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3)	Object-oriented	 multimedia	fate	models
dynamically	connecting	“Environmental	cells”
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GIS	layers	providing	“cell”	specific:
• Human	population	&	Industry
• Elevation	&	river	network
• Vegetation,	 soil	type	&	landuse
• Environmental	chemistryRecycling

Conceptual	workflow	for	a	framework	 to	deliver	dynamic	multimedia	fate	
prediction	both	in	a	generalised	model	environment	and	GIS	enabled	mode.

Focus	on	the	“real	product”	and	“environmentally	realistic/relevant	forms.

All about NM in the Environment
Where do they go?
What do they turn in to?
How long does it take?
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Fig. 1. Schematic illustrating key issues concerning the disposal fate and 
environmnetal relase pathways of an example “down the drain” 
nanotechnology product (e.g. ZnO ENP containing sunscreen.

1) How much?

2) Where does it go?

3) Will it cause effects?

“Tools for mapping environmental risk across Europe from 
commercial nanoparticles used in consumer products”
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Fig. 1. Schematic illustrating key issues concerning the disposal fate and 
environmnetal relase pathways of an example “down the drain” 
nanotechnology product (e.g. ZnO ENP containing sunscreen.

2) Where does it go?

3) Will it cause effects?

“Tools for mapping environmental risk across Europe from 
commercial nanoparticles used in consumer products”

1) & 2) PECs:
Water:
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3) PNECs:

PART	1 - Water

PART	2 - Soil

1) How much?
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WATER:	Standard	worst	case	RA	– 1)	Exposure

PEC	derivation:
Along	1.2	million km	of	EU	rivers

Assumptions:
• Estimated	actual	production	volumes	for	EU27

(Piccino et	al.,	2012	J	Nanopart Res	14:1109-1120)

• Even	use	EU	wide	(also	NO	point	sources)
• No	WWTP	removal or	“in	river	sedimentation”
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European	Ag	NP		vs.	Ionic	risk	map	(PEC/PNEC)

Ag	NP	PNEC	=	168	ng/L Ag+	PNEC	=	26	ng/L	
Combining	worst	case	90%ile	(no	WWTP	loss	and	no	in-stream	loss)	PEC	with	HC5	(safety	factor	of	5)

• So	as	Ag+ ions	are	more	toxic	than	NPs,	then	either:
1. There	will	be	a	nano Ag	problem	in	EU	waters,	or
2. Using	“standard	worst	case”	is	to	simple!	What	else	to	include?
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Water:	Nano improvements	for	worst	case	RA
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Modelled	nano	Ag	concentrations	without	in-stream	removal

nano	Ag	without	 STP	removal
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HC5	for	Ag+
HC5	for	nano	Ag

WWTP removal of 50%

PNEC	derivation:
• Improve	ionic	SSD	to	reduce	safety	factor
• Consider	testing	“Aged”	vs.	“Pristine”	NPs

?

PEC	derivation:
Along	1.2	million	km	of	EU	rivers

Assumptions:
• Estimated	actual	production	volumes	for	EU27

(Piccino et	al.,	2012	J	Nanopart Res	14:1109-1120)

• No	WWTP	removal	or	“in	river	sedimentation”
• Even	use	EU	wide	(also	NO	point	sources)

Turn	the	map	into
a	distribution	chart

PNECs

PECs SF	x5

SF	x5

?
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Modelling	“availability”	across	EU	Water	types

Debye	length	calculations
(electrostatic	screening,	modified	by	 ionic	strength)

• Analysed	EU	water	properties
relevant	for	NP	fate	(e.g.	ionic	
strength,	pH,	CEC,	DOC,....)	

Julia	Hammes,	Julian	Gallego	and	Martin	Hassellöv
Water	Research,	2013.

NMs	persist	
in	water

NMs	sediment

Functional	sedimentation	
assay:		Debye	length	
predicts	NM	behaviour	

PEC	improved	by	addressing	NM	“fate”	&	“functional	behaviour”	across	“media”	in	detail
(equally	PNEC	studies	needs	to	be	linked	to	“media	effects”	on	hazard	potential).

STANDARDISATION	IS	NOT	ALL!



Effect	of	aging	transformations	on	particle	Tox

• Particles	artificially	aged	to	mimic	post	WWTP	speciation	

Standard	C	elegans test:
• In	moderately	hard	reconstituted	water
• 24h	Mortality	test	with	/	without	food

Treatments:	
• Control
• Ionic	control	Ag+ Pristine	PVP	Ag	NP
• Artificially	“Aged”	sulfurdised Ag	NP

Daniel	Starnes:	“Sliver	Nanoparticles	get	better	with	age”

*
*
*
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*
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Figure	1.	C.	elegans	mortality	after	their	exposure	to	Ag+,	Ag-MNPs	and	
sAg-MNPs	in	Recon	for	24h		without	feeding.	Yellow	area	represents	
amount	of	mortality	due	to	dissolution	of	Ag+.	*	indicates	significantly	
different	than	control	(p	<	0.001)

• <	20%	of	mortality	attributed	to	free	Ag+	in
experiments	without	 feeding

• Genes	expression	in	Ag-MNP	and	sAg-MNP
had	more	in	common	than	either	did	with	Ag+
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SOIL



+
+

+

++

Concentration Shape

Size

Size 
Distribution

Composition
Structure / 
Crystallinity

Porosity / 
Surface Area

Surface 
Functionality

Surface 
Speciation

Surface 
Charge

Agglomeration State

Hassellöv and 
Kaegi, 2009

www.nanofate.eu

SOILS:	Standard	worst	case	RA

PEC	derivation:
Where	does	the	WWTP	sludge	go

Assumptions:
• Estimated	actual	production	volumes

for	EU27	(Piccino et	al.,	2012)

• Even	use	EU	wide	(NO	point	sources)
• NOW:	Full WWTP	removal	to	sludge
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ZnO NP	– Max	PEC	=	22.6	µg/kg	(single	app,	UK)Ag	NP	–Max	PEC	=	1.3	µg/kg	(single	app,	UK)? ? 



TINE	– “real	world”	and	long	term	in	the	field
The Transatlantic Initiative for Nanotechnology and the Environment



maximum	regulatory	 loading	of	Zn	from	sewage	soils

Sludge	production	at	Cranfield	University,	UK
Three	sewage	sludge	streams

NP
SS

Ionic	
SS

Control	
SS

US	EPA	Guideline	(CFR	40	part	503)

Sludge

Zn	limit:	
2800	mg/kg

Equivalent	Ag:	
250	mg/kg

Zn	+	Ag Zn	+	Ag

NP	Control	 Ionic	

- Mixed with soil to Max. Zn loading from 
sewage sludges in US soils = 1400 mg Zn/kg
- Aged 6months in outdoor mesocosms



maximum	regulatory	 loading	of	Zn	from	sewage	soils
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maximum	regulatory	 loading	of	Zn	from	sewage	soils
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maximum	regulatory	 loading	of	Zn	from	sewage	soils
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maximum	regulatory	 loading	of	Zn	from	sewage	soils
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Medicago Nodulation (Legume N-acquisition) 
Judy, J. et. al. ES&T (In press)

Effects	on	Medicago Nodulation



Pilot	WWTP: Lab	reactions:	
No	ZnO left	and	 Big	differences	in	the	detail
no	overall	Zn	Speciation	difference

So	what	is	different	about	the	metal	from	NP?
Question:	What	“difference”	caused	the	SS	metals	to	be	more	toxic?
Synchrotron	speciation	work	by	Greg	Lowry	and	Jason	Unrine’s groups:

ZnS
~5nm

O2,	S2-

Characterisation	in	soilds: Mechanistic	Lab	experiments:	
Zn: no	overall	difference	/	Ag:	<LOD Understand	reactions	and	rates

->	effects	on	fate	and	tox



GUIDEnano 18M	ReviewMeeting	– Barcelona,	28th-29th	May 2015

Aim:	to	generate
Exposure	and	
Hazard	estimates		
using	as	much	of	
existing	data	and	
methods	as	
possible.
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NM	behaviour	and	fate	is	key,	but	hard	to	measure.	
Build	better	models	for:	Where,	in	what	form	and	for	how	long?

London	(UK)

Thames	(UK)
catchment

3)	Object-oriented	 multimedia	fate	models
dynamically	connecting	“Environmental	cells”
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GIS	layers	providing	“cell”	specific:
• Human	population	&	Industry
• Elevation	&	river	network
• Vegetation,	 soil	type	&	landuse
• Environmental	chemistryRecycling

Conceptual	workflow	for	a	framework	 to	deliver	dynamic	multimedia	fate	
prediction	both	in	a	generalised	model	environment	and	GIS	enabled	mode.

Focus	on	the	“real	product”	and	“environmentally	realistic/relevant	forms.

Sept 2015 – 19 
www.nanofase.eu



The	WWTP:	‘dynamic’	
experiments

Spiking of Ag-NP
Denitrification

Nitrification

Secondary
clarifier

Sludge mixing

Anaerobic
digestion

Sample	collection



Schematic	WWTP

Hydraulic 
retention time Sluge age pH T O2 TSS (ML) TSS 

(effluent)

1 days 14 day 7.4 – 7.5 21 °C 3 mg/L 3g/L 5mg/L

Kaegi et al, ES&T, 2011, 45(9):3902-8 



Setting	up	a	mass	balance
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Ag-NP	in	a	WWTP

Initial spike
(1day, 2400µg/l)

Dosing I
10days, 130µg/l, 1m3/d

Dosing II
10days, 130µg/l, 2.2m3/d

Recover
24days, no Ag added

Mixed liquor

Effluent

Dosing I Dosing II RecoverInit.

data

model

Kaegi et	al,	2011,	EST,		49/9,	pp.	3902	 - 3908



Experimental	setup

2𝐴𝑔(*) +	
1
2𝑂B(CD) + 2𝐻(CD)

F +𝑀𝑆(*)
	
→𝐴𝑔B𝑆(J) + 𝐻B𝑂 + +𝑀(CD)

BF

𝑀𝑆 + 	2𝑂B(CD)
	
→𝑆𝑂KBL + 𝑀(CD)

BF

Ag	–NP	of	different	sizes (10,	20,	40,	70,	100	nm)	were	reacted	
with	different	types (CuS,	ZnS)	of	different	crystallinities
(weakly	crystalline,	well	crystalline)	at	different	concentrations
(40,	80,	130,	200	µM)



Reacting	Ag-NP	with	CuS-cryst:	
Effect	of	the	Ag-NP	size	

Thalmann et	al,	EST,	2014

[𝐴𝑔]'= [𝐴𝑔]O∗ 𝑒LR∗'

40	µM	CuScryst



Reacting	Ag-NP	with	CuScryst:	
Effect	of	the	CuS concentration

Thalmann et	al,	EST,	2014

[𝐴𝑔]'= [𝐴𝑔]O∗ 𝑒LR∗'

40	nm



[𝐴𝑔]'= [𝐴𝑔]O∗ 𝑒LR∗'

𝑘 = 𝑘T ∗ 𝑀𝑆 #$#'#C+
C ∗

1
𝑑0-LUV

W

ZnSppt CuScryst

a 0.78(3) 0.52(3)

b 0.53(2) 0.60(2)

a:	Material	property
b:	NP-property	(coating)

Sulfidation kinetics

Thalmann et	al,	EST,	2014
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Thank	you	&	enjoy	the	exercise
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Nanosilver	predicted	UK	soil	concentrations	via	sludge	applications

Predicted	nanosilver in	UK	soils	and	risks

Nanofate	LOEC
for	nanosilver 4,800	ug/kg

Nanofate	HC5
For	silver	ion	6,200	ug/kg

Nanofate	PNEC
for	silver	 ion	1,240	ug/kg

Nanofate	PNEC
for	nanosilver 4.8	ug/kg

Note	the	Nanofate	nanosilver
PNEC	was	derived	from	X1000	safety	factor
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Nano	ZnO	predicted	UK	soil	concentrations	via	sludge	applications

Predicted	nano ZnO in	UK	soils	and	risks

Nanofate		HC5
For	Zn	ion	34,700	ug/kg

Nanofate	LOEC
For	nano ZnO 119,000	ug/kg

Nanofate	PNEC
for	Zn	ion	6,900	 ug/kg

Nanofate	PNEC
for	nano ZnO 120	ug/kg

Note	the	Nanofate	nano ZnO
PNEC	was	derived	from	X1000	safety	factor
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