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150 years

NanoRelease Weathering Protocol 
interlab-tested on CNT in 2 matrices, 
intralab-applied to 27 NM-matrix combinations: 
Matrix matters most.

Wendel Wohlleben (BASF SE), Richard G. Zepp (US EPA, NERL, Athens GA, USA); E. Sahle-
Demessie (US EPA, NRMRL, Cincinnati OH, USA); Socorro Vázquez-Campos (LEITAT, 
Terrassa (Barcelona) Spain), Janet Carter (OSHA), Christopher Kingston (National Research 
Council Canada, Ottawa Canada); Richard Canady (Neutral Science L3C); Brad Acrey; Chia-
Ying Chen (both US EPA, NERL, Athens GA, USA).

Must re‐align the main focus of EHS 
attention to study of what is released.
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Need basic methods development to 
describe quantitatively what is nano of 
concern in a realistic release.

Virtually all release from composites was 
dominated by matrix  NOT by nanofiller.

Release symposium proceedings online

Including the                               State of the Science Report.
S Harper, W Wohlleben, M Doa, B Nowack, S Clancy, R Canady, A Maynard

J. Physics Conf. Ser. 617 (2015) 012026 (open access)
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Aging in 2 US, 2 EU labs
all by ISO 4892-2
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BASF – Ludwigshafen, 
Germany

EPA – Athens GA, 
USA

EPA – Cincinnati OH USA LEITAT – Barcelona, SPAIN

Wet sampling and analysis
in 1 EU, 1 US lab
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For each 4-mL aliquot apply the following analyses:
 TEM “characterize which structures are observed” 

 washing or dilution, sonicate, place drop on TEM grid, evaporate water. 
 ICP-MS “tracer elements of ENM”, here Co

 with acid digestion of any released fragments
 UVVis “absorption/scattering of leaching fluid”
 Absorbance Ultracentrifugation (AUC) or Field Flow Fractionation (FFF)

“characteristic size of free ENM” / “absorption in size range 5-100nm” 
 de-agglomeration by addition of SDS to 10g/L, batch sonication 1h.

immersion bath sonication, 
1h

Enclosed
platform shaker, 24h

Each	sample	in	10.0	mL	
leaching	fluid	(EPA	
Method	1311)
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150 years

Clear differentiation of materials, of
sampling intensities, of presence of CNT
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TEM all data EPA

TEM all data BASF
ICPMS all data EPA

ICPMS all data BASF

150 years

UVVis spectroscopy with alternative evaluation: 1OD
= increase of the wavelength at which absorbance is 1, compared to buffer

 High dynamic range, same ranking as conventional absorbance reading

 Excellent discrimination of low-high release
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EPA 260nm diluted
BASF 450nm undil.
BASF 1OD
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AF4–DLS–UV 
Asymmetric-Flow Field-Flow-Fractionation

 Elution in steric mode

 Polydispersity too large for AF4
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AUC   free CNT 
Analytical Ultracentrifugation
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• AUC size-selective results in accord with
TEM category „free CNT“

• Outlier E4_EPA(Cin) is equally outlier in 
TEM, ICPMS, UVVis, EDX (Si !)

• Very restricted size range – low S/N
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Pilot inter-laboratory weathering test: Conclusions

 160 specimen of epoxy (0%, 0.25% CNT) and PA (0%, 4% CNT);  no UV stabilizer

 4 labs (2 US, 2 EU) aging by UV and rain (ISO 4892), then shipping for analysis. 

 1 lab (CAN) dry sampling by tape  SEM, EDXS

 2 labs (1 US, 1 EU) immersion fluid sampling  TEM, ICPMS, UVVis, AUC, FFF

 Quantitative agreement, often within error bars, within factor 3 in worst case.

 A dramatic improvement of reproducibility. Immersion protocol recommended as 
voluntary standard. Epoxy-CNT recommended as high-release control material, 
PA-CNT as low-release material differing in “form” and “rate” of release.

 Remaining deviations relate primarily to differences of the aging (inhomogeneity 
of UV and spray, surface contaminations)
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150 years

Where next?  Relevant materials beyond CNT
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Nowack et al. (2015). The Flows of Engineered Nanomaterials from Production, 
Use, and Disposal to the Environment, 
The Handbook of Environmental Chemistry, doi: 10.1007/698_2015_402

to be selected both by nanotechnology and by regulatory perspectives

EC nanodefinition 
includes conventional
nanomaterials, such 
as pigments and fillers

Keller et al. (2013). J Nanopart Res 15:1692
DOI 10.1007/s11051-013-1692-4
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Applying the NanoRelease weathering protocol to 27 materials 
with organic, metal-oxide, carbonaceous nanomaterials
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 TEM “check which structures are observed” 
 AUC “fragment mass in size ranges 2nm-150nm and 2nm-10µm” 

 Size-selective quantification 
Where applicable, supported by rankings by:
 ICP-MS with acid digestion of any released fragments
 UVVis “absorption/turbidity of leaching medium”

immersion bath sonication, 
1h

Aging all by ISO 4892-2, 
pure matrix in parallel

to nanocomposite

Sampling by worst-case approach

Analysis by a sub-set of the 
NanoRelease protocol

Wohlleben & Neubauer (2016). NanoImpact DOI 10.1016/j.impact.2016.01.001

150 years
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Matrix dominates weathering release, ENM modulates
quantify all fragments 2nm – 10µm

Wohlleben & Neubauer (2016). NanoImpact DOI 10.1016/j.impact.2016.01.001
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150 years
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Wohlleben & Neubauer (2016). NanoImpact DOI 10.1016/j.impact.2016.01.001

150 years
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Matrix dominates weathering release, ENM modulates
select only nano-releases <150nm

Wohlleben & Neubauer (2016). NanoImpact DOI 10.1016/j.impact.2016.01.001
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150 years
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Matrix ENM

Process

No release of free ENM by machining, 
unless composite contains agglomerates

Same or lower mechanically induced release, if ENM well dispersed in matrix
Same or higher release, if ENM reactivity matches matrix susceptability

Mechanical machining:
 Dominated by composite fragments

 ENM protrude if matrix is cross-linked
 Release rates scale x 104 with shear

Reduction x 10 of aging-induced
release, if ENM form a network

upon matrix removal

Chemical degradation:
 Release rates scale x 105 with matrix

Key parameters that rule the probability and characteristics of 
release from nano-enabled products

150 years

Where next?  Combined stresses, 
secondary fragmentation

16

Wohlleben, Kuhlbusch and teams (2016), 
Environ. Sci. Nano 10.1039/C6EN00094K
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Where next?  Combined stresses, 
secondary fragmentation

Natural rubber
40% Carbon Black

4% mwCNT
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Wohlleben, Kuhlbusch and teams (2016), 
Environ. Sci. Nano 10.1039/C6EN00094K

150 years

Primary fragmentation
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1. Sanding to 
simulate 
“full stop”
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150 years

Secondary fragmentation

19

1. Sanding to 
simulate 
“full stop”

2. Aging 
• UV submersed in M4 = “in run-off”
• UV dry = “on the road”

3. Sonication in M4 medium
4. Filtration 5µm
5. Analysis as in NanoRelease

• TEM
• UVVis
• AUC
• EDX

150 years
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Sample Scenario to be simulated
Fraction below 5µm 

% of total solids
(gravimetry)

Fraction 5nm – 1µm 
% of total solids

(size-selective AUC)

NR_CB NR_CB_CNT NR_CB NR_CB_CNT

sanding fragments, 
sonicated in M4 

Freshly generated tread wear 0.7 % 0.7 % 0.2% 0.1 %

sanding fragments, 
UV irradiated in M4, 

sonicated

Tread wear with direct run-off 
into surface water

1.6 % 1.7 % 0.2% 0.4 %

sanding fragments, 
UV irradiated,

sonicated in M4 

Tread wear with delayed run-off 
into surface water

4.0 % 4.5 % 1.7% 2.4 %

AUC
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Sample Scenario to be simulated
Fraction below 5µm 

% of total solids
(gravimetry)

Fraction 5nm – 1µm 
% of total solids

(size-selective AUC)

NR_CB NR_CB_CNT NR_CB NR_CB_CNT

sanding fragments, 
sonicated in M4 

Freshly generated tread wear 0.7 % 0.7 % 0.2% 0.1 %

sanding fragments, 
UV irradiated in M4, 

sonicated

Tread wear with direct run-off 
into surface water

1.6 % 1.7 % 0.2% 0.4 %

sanding fragments, 
UV irradiated,

sonicated in M4 

Tread wear with delayed run-off 
into surface water

4.0 % 4.5 % 1.7% 2.4 %
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UVVis

150 years

Conclusion on tire tread wear secondary
fragmentation by combined stresses
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• UV aging does induce secondary fragmentation.
• Within the known measurement uncertainty, a range from 0% to 1% of the small fragments 

could be free nanofiller. maximum free nanofiller mass share of 0.045 % of the tread wear.
• This is a significant reduction of the previous uncertainty in OECD’s life‐cycle analysis. 

• “in run‐off” scenario significantly reduced secondary fragmentation vs. “on the road” scenario
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150 years

Sincere
Acknowledgements to:
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Jerome Rose & Lorette Scifo, CEREGE
Bernd Nowack, EMPA
Many more…

Thomas Kuhlbusch, IUTA
Yaobo Ding, IST

Julie Mueller, Nanocyl
Iňigo Larraza Alvarez, Acciona

300 experts… some from the core team here:

Nicole Neubauer
Klaus Vilsmeier

Sabine Hirth
Robert Landsiedel 

…many more…

George Sotiriou, 
Phil Demokritou

150 years

Abstract submission
by July 5th

24Wohlleben,  SOT 2016
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Release rates compared by processes
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Linking release of engineered nanomaterials at workplaces to human exposure: a review (2016)
Y. Ding et al.    doi:10.1016/j.jhazmat.2016.04.075

150 years

1. Release is process-dominated, with nano-release from conventional materials.
2. Free nanomaterials are rare, and can be predicted: 

both safety and performance require dispersion + compatibilization
3. Phys-chem and toxicological properties of fragments resemble primarily 

those of the matrix, modulated by properties of the nanomaterial.
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