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KEY MESSAGES

1. HETEROAGGREGATION AND DEPOSITION ARE A KEY FATE
PROCESS

2. SURFACE AFFINITY IS A USEFUL, EASILY MEASURED,
CHARACTERIZATION PARAMETER FOR PREDICTING FATE AND
REACTIVITY AND PERHAPS BIOLOGICAL INTERACTIONS
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» Composition
« Bandgap
. Size...

" NANOPARTICLE
PROPERTIES

* Production amounts * Mortality
* Ambient * Development
Concentrations * Population

Effective dose... * Nutrient cycling...
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Surface affinity
Surface charge/
potential (C-potential)
Aggregation rate
Hydrophobicity...

» Composition
* Bandgap
- Size...

NANOPARTICLE

YSTEM

* pH, NOM, lonic
strength, ...

» Surfaces (biotic,
mineral, organic...)

SOCIAL PROPERTIES

* Product life cycles
and value chains
* Product use

behaviors . pinere
« ENM production uid tiow,
magnitudes temperature...

Duke CE§T\|

—_

UNIVERSITY



* Measurement in
- __ prescribed system
« Quantifies a
meaningful process
for exposure, hazard
or both

P N

EXPOSURE

==
—\
—

Duke CE

UNIVERSITY



FUNCTIONAL ASSAY Focus — FATE & TRANSPORT EXAMPLE

» Settling « Precipitation « Sulfidation
« Aggregation . Bioproduction ~ ° Complexation
* Deposition » Hydroxylation

» Oxidation/ Reduction ...

coes
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Emissions Across Value Chain

Water Column Model
> linputs from other Models] l

Key functional Assays:

« Surface affinity
=S+ Dissolution rate

S - Transformation rates
« Biouptake/ depuration

Terrestrial Model

>, linputs from other Models]
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WHAT PARAMETERS ARE NEEDED TO
PREDICT TRANSPORT AND FATE OF
NANOPARTICLES/

SOLUTES

DISTRIBUTION COEFFICIENT
Kow

SOLUBILITY

HENRY’S CONSTANT
VAPOR PRESSURE
BIOACCUMULATION FACTOR
BIODEGRADATION RATE
REACTION RATES

NANOMATERIALS

DISTRIBUTION COEFFICIENT
SURFACE AFFINITY

CEE—

HYDROPHOBICITY, SURFACE
CHARGE...

DISSOLUTION RATE

N/A

7?7

BIOACCUMULATION FACTOR
B10-DISASSEMBLY RATE
TRANSFORMATION RATES
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“ReEAL WORLD” TRANSFORMATIONS
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AFFINITY OF NANOPARTICLES FOR
VARIOUS SURFACES

deposition & heteroaggregation
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AGGREGATION TRANSPORT AND SURFACE

AFFINI
dn Depends on
k _ Aggregate size
— Z alJ:BUn n; nkz alk:Blk
1—|- j—k
+/- breakup —settling — dissolution...
AGGREGATION:
DISSOLUTION
REACTIVITY

PHOTO-CATALYSIS
MOLECULAR ADSORPTION
TRANSPORT (SETTLING)
DEPOSITION:
ENVIRONMENTAL DISPERSAL
BIOUPTAKE
TRANSLOCATION IN ORGANISMS
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TRANSPORT: PARTICLE COLLISION
MECHANISMS
t R i
O/Q\E ’:’j B — g
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Differential
Sedimentation

Aggregation

Brownian Diffusion

Velocity gradients (shear)

Deposition
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AGGREGATION AND DEPOSITION BOTH
DEPEND ON SURFACE AFFINITY

Aggregation rate proportional to aB

Deposition rate proportional to Oﬂ’]

Settling rate dependent on (hetero)aggregation rate
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SIMULATING HETEROAGGREGATION
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SIMULATIONS OF HETEROAGGREGATION
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mesocosms 2009 data
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Iso-purity half-life lines
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SURFACE AFFINITY INCLUDES EFFECTS
FROM:

NANOPARTICLE COMPOSITION, COMPOSITION OF SURFACE, INTERVENING
FLUID

ADSORBED MACROMOLECULES

. Proteins

. Engineered surface treatments/ stabilizers

«  Humic materials, polysaccharides...

[ONIC COMPOSITION

: lonic strength, charge screening

. Specific adsorption of ions (e.g., Ca, PO4...)

. pH

° SURFACE MODIFICATIONS DUE TO REDOX TRANSFORMATIONS,
DISSOLUTION...

° ELECTRO-STERIC INTERACTIONS (INTERFACE BETWEEN MACROMOLECULES
AND IONIC ENVIRONMENT)

° SURFACE REACTIONS/ ELECTRON SHARING/PROTEIN BINDING
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CHALLENGES IN CALCULATING SURFACE AFFINITY FROM
THEORY (AND INTRINSIC NANOPARTICLE PROPERTIES)

1. DLVO- ROLE OF IONIC STRENGTH,
IONIC COMPOSITION...

2. ROLE OF MACROMOLECULES,
ELECTRO-STERIC STABILIZATION, AND
HYDROPHOBICITY

3. COMPLEX GEOMETRY OF
AGGREGATES AND SURFACES

e

—

qualitatively
useful but, not
guantitatively
predictive in real
systems
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MEASURING SURFACE AFFINITY (ALPHA)
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MEASURING SURFACE AFFINITY IN
COMPLEX SYSTEMS
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In(yB+1)=ap(n,B)Bt

=

Duke Barton et al., ENVIRONMENTAL ENGINEERING SCIENCE
UUUUUUUUUU Volume 31, Number 7, 2014
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PREDICTED TREND FOR
HETEROAGGREGATION
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9.7 <&— AAAAWA - -7?7747_—|-m-99r-ta-nt
| A ‘A’A'A-A' IR
‘7 —
0.6 AVA‘A
’-\DI /A‘f
A
+ A/,
QQ 05 A
: /
I A
§ 0.4 /k
< -A- INYZA 1 / ]-
&0-3 A/ /)= a \(e—(ocﬂB-l—kB)l_'_ kp (1 —e_(“ﬁB-i-kB)t)) —
E [/ (0B + kg)
0.2 l
0.1 —A
0 A
0 5 10 15 20 25 30 35

MIXING TIME

\L
Duke CEENT

UNIVERSITY



TIME DEPENDENT DISTRIBUTION
COEFFICIENT VS. AGGREGATION TIME
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Barton et al., ENVIRONMENTAL ENGINEERING SCIENCE
Volume 31, Number 7, 2014



TYPICAL TRENDS FOR . (COLUMN EXPERIMENTS)
REPORTED IN THE LITERATURE

1 Theoretical:

0.0+ — 46 nm
- = 378 nm

=-0.5+ Experimental

T O—0 46 nm /
)

0+ - -0 378 nm
/

-1.5+ /3/

-2.5 -2.0 -1.5 -1.0 -0.5

log[KCl]

4

loga
L
o

Fig. 2. Comparison of theoretical and experimental collision
efficiencies of two different suspensions of Brownian (submi-
cron) latex particles.

M. Elimelech
Wat. Res. Vol. 26, No. 1, pp. 1-8, 1992
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SURFACE AFFINITIES FOR SEVERAL
NANOMATERIALS AND ACTIVATED SLUDGE
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Final Porous 04

d, C, removal ofB (2.3 um)

NP (nm) (mg/L) (%) (-) (-)
GA Ag 25 10 71.1£0.4 2.55E-4  0.0017
50 72.84£1.8 3.07E-4  0.0020
6 10 70.8+2.1 1.86E-4  0.0003
50 65.2+3.8 1.60E-4  0.0003
PVP Ag 40 10 94.8£2.2 1.16E-3  0.0120
50 93.8£0.8 1.15E-3  0.0119
8 10 88.1+£1.7 9.63E-4  0.0020
50 89.6£1.2 1.02E-3  0.0022
Pristine CeO, 8 10 90.8+1.7 1.11E-3  0.0064
50 98.8%£1.6 1.78E-3  0.0088
Citrate CeO, 10 10 86.4+£1.3 8.55E-4  0.0023
50 83.4+0.9 6.87E-4  0.0018
TiO, 20 10 95.1£1.7 1.53E-3  0.0080
50 98.9£1.0 1.80E-3  0.0094
Zn0O 30 10 91.2%£0.3 1.13E-3  0.0088
50 94.2+1.7 1.16E-3  0.0090
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CONCEPTUAL MODEL FOR NANOPARTICLE REACTIVITY

N~

~
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reaction / effect
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IMPORTANCE OF SURFACE AFFINITY FOR
TRANSFORMTION: CEO2

— — — Bare CeO2 Reference
~~~~~~~ Coated CeO2 Reference
Ce(lll) Oxalate Reference
o 5 week solid bare CeO2
= ! E &  omeeps LCF 5 week solid bare CeO2
~ N P s 5 week solid coated CeO2
S A, e LCF 5 week solid coated CeO2
3
g
E LCF: 57 = 6% Ce(lV), 44 £ 4% Ce(lll); R = 0.000969
1]
g Ceoz J f . Wom“mownomncha
> , # 4:‘l
Bare CeO, Bioreactor f : aaAP8AR405 0000 101,
f LCF: 67 = 7% Ce(lV), 31 = 3% Ce(lll); R = 0.000852
Coated CeO, Bioreactor f
B CeO2-citrate stabilized
s L 24 l 2 L 24 l s s l
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E (eV)
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Ag NP Embryotoxicity across a Salinity Gradient —
The Role of Coatings and Dissolved Silver

Toxicity
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*Ag NP coatings significantly affect particle behavior £ :
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. « . T
role in toxicity z
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Colloidal Stability
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EXAMPLES OF NANOPARTICLE REACTIVITY

EFFECT UNDERLYING REACTION

Toxicity to plants and fish by nano Ag | Nano silver dissolution

Viral inactivation by fullerol Singlet oxygen generation
Bacterial inactivation by CeO2 Ce reduction
heteroaggregation reaction
n n*
—— ~ —~~ EN *
n-B ~ - B
/ ~ - P _ - >
B 1_ 1, 1

kT kred aNBﬁnB

kred aNB,BnB

k- =
! kred + aNB,BnB
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IMPORTANCE OF SURFACE AFFINITY FOR
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TRANSFORMTION: CEO2

— — — Bare CeO2 Reference
~~~~~~~ Coated CeO2 Reference
Ce(lll) Oxalate Reference
e 5 week solid bare CeO2
= ! E &  omeeps LCF 5 week solid bare CeO2
~ N P s 5 week solid coated CeO2
& Wl N ena LCF 5 week solid coated CeO2
g
E LCF: 57 = 6% Ce(lV), 44 £ 4% Ce(lll); R = 0.000969
[v}
£ _ £ s o0, 10 e Oes i 90 o 8
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z By
; ]
Bare CeO, Bioreactor f :' aaP88000054000, 0, ,
f LCF: 67 = 7% Ce(lV), 31 £ 3% Ce(lll); R = 0.000852
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2 1 s l s 1 s l 'l L 2 l 2 L 2
5700 5720 5740 5760 5780

E (eV)

Barton et al. 2014 (in review) C E @

—_]



CONCLUSIONS

1. HETEROAGGREGATION/ DEPOSITION IS A KEY FATE PROCESS

2. SURFACE AFFINITY IN COMPLEX MEDIA CAN BE MEASURED USING
PROGRAMMED MIXING PROCEDURE

3.  LIMITATION- FOR PRACTICAL PURPOSES, ONLY VARIES OVER 4 ORDERS OF
MAGNITUDE

4. SURFACE AFFINITY APPEARS TO BE IMPORTANT FOR SOME ASPECTS OF
NANOPARTICLE REACTIVITY AND PERHAPS BIOAVAILABILITY

5. NEED REFERENCE SYSTEMS
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