynamic	potential	 of	 target	PAHs	within	and	between	 four	different	WWTPs,	 and	 iii)	 comparison	of	PAH	exposure	 levels	 in	 sludge	 from	Danish	WWTPs	 to	 environmental	 background	 levels.	The

technical	 hypothesis	was	 that	 coated	 jars	with	multiple	 silicone	 thicknesses	 enable	 equilibrium	 sampling	 of	 PAHs	 in	 very	 complex	 sludge	matrices.	 If	 so,	 equilibrium	 sampling	 can	 reveal	 differences	 between	 the	 thermodynamic

potential	of	PAHs	in	secondary	and	digested	sludge.	The	scientific	hypothesis	was	that	chemical	activities	of	PAHs	remain	rather	constant	during	the	digestion	process	due	to	limited	PAH	degradation	and	buffering	of	PAH	exposure	by

the	matrix.	Contrarily,	decreases	in	chemical	activities	would	indicate	PAH	degradation	or	increased	sorption,	whereas	increasing	chemical	activities	could	indicate	a	decrease	in	sorptive	capacity.

2	Materials	and	methods
2.1	Chemicals	and	solvents

PAH	quantification	standard	consisted	of	19	parent	PAHs	including	the	16	US	EPA	PAHs	and	benzo(e)pyrene,	perylene,	and	dibenzothiophene.	2-methylphenanthrene,	3,6-dimethylphenanthrene,	1,2,6-trimethylphenanthrene,

and	1,2,6,9-tetramethylphenanthrene	were	used	to	quantify	alkylated	phenanthrenes.	For	a	full	list	of	PAHs	used	for	quantification	and	the	corresponding	deuterated	internal	standards	see	Table	A.1	(supplementary	data).	All	PAHs	and

deuterated	 PAHs	 were	 acquired	 from	 CIL	 (Cambridge,	 UK,	 purity	 >97%).	 From	 the	 mixture	 of	 unlabeled	 PAHs,	 seven	 calibration	 solutions	 were	 prepared	 in	 isooctane	 (pro	 analysis	 grade,	 Merck)	 in	 the	 concentration	 range

3–300 ng/mL.	The	mixture	of	deuterated	internal	standards	was	prepared	in	isooctane	and	had	a	concentration	of	each	compound	of	300 ng/mL.	The	PAH	quantification	standard	and	deuterated	internal	standard	mixture	were	further

diluted	20	times	in	ethyl	acetate	(>99.7%,	Sigma-Aldrich)	before	addition	of	200 μL	to	each	of	the	4 mL	extracts.	The	final	internal	standard	concentration	was	0.75 ng/mL.

2.2	Sludge	samples
Secondary	and	digested	sludge	samples	were	collected	from	three	WWTPs	in	Denmark	in	October	2014.	From	a	fourth	Danish	WWTP,	dewatered	digested	sludge	was	sampled	in	July	2014	and	used	in	a	small	validation	test.	All

studied	WWTPs	are	of	the	type	mechanical,	biological	nitrification,	denitrification,	and	chemical	treatment	and	perform	anaerobic	digestion	of	the	sludge.	Digested	sludge	from	WWTPs	I-III	is	used	directly	as	soil	amendment,	whereas

sludge	from	WWTP	IV	is	composted	for	ten	weeks	to	reduce	levels	of	regulated	contaminants	before	land	application.	See	Table	1	for	a	detailed	description	of	the	four	WWTPs.	All	samplings	were	performed	once	as	grab	sampling	from

large	containers	with	continuous	circulation,	and	the	samples	are	thus	considered	representative.	For	secondary	sludge,	the	sampling	was	performed	by	grabbing	sludge	from	the	top	of	large	basins	with	a	plastic	bucket.	For	digested

sludge,	the	sampling	was	performed	by	tapping	from	the	bottom	of	the	digestion	tank.	In	both	cases,	approximately	10 L	sludge	was	collected.	At	WWTP	IV,	the	dewatered	digested	sludge	was	collected	from	the	rotor	snail	just	before

the	sludge	entered	trucks	for	transportation	away	from	the	WWTP.	Approximately	5 kg	dewatered	digested	sludge	was	sampled.	In	all	cases,	20-L	plastic	buckets	were	used	as	sampling	and	storage	containers.	The	sludge	samples	were

stored	at	4 °C	in	a	temperature-controlled	room	overnight	before	equilibrium	sampling	was	started	(within	24 h).	Dry	weight	was	determined	gravimetrically	by	weighing	sludge	before	and	after	drying	at	105 °C	for	24 h.	The	content	of

organic	matter	was	determined	gravimetrically	by	weighing	sludge	before	and	after	loss	on	ignition	of	the	dried	sludge	at	550 °C	over	night	(Nelson	and	Sommers,	1996).

Table	1	Characteristics	of	the	studied	WWTPs,	total	PAH	concentrations,	and	physical	parameters.

alt-text:	Table	1

WWTP Size,	PEa: Catchment	area: PAH	concentrations,	exhaustive	extraction	in	digested	sludge	(mg/kg	DW)b,c Sludge	sample	type: Physical	parameters

Ace Flo Phe Flu Pyr BbF BaP Ipyr BghiP Total	PAH DW	(%)d Organic	matter	(%)e

I 200.000 Mixed	domestic	and	industry 0.06 0.12 0.56 0.78 0.71 0.76f 0.43 0.26 0.32 4.0g Secondary 1.9 ± 0.35 66 ± 0.12

Digested 3.1 ± 0.08 52 ± 0.12

II 420.000 Mixed	domestic	and	industry 0.7 Secondary 1.7 ± 0.01 73 ± 0.63

Digested 4.5 ± 0.01 62 ± 0.13

III 30.000 Domestic <0.05 <0.05 0.257 0.504 0.469 0.345 0.221 0.137 0.279 2.6h Secondary 2.2 ± 0.15 68 ± 0.20

(1)



Digested 2.9 ± 0.04 47 ± 0.46

IV 120.000 Mixed	domestic	and	industry <0.05 <0.05 0.545 0.416 0.324 0.215 0.151 0.108 0.128 2.0 Digested	and	dewatered 29.1i 47.7i

a PE:	Population	Equivalents.
b Ace:	Acenaphthene,	Flo:	Fluorene,	Phe:	Phenanthrene,	Flu:	Fluoranthene,	Pyr:	Pyrene,	BbF:	Benzo(b)fluoranthene,	BaP:	Benz(a)pyrene,	Ipyr:	Indeno(1,2,3-cd)pyrene,	BghiP:	Benzo(ghi)perylene.
c Total	PAH	concentrations	are	determined	regularly	in	sludge	from	Danish	WWTPs,	and	the	data	were	kindly	provided	by	the	four	WWTPs.	The	data	are	based	on	a	composite	sample	obtained	by	grab	sampling	once	a

day	for	ten	days	distributed	over	a	month.	For	WWTP	I,	the	analysis	was	performed	by	Eurofins	Miljø	A/S	(Ladelundvej	85,	DK-6600	Vejen,	Denmark)	according	to	their	M	0068 GC/MS	method.	For	WWTPs	III	and	IV,
the	analysis	was	performed	by	the	ISO-accredited	AGROLAB	(Dr.-Pauling-Str.	3,	DE-84079	Bruckberg,	Germany)	according	to	the	VDLUFA	VII,	3.3.3	method.
dDry	weight	was	determined	gravimetrically	by	weighing	sludge	before	and	after	drying	at	105 °C	for	24 h	(±absolute	deviation,	n = 2).
e Content	of	organic	matter	(percentage	of	dry	weight)	was	determined	by	loss	on	ignition	at	550 °C	for	24 h	(±absolute	deviation,	n = 2).
f Benzo(b	+	j	+	k)fluoranthene.
g The	specific	batch	of	sludge	was	not	used	as	fertilizer	as	the	total	PAH	content	exceeded	Danish	threshold	values	(max	3.0 mg/kg	DW).
h This	value	includes	benzo(j)fluoranthene	and	benzo(k)fluoranthene.
iData	provided	by	the	WWTP.

2.3	Equilibrium	sampling
120-mL	amber	jars	(Identipack	B.V.,	the	Netherlands)	were	coated	on	their	inner	vertical	walls	with	different	silicone	coating	thicknesses	as	described	in	detail	by	Schmidt	et	al.	(2017).	The	jars	were	closed	with	airtight	lids	with

PTFE	lining	(Identipack	B.V.,	the	Netherlands).	The	exact	mass	of	silicone	in	each	jar	after	curing	and	cleaning	with	1 × 20 mL	ethanol	and	2 × 20 mL	ethyl	acetate	(each	for	30 min)	was	determined	gravimetrically	using	a	four	digit

balance.	The	corresponding	average	silicone	thicknesses	were	2.5 ± 0.2 μm	(n = 9),	4.1 ± 0.4 μm	(n = 12),	7.2 ± 0.5 μm	(n = 9),	and	13.5 ± 1.1 μm	(n = 11),	respectively.

The	total	of	six	secondary	and	digested	sludge	samples	(each	10 L)	from	WWTPs	I-III	were	homogenized	before	transfer	of	100 g	sludge	aliquots	of	each	of	the	samples	to	coated	jars	with	2.5,	4.1,	7.2,	and	13.5 μm	silicone,

respectively.	One	mL	aqueous	2%	sodium	azide	(≥99%,	Riedel-de	Häen,	Germany)	solution	was	added	to	each	jar	to	inhibit	biodegradation	and	gas	development	during	the	time	of	equilibration.	The	jars	were	then	sealed	tight	and

rolled	horizontally	on	a	Ratek	roller	mixer	(Ratek	Instruments	Pty	Ltd,	Australia)	at	20 °C	at	the	maximum	speed	of	60 rpm	for	three	weeks.	Coated	jars	with	99 mL	deionized	water	and	1 mL	2%	sodium	azide	solution	were	used	as

controls	and	treated	like	the	jars	with	sludge.

For	the	validation	test	with	dewatered	digested	sludge	from	WWTP	IV,	20 g	sludge	was	transferred	to	each	jar	with	a	metal	spatula	and	80 mL	0.0125%	sodium	azide	solution	was	added	before	rolling.	One	set	of	 jars	was

equilibrated	for	one	week	and	another	set	of	 jars	for	three	weeks	in	order	to	enable	the	comparison	of	Csilicone	obtained	after	different	equilibration	times.	Coated	jars	with	20 mL	deionized	water	and	80 mL	0.0125%	sodium	azide

solution	served	as	controls	for	this	test.

After	equilibration,	the	sludge	was	poured	off	and	the	jars	were	vigorously	shaken	with	2 × 2 mL	deionized	water	before	they	were	gently	wiped	with	lint-free	tissue	to	remove	any	remaining	sludge	and	water.	After	cleaning,	the

sealed	jars	were	stored	at	4 °C	until	extraction.	The	jars	were	extracted	within	a	week	after	equilibration	using	the	following	procedure:	2 mL	ethyl	acetate	(GCMS	grade,	Merck,	SupraSolv,	Germany)	was	added	to	each	jar,	the	jars

were	sealed	and	then	rolled	horizontally	at	60 rpm	for	30 min.	The	extracts	were	transferred	with	glass	Pasteur	pipettes	to	10-mL	glass	vials	with	air	tight	lids.	The	extraction	was	repeated	with	a	fresh	portion	of	2 mL	ethyl	acetate	and

the	extracts	were	combined	and	stored	at	−80 °C	until	chemical	analysis.

2.4	Chemical	analysis
Without	further	treatment	than	addition	of	internal	standards,	the	extracts	were	analyzed	using	a	method	based	on	gas	chromatography	coupled	to	mass	spectrometry	with	electron	ionization	(GC-MS	EI)	as	described	in	detail

by	Gallotta	and	Christensen	(2012).	The	oven	program	was	modified	and	a	Programmed	Temperature	Vaporizing	(PTV)	solvent	inlet	was	used	instead	of	a	split/splitless	inlet	to	allow	large	volume	injection.	The	injection	volume	was	20 μL.

Detailed	information	on	the	GC-MS	method	is	provided	in	Appendix	A (Should	this	be	"supplementary	data"	instead	of	Appendix	A?).	Both	procedural	blanks	consisting	of	pure	ethyl	acetate	and	the	extracts	from	the	control	jars	were	included

in	the	chemical	analysis.

Enhanced	ChemStation,	MSD	ChemStation	D.03.00.611	(Agilent	Technologies),	was	used	to	integrate	peaks,	which	were	all	manually	checked.	Calibration	curves	were	linear	and	forced	through	the	origin	as	the	intercepts



were	not	significantly	different	from	zero.	Decision	limits	(DLs),	defined	as	the	minimum	single	result	which,	with	a	stated	probability,	can	be	distinguished	from	a	suitable	blank	value,	were	used	as	detection	limits	(IUPAC,	2010).	DLs

were	calculated	using	the	formula:

where	 tα,d.f.,1	 is	 the	 critical	 value	 of	 the	 t	 distribution	 at	 α	 significance	 level,	 i.e.,	 the	 risk	 of	 obtaining	 a	 result > DL	 for	 a	 blank	 sample	 with	 n-1	 degrees	 of	 freedom	 (d.f.),	 s	 is	 the	 standard	 deviation	 on	 the	 lowest	 calibration

concentration	from	four	runs,	and	a	the	average	slope	of	the	calibration	curves	from	these	four	runs.	All	data	above	DL	with	a	significance	level	of	10%,	i.e.,	confidence	interval	at	90%,	was	used.	However,	for	perylene,	indeno(1,2,3-

cd)pyrene,	dibenzo(a,h)anthracene,	and	benzo(ghi)perylene	all	data	were	used	even	though	a	few	points	were	below	the	DL	(but > DL	when	the	significance	level	was	set	to	20%),	as	the	resulting	single	points	of	PAH	masses	were	used

in	the	function	PAH	mass	plotted	versus	silicone	mass	subjected	to	quality	control,	as	described	in	section	3.1.	below.	DLs	(α = 10%)	ranged	from	0.03	to	1.99	ng/jar	(see	all	DLs	in	Table	A.2,	supplementary	data).

2.5	Determination	of	KD	values
Sludge	to	water	distribution	coefficients,	KD,	were	determined	based	on	experimental	data	and	compared	to	estimated	KD	values.	Experimental	KD	values	were	calculated	as	the	ratio	of	total	concentration	over	Cfree	for	PAHs

where	data	was	available.	Total	concentration	data	was	kindly	provided	by	the	WWTPs	and	is	listed	in	Table	1,	and	Cfree	was	calculated	from	Eq.	(1)	using	the	Csilicone	data	obtained	by	equilibrium	sampling	and	silicone	to	water	partition

coefficients	by	Humel	et	al.	(2017).

KD	values	were	estimated	using	the	equation:

where	foc	 is	 the	 fraction	of	organic	carbon	 in	 the	sludge	and	Koc	 is	 the	organic	carbon	 to	water	partition	coefficient,	obtained	 from	EPI	Suite	 (US	EPA,	2017).	As	only	 the	 fraction	of	organic	matter	 (and	not	 the	 fraction	of	organic

carbon)	was	measured	on	the	studied	samples,	foc	was	estimated	based	on	a	reported	total	organic	carbon	content	in	digested	sewage	sludge	of	344 mg/g	DW	(Svahn	and	Björklund,	2015),	and	the	determined	organic	matter	content	in

digested	sludge	from	WWTPs	I-III	(Table	1).	The	average	estimated	foc	was	0.67	which	is	in	good	agreement	with	the	fraction	of	organic	carbon	in	natural	organic	matter,	generally	being	in	the	range	of	40–60%	(Schwarzenbach	et	al.,

2002).

3	Results	and	discussion
3.1	Method	validation

The	secondary	and	digested	sludge	samples	from	WWTPs	I-III	were	equilibrated	for	three	weeks	in	jars	with	identical	geometry	but	different	silicone	masses.	The	measured	mass	of	a	given	PAH	(ng)	was	plotted	against	the

exact	silicone	mass	(g)	for	the	particular	coated	jar	applied,	and	a	linear	regression	(unweighted,	forced	through	the	origin)	was	then	fitted	to	these	data	(Fig.	1).	The	slope	of	this	regression	is	Csilicone	expressed	in	ng/g.	Proportionality

confirmed	equilibrium	as	well	as	the	absence	of	sampling	artefacts	resulting	from,	e.g.,	analyte	depletion	or	silicone	abrasion	(Reichenberg	et	al.,	2008).	Equilibrium	concentrations	were	(1)	deemed	valid	when	R2 > 0.60	and	the	relative

standard	error	(RSE) < 20%	and	(2)	categorized	as	highly	precise	when	R2 > 0.70	and	RSE<10%	(Schmidt	et	al.,	2017).	Examples	of	highly	precise,	valid,	and	non-valid	concentrations	are	provided	in	supplementary	data	(Fig.	A.1).	Of	all

determined	concentrations,	83%	were	deemed	valid	and	of	these	71%	were	categorized	as	highly	precise.

(2)

(3)



For	the	validation	test	with	sludge	from	WWTP	IV,	equilibrium	sampling	was	performed	for	one	and	for	three	weeks.	Fig.	2	shows	Csilicone	equilibrated	with	dewatered	digested	sludge	for	three	weeks	against	the	same	measure

for	one	week	of	equilibration.	All	Csilicone	values,	with	benzo(k)fluoranthene	as	the	only	exception,	were	the	same	or	slightly	elevated	(within	a	factor	two)	after	three	weeks	of	equilibration	compared	to	results	obtained	after	one	week.

Using	a	t-test	for	different	slopes	of	two	lines,	17	out	of	the	23	analyzed	PAHs	had	no	statistically	significantly	different	Csilicone	when	equilibrated	for	one	week	compared	to	three	weeks.	Although	all	jars	with	sludge	from	WWTPs	I-III

were	equilibrated	for	three	weeks,	the	validation	test	confirms	one	week	to	be	sufficient	time	for	equilibrium	sampling	of	PAHs	in	sludge.	The	quality	of	the	data	in	Fig.	2	demonstrates	the	good	quality	of	the	methodology,	both	the

equilibrium	sampling	and	the	chemical	analysis.

3.2	Thermodynamic	levels	and	activity	ratios	of	PAHs

Fig.	1	Masses	of	three	measured	PAHs	(ng)	plotted	against	the	silicone	mass	(g)	in	the	jars	equilibrated	with	sludge.	A)	Phenanthrene,	B)	Benzo(a)anthracene,	and	C)	Benz(e)pyrene,	representative	for	3-ringed,	4-ringed,	and	5-ringed	PAHs.	Proportionality	confirms	equilibrium

partitioning	of	the	analytes	between	silicone	and	sludge,	and	the	slope	is	Csili (The	arrows	should	also	be	subscript)cone sludge.	Circles:	secondary	sludge.	Squares:	digested	sludge.	Data	from	WWTP	I.	All	data	series	were	categorized	as	“highly	precise”,	except	for	phenanthrene	in	digested

sludge	which	was	categorized	as	“valid”.	Csilic (The	arrows	should	also	be	subscript)one sludge ± SEM	(ng/g),	R2	and	RSE	(%)	for	the	shown	data	are	provided	below	the	graph.
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Fig.	2	For	WWTP	IV,	equilibrium	sampling	was	performed	for	one	and	three	weeks	on	the	same	sludge	sample.	This	graph	shows	Csilicone	when	equilibrated	with	dewatered	digested	sludge	for	three	weeks	against	the	same	measure	for	one	week	of	equilibration.	The	solid	line	is	1:1.

Shaded	area	indicates	a	factor	2	deviation	from	the	solid	line.	Closed	symbols	are	parent	PAHs,	and	open	symbols	are	alkylated	phenanthrenes.	Error	bars	are	SEM	of	the	linear	regression	used	to	obtain	Csilicone	and	are	in	many	cases	smaller	than	the	symbols.
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The	level	and	range	in	Csilicone	for	the	parent	PAHs	in	digested	sludge	was	similar	in	the	four	different	WWTPs	(WWTP	I:	10–558 ng/g,	WWTP	II:	24–233 ng/g,	WWTP	III:	48–555 ng/g,	and	WWTP	IV:	19–670 ng/g).	For	digested

sludge,	phenanthrene,	fluoranthene,	and	pyrene	had	the	highest	Csilicone	in	all	four	WWTPs	(All	Csilicone	values	are	shown	in	Table	A.3,	supplementary	data).	This	observation	correlates	well	with	the	reported	high	total	concentrations	for

these	 three	PAHs	 (Table	1).	 The	 level	 and	 range	 in	Csilicone	 for	 the	 alkylated	phenanthrenes	differed	more	 in	digested	 sludge,	 as	WWTP	 I	 showed	589–1100 ng/g,	WWTP	 II	548–2603 ng/g,	WWTP	 III	 1696–3526 ng/g,	 and	WWTP	 IV

1202–2769 ng/g.	 To	 compare	 the	 thermodynamic	 potentials	 of	 PAHs	 in	 secondary	 and	digested	 sludge,	Csilicone	 equilibrated	with	 digested	 sludge	 (Csilicone⇌digested	 sludge)	was	 plotted	 against	Csilicone	 equilibrated	with	 secondary	 sludge

(Csilicone⇌secondary	sludge)	in	Fig.	3	(results	from	WWTP	I-III).	The	activity	ratio	(AR)	was	defined	as:

The	chemical	activities	in	digested	and	secondary	sludge	are	identical	when	AR	 is	1.	With	the	exception	of	benzo(b)fluoranthene	in	WWTP	I,	all	ARs	were	above	one.	Further,	all	ARs	(except	phenanthrene	in	WWTP	I)	were

within	a	factor	of	10.	ARs	above	one	thus	revealed	elevated	thermodynamic	potential	of	PAHs	in	digested	compared	to	secondary	sludge	for	all	measured	PAHs	in	all	three	WWTPs	(total	n = 35).	The	potential	PAH	exposure	to	organisms

as	well	as	the	fraction	of	PAHs	in	the	sludge	available	for	uptake,	leaching,	and	transformation	processes	was	thus	higher	in	digested	compared	with	secondary	sludge.	Possible	explanations	for	this	observed	increase	in	thermodynamic

potential	are:	1)	Matrix	heterogeneity	and	temporal	variation	in	the	PAH	loading	of	the	sludge,	as	the	secondary	and	digested	sludge	from	each	WWTP	were	sampled	at	the	same	day	and	thus	not	from	exactly	the	same	sludge.	2)

Formation	of	PAHs	during	the	digestion	process.	3)	Decrease	in	sorptive	capacity	of	the	sludge	matrix	due	to	degradation	of	organic	matter	which	leads	to	an	increase	in	Cfree	(and	thereby	the	thermodynamic	potential).	In	the	following,

these	possible	explanations	are	discussed:

1 In	previous	studies,	Cfree	showed	less	spatial	heterogeneity	and	temporal	variability	than	total	concentrations	(Artola-Garicano	et	al.,	2003;	Ter	Laak	et	al.,	2007),	and	were	much	less	matrix-dependent.	Measuring	Cfree	thus	reduces	the	potential	problems	arising	from

interpretation	of	highly	variable	total	concentration	data	based	on	grab	sampling.	Major	temporal	variation	in	influent	concentrations	has	previously	been	demonstrated	to	result	from	substantial	rainfall	leading	to	dilution	(Fendinger	et	al.,	1995).	In	our	study,	the	six

weeks	prior	sampling	were	relatively	dry	without	extreme	rainfall	events	(DMI,	2017),	and	exceptional	variation	in	concentration	levels	in	influent	over	time	is	thus	not	expected	in	the	studied	WWTPs.	Cfree	of	HOCs	in	suspensions	compared	to	total	concentrations	are

much	less	affected	by	dilution	when	the	matrix	buffers	Cfree	(Ter	Laak	et	al.,	2007;	Reichenberg	and	Mayer,	2006),	based	on	observations	by	Artola-Garicano	and	coworkers	(2003)	on	polycyclic	musks	in	WWTP	sludge	suspensions.	In	addition	to	this,	little	variation	was

observed	 in	PAH	composition	and	temporal	concentrations	 in	WWTP	 influent	 in	a	resent	Chinese	study	 (Liu	et	al.,	2017).	Therefore,	we	expect	 the	observed	 increase	 in	chemical	activity	 in	digested	compared	with	secondary	sludge	 to	be	attributed	 to	processes

occurring	during	the	digestion	process	rather	than	temporal	variations	in	influent	concentrations.	Furthermore,	the	increased	ARs	are	a	consistent	observation	for	all	PAHs	in	all	three	WWTPs.

2 Besides	having	pyrogenic	and	petrogenic	origin,	selected	PAHs	can	also	form	naturally	by	rapid	diagenetic	transformations	of	biological	precursors.	These	biogenic	PAHs	include	perylene,	retene,	and	alkylated	derivatives	of	chrysene	and	picene	(Wakeham	and	Canuel,

2016).	However,	the	increase	in	ARs	in	the	present	study	was	observed	for	all	measured	PAHs	and	not	exclusively	for	perylene,	the	only	biogenic	PAH	that	was	measured.

3 The	degradation	of	organic	carbon	has	earlier	been	used	to	explain	an	observed	“disequilibrium”	in	chemical	activities	between	environmental	compartments	(Jahnke	et	al.,	2014).	The	content	of	organic	matter	in	the	studied	sludge	samples	decreased	by	11–21%	(Table

1)	during	the	sludge	digestion	process,	and	the	observed	consistent	increase	in	chemical	activity	could	thus	be	explained	by	a	decrease	in	sorptive	capacity.	This	observation	is	in	principle	analogous	to	the	process	of	biomagnification,	where	the	chemical	activity	of

(4)

Fig.	3	Activity	ratios	(ARs)	of	parent	(closed	symbols)	and	alkylated	(open	symbols)	PAHs	for	three	Danish	WWTPs,	presented	as	Csilicon (The	arrows	should	also	be	subscript)e digested	sludge	against	Csilicon (The	arrows	should	also	be	subscript)e secondary	sludge.	The	solid	lines	indicate	equal	ARs	in

digested	and	secondary	sludge.	Closed	symbols	are	parent	PAHs	and	open	symbols	are	alkylated	phenanthrenes.	Error	bars	are	the	SEM	of	the	linear	regression	used	to	obtain	Csilicone	and	are	in	many	cases	smaller	than	the	symbols.	Shaded	areas	are	a	factor	5	deviation	from	the	1:1

line.
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HOCs	increases	in	the	gut	of	a	predator	compared	to	that	in	the	prey	because	of	the	decrease	of	sorptive	capacity,	in	that	case	digestion	of	lipids.	In	fact,	the	major	part	of	the	organic	matter	removed	during	the	hydrolysis	of	the	sludge	digestion	is	lipids	(van	Lier	et	al.,

2008),	but	as	sludge	digestion	is	a	man-made	process,	the	term	“solvent	depletion”	seems	more	appropriate	than	“biomagnification”.	Macdonald	et	al.	(2002)	introduced	“solvent	switching”	and	“solvent	depletion”	to	explain	bioconcentration	and	biomagnification	in

the	environment.	Solvent	switching	is	basically	describing	partitioning,	such	as	from	water	into	organisms	(bioconcentration)	or	to	WWTP	sludge.	This	phenomenon	can	lead	to	an	increase	in	concentration	but	not	in	chemical	activity.	Contrarily,	solvent	depletion	refers

to	the	removal	of	part	of	the	matrix	that	the	chemical	is	dissolved	in	(as	the	digestion	of	lipids	in	biomagnification)	and	leads	to	increases	in	concentration	and	in	chemical	activity.	Evaporative	enrichment	of	solvent	extracts	in	the	analytical	laboratory	is	a	good	example

where	solvent	removal	leads	to	an	increase	in	analyte	concentration	and	chemical	activity.	The	concept	of	solvent	depletion	has	recently	been	used	to	explain	the	increase	in	thermodynamic	potential	of	persistent	lipophilic	organic	pollutants	in	human	serum/plasma

during	weight	loss	where	lipid	tissue	is	depleted	(Li	and	Wania,	2017).	For	PAHs	and	other	HOCs	in	the	environment,	it	is	the	organic	matter	that	serves	as	a	“solvent”	(i.e.,	the	sorptive	phase),	and	it	is	well	established	that	part	of	this	organic	matter	is	degraded	during

the	sludge	digestion	process	(van	Lier	et	al.,	2008).	The	observed	declines	in	organic	matter	(Table	1)	and	simultaneous	increases	in	chemical	activity	(Fig.	3)	during	sludge	digestion	are	in	excellent	agreement	with	the	solvent	depletion	concept.

On	average,	the	ratio	of	organic	matter	in	secondary	sludge	to	digested	sludge	was	1.3 ± 0.1.	It	could	then	be	expected	that	the	observed	ARs	would	be	in	the	same	range.	However,	in	Fig.	4,	the	ARs	are	plotted	against	logKow,

showing	the	highest	ARs	for	the	less	hydrophobic	PAHs	(logKow<6)	and	ARs	close	to	1.3	for	the	more	hydrophobic	PAHs	(logKow>6).

Furthermore,	the	KD	values	determined	from	measured	data	are,	with	the	exception	of	flourene	in	WWTPs	III	and	IV,	0.4–2	log	units	higher	than	estimated	KD	values	derived	from	Koc	and	the	estimated	fraction	of	organic	carbon

(shown	in	Fig.	A.2.,	supplementary	data).	Although	both	the	determined	and	the	estimated	KD	values	are	partly	based	on	assumptions,	the	data	indicate	that	simple	phase	partitioning	into	amorphous	organic	matter	is	not	the	only

sorption	mechanism	for	PAHs	in	WWTP	sludge.	Adsorption	to	high-affinity	sites	as,	e.g.,	black	carbon	may	be	another	important	mechanism.	The	source	of	black	carbon	to	WWTPs	is	road	runoff	and	there	might	also	be	differences	in

the	black	carbon	contribution	to	the	wastewater.	Further	investigations	and	research	are	needed	to	elucidate	the	phenomenon	of	solvent	depletion	and	its	effect	on	thermodynamic	potential	of	HOCs	and	its	impact	on	complex	matrices

such	as	sewage	sludge,	which	consist	of	several	different	sorptive	phases	(including	lipids,	amorphous	carbon,	black	carbon,	and	dissolved	organic	carbon).

Time	series	measurements	of	the	thermodynamic	potential	of	PAHs	and	other	HOCs,	as	well	as	measurements	of	changes	in	the	different	pools	of	sorbents	during	the	sludge	digestion	process,	are	needed	in	future	work	to

further	elucidate	the	observed	high	ARs	for	PAH	with	logKow	<	6.	The	change	in	thermodynamic	potential	of	other	HOCs	than	PAHs,	both	during	a	digestion	process	and	over	the	whole	WWTP	chain,	is	needed	to	better	understand	the

treatment	process	with	respect	to	HOCs	and	to	better	characterize	exposure	levels.	From	an	environmental	point	of	view,	the	less	hydrophobic	PAHs	are	less	bioactive	than	the	more	hydrophobic	PAHs,	but	the	up	to	20	fold	increase	in

exposure	concentrations	in	a	matrix	which	is	commonly	used	as	soil	amendment	needs	further	investigation	and	consideration.

3.3	Comparison	of	freely	dissolved	PAH	concentrations	in	digested	sludge	to	environmental	background	levels
Cfree	was	calculated	in	digested	sludge	from	the	four	WWTPs	by	applying	Eq.	(1)	and	silicone-specific	partition	coefficients	(Humel	et	al.,	2017)	(Table	2).	As	digested	sludge	is	applied	to	agricultural	land,	sludge	is	a	potential

source	of	PAHs	to	the	soil	as	well	as	to	the	aquatic	environment,	having	the	sea	sediment	as	final	recipient.	If	Cfree	(and	thereby	chemical	activity)	in	the	sludge	was	substantially	higher	than	the	reported	levels	in	soil	and	sediment,	then

these	environmental	compartments	could	potentially	act	as	a	sink	for	the	sludge	associated	PAHs.	The	optimal	comparison	would	have	been	to	Cfree	data	from	pore	water	in	Danish	soils	as	these	are	the	recipients	of	the	studied	sludges.

However,	to	the	best	of	our	knowledge,	Cfree	values	of	PAHs	have	not	been	reported	for	Danish	soils	yet;	hence,	the	comparison	is	made	with	data	from	Switzerland.	The	obtained	Cfree	data	(Table	2)	were	4–9	times	elevated	compared	to

Cfree	in	pore	water	of	rural	Swiss	soils	(Bartolomé	et	al.,	2018),	which	was	in	the	low	ng/L	range	(Table	2).	Lang	et	al.	(2015)	found	that	the	sum	of	nine	PAHs	was	2.7–8.5 ng/L	in	the	top	2 cm	of	Baltic	Sea	sediment,	as	determined	by	SPME.

Fig.	4	Activity	ratio	(AR)	as	a	function	of	the	analyte	logKow	(Mackay	et	al.,	2006)	for	WWTPs	I-III	(total	n = 27).	The	broken	line	is	1.3	which	corresponds	to	the	secondary:digested	organic	matter	ratio.
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Cfree	of	anthracene,	fluoranthene,	and	pyrene	in	digested	sludge	were	at	a	similar	level	(1–3 ng/L)	as	reported	in	Baltic	Sea	sediment,	whereas	Cfree	for	phenanthrene	in	the	digested	sludge	was	2–3	times	higher	in	three	of	the	four

studied	WWTPs.	For	the	fourth	WWTP,	the	level	was	the	same	as	in	sediment	(Table	2).	Application	of	digested	sludge	to	rural	soils	could	potentially	lead	to	increased	PAH	exposure	as	the	Cfree	in	sludge	was	higher	than	in	the	studied

rural	soils.	As	the	determined	Cfree	 levels	 in	digested	sludge	were	at	a	similar	 level	as	Baltic	Sea	sediment	 levels	 for	most	compounds,	 the	sludge	 investigated	here	could	only	be	a	potential	source	of	phenanthrene.	Comparing	to

industrially	contaminated	soils,	PAH	levels	were	on	average	1000	(Bartolomé	et	al.,	2018.)	and	50–400	times	(Humel	et	al.,	2017)	higher	in	Swiss	soils	and	landfill-contaminated	Austrian	soil,	respectively	(Table	2)	than	the	measured	levels

in	the	digested	sludge.

Table	2	Freely	dissolved	concentrations	of	selected	PAHs	(ng/L)	in	digested	sludge	calculated	from	Eq.	(1),	applying	partition	coefficients	from	Humel	et	al.,	2017 (Should	be	Humel	et	al.,	(2017)))	For	WWTP	IV,	Cfree
from	both	one	and	three	weeks	of	equilibration	are	included	in	the	table.

alt-text:	Table	2

Location Cfree	(ng/L)

Phenanthrene Anthracene Fluoranthene Pyrene

WWTP	I,	3	weeks 9.1 1.2 2.4 2.0

WWTP	II,	3	weeks 2.2 0.8 1.1 1.1

WWTP	III,	3	weeks 9.1 1.0 2.6 2.3

WWTP	IV,	1	week 8.0 0.9 3.0 3.2

WWTP	IV,	3	weeks 9.0 1.5 3.1 3.2

Baltic	Sea	sediment,	close	to	Denmarka 3.9 0.8 2.2 1.7

Baltic	Sea	sediment,	inner	Gulf	of	Bothniaa 2.9 0.2 0.6 0.3

Swiss	rural	soilb 1.7 nd 0.28 0.35

Swiss	skeet-contaminated	soilb 2220 115 1500 969

Austrian	landfill	contaminated	soilc 386 138 1012 755

aData	from	Lang	et	al.	(2015).
bData	from	Bartolomé	et	al.	(2018).
cData	from	Humel	et	al.	(2017).

4	Conclusion
Equilibrium	 sampling	with	multiple	 coating	 thicknesses	 of	 silicone	was	 extended	 to	 sewage	 sludge	 to	 investigate	 exposure	 levels	 of	 HOCs,	 represented	 by	 parent	 and	 alkylated	 PAHs.	 The	methodology	was	 successfully

transferred	to	the	very	complex	sludge	matrix.	Differences	in	thermodynamic	potential	were	determined	based	on	measured	equilibrium	concentrations	of	PAHs	in	silicone,	which	for	parent	PAHs	were	similar	across	four	WWTPs	when

comparing	the	same	type	of	sludge.	The	activity	ratios	between	digested	and	secondary	sludge	were	above	one,	indicating	increased	thermodynamic	potential	of	both	parent	and	alkylated	PAHs	in	digested	sludge.	This	means	that	the

exposure	concentration	of	PAHs	was	higher	 in	digested	sludge	compared	to	secondary	sludge,	and	this	observation	can	be	explained	by	solvent	depletion:	The	organic	matter	content	was	reduced	during	the	digestion	process	on

average	by	factor	1.3,	resulting	in	reduced	sorptive	capacity	and	increased	Cfree	of	PAHs.	Plotting	activity	ratios	against	the	corresponding	logKow	revealed	the	tendency	that	the	activity	ratios	decreased	with	increasing	hydrophobicity.

PAH	with	logKow	>	6	had	ARs	close	to	the	organic	matter	decrease	factor	of	1.3,	whereas	PAHs	with	logKow	<	6	showed	higher	ARs	than	1.3.	Comparing	with	existing	data,	application	of	digested	sludge	on	rural	soil	could	potentially	be

a	source	of	PAH	contamination	as	the	Cfree	in	sludge	exceeded	the	reported	levels	in	rural	soil.	Further	research	is	needed	in	order	to	investigate	the	thermodynamic	potentials	of	PAHs	and	other	HOCs	in	WWTP	sludge	in	terms	of

elucidating	phenomena	such	as	solvent	depletion	and	to	address	the	fate	of	HOCs	in	the	soil	environments	receiving	the	sludge.
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