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Mobile colloids in the subsurface environment
may alter the transport of coniaminants
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natural colloids, engineered & environmental nanopasticles
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what are environmentalaquatic celloids 2

natural colloids

origin

inorganic colloids

- silicates (e.g. clays)

smectites
montmorillonite
nontronite
hectorite

chlorites
mica
kaolinite
- oxides / hydroxides
Fe-oxohydroxides
Mn-oxides
- carbonates
- phospates
- metal suffides

- polym. silicic acid

organic colloi
- macromolec
humic acid
fulvic acids
polysaccha
proteins
peptides
exo-polym composition
- bio-colloids
bacteria
viruses
fungi
- coal/soot/bla

- cellular debri

Christian, v.d.Kammer, Baalousha, Hofmann (2008)
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Spores covered and
glued together by iron
oxyhydroxide globules

Clay and iron oxy-
hydroxide globules,
aggregated by a mesh
of organic filaments

Si-rich colloids
aggregated in looser
matrix of organic
material

Inorganic colloids
bound by fibrillar
material

Soil-derived fulvic
compounds aggregated
in slightly larger entities
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Reactions

Important reactions of environmental nanoparticles

- transport (mobilization — attachment)

- formation, transformation and dissolution

- growth, aggregation — seggregation

- interaction with contaminants, nutrients and NOM (co-transport)

- electron transfer




colloid dynamics in groundwater

translocation > dissolution

® |eakage
@ from vadoze zone
@ ground/seapage water

mobilization deposition

® jonic strength

® pH

® valence of ions

@ dissolution of cements

® hydraulic effects / diffusion

stabilization
Enl IJ pHIT Ca**— Na* = transport

generation

® second. mineral formation

@ precipitation
@ biological growth filtration

EhT pHT




Biogenic Uraninite'ranoparticles
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Biogenic Uraninite nanoparticles formed under anoxic conditions
by Shewanella oneidensis strain MR-1, showing
UQO, lattice fringes.

John R. Bargar, Rizlan Bernier-Latmani, Daniel E. Giammar and Bradley M. Tebo (Elements 2008)




Cu-nanoparticles formed under anoxic conditions (ffeodplain soil)
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Frank-Andreas Weber, Andreas Voegelin, Ralf Kaegi and Ruben Kretzschmar (Nature 2009)




Self-assembly of nanoparticles: a pure nanotechmology inwention?

i

FE
frt

R

R pe

Fig.4 (a}{d) HRTEM images of Zn0 nanoparticle assemblies, (e) TEM image of Zn0 nanorods, (f) HRTEM image of a part of such a rod, (g)
TEM overview image of MnQO multipods, (h) TEM image of a MnO hexapod., (i) TEM image of a MnO pentapod. Images (a)-(f) reprinted from C.
Pacholski, A. Kornowski and H. Weller, Angew. Chem., Int. Ed., 2002, 41, 1188, with permission from Wiley-VCH *' Images (g)(i) reprinted with
permission from D. Zitoun, N. Pinna. N. Frolet and C. Belin, J. Am. Chem. Soc., 2005, 127, 15034. Copyright 2005 American Chemical Society.™

Markus Niederberger and Helmut Célfen (PCCP 2006)




oriented attachment of anatase nanoparticles (hydrothermarcoassening)

R. LEE PENN and JILLIAN F. BANFIELD (GCA 1999)

how to distinguish
aggregate (strong bonds)
and

agglomerate (weak bonds)




oriented aggregation and transformation of ferrihydrite partictes to geethite

how to distinguish

aggregate (strong bonds)
and
agglomerate (weak bonds)

ifer A. Soltis and R. Lee Penn (JACS 2010)




Overview

Trace metal associations with mineral colloids

Trace metal associations with mineral colloids & natural organic matter

Contaminant transport with natural and engineered nanoparticles
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Plathe; von der Kammer; Hochella et al. 2010 (Environmetnal Chemistry)
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FlowFFF Analysis of soil NOM

pH9 - organic rich top-soil extraction

14

extraction clean-up

[ dry sieving <125 pm ] —b[ precipitate: HA ]

T T T T T TTrTT T T T T T

£
e
- -1
¢ = UV, = 3,000 g mol
/ washing s/l ratio 1/10 N\ neutralization / dissolution g
overhead shaker dissolve precipitate at pH 7 Ye) .
1. MQ water (ERECIY 13¢) FLmax = 1 ,750 g mOI 1
2.NaCl 0.1 mol L P i Q 10
3.2 *MQ water dialysis c:)
4.HClpH 1 o dialysis in 1,000 MWCO o)
5.2 MQ water (24h each) tubes until AQNO, test &)
i negative ) 7] 8
separation at 3250 rcf 1 8 :
\_ for 60 min. after each step A T g o
e MOC extraction at pH 9 N centrifugatiozn“art] 3250 rf for g ‘g 6
3 times at pH 9 (NaOH; 24h) ¥
separation at 3250 rcf for 120 . E
min. supernatant: c
3 ,,Iow—ﬂ(_)w constant-pressure” o
. N filtration over 0.2 ym PES N~ 4
acidification N
MOC ex'tract topH1 (HCl) || C
ﬁ;%ar':::o::;tg?:gzg J‘CX [freeze drying] [ wet storage ] -g
! [:j o
supernatant: FA }'rreutraﬁzatrm topH7 characterization _8
®©
0 bttt
[ e | 102 10° 104 108 108
molecular weight in g mol”
% |
Composition of the aqueous soil extract:
Cd Cu Pb Zn Fe Al Na Ca Mg Mn
pa/L pa/L pa/L pg/L mg/L mg/L mg/L mg/L mg/L mg/L
0.64 262 161 105 163 261 <015 0.35
DOC C H N S ®) RES PO43' F NO; NO, CI
mg/L % % % % % % mg/L  mg/L mg/L mg/L  mg/L

43 5 3 06 36 124 13 <05

<03 <02 13




FlowFFF Analysis of original soil NOM.._
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v.d.Kammer & Hassellov 2010 in prep.




FlowFFF Analysis of original soil NOM.._
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v.d.Kammer & Hassellov 2010 in prep.




HR TEM micrographs:

evidence for non-humic binding phases

g

|dentified by EDX: Fe, Cu, Ti, Al, Mg, Na

1.5 EXAFS Fe edge: sample contains 54%
Ferrihydrite + 45% humic acid bound Fe

black: fit

1

Fat

0.5 fﬂ\ LA red: sample
- \. .: i‘\ Nf‘;f:\:f
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NSS = 11.3%
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Extended X-ray absorption fine-structure spectroscopy (EXAFS):
distances, coordination number, and nature of the neighbours of the
absorbing atom

HR TEM by Philippe Le Coustumer , Bordeaux




FlowFFF Analysis of original & chelex treated soil ,NOM"
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Original sample: shaking 60 days as is
Chelex sample: shaking 60 days with 2 g Chelex /250mL of sample




FlowFFF Analysis of original & chelex treated soil ,NOM"

0 2 4 6 8 10 12 0 2 4 6 8 10 12

particle radius (nm) particle radius (nm)

Original sample: shaking 60 days as is
Chelex sample: shaking 60 days with 2 g Chelex /250mL of sample
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Subsurface transport: nanoparticles as carriers fer HOC

particle
loading transport & desorption

nanoparticle transport

eposition

100 % transport
—> no deposition
- no filtration

—> no dissolution

WOrst case scenario

Hofmann & v.d. Kammer 2009




Subsurface transport: nanoparticles as carriéers fer HOC

HOC co-transport with desorption = coupled Equilibrium:

HOC desorption is fast
compared to the transport
time scale

HOC will partition to
matrix

De-coupled:

HOC desorption is slow
compared to the transport
time scale

HOC will be relocated with
nanoparticles

HOC loading on nanoparticles

Hofmann & v.d. Kammer 2009




Is the transport of the particlées realistic?

Conditions: — — — _
avg. particle size 250 um radius diffusion coefficient Brownian displacement set'z:ljr;%;ate
avg. pore size 100 um - — 1 1
porosity 35% 10 m (10 nm) 21x10M" m?s 390 ym h- 0.8 ym h-
GW renewal 350 mm/h 107" m (100 nm) 2.1x10"2 m2 s 1.23 ym h-" 80 pm h-"
attachment efficiency = 104
Kd of contaminant = « steady state, saturated, non-transient conditions
10 nm diameter particles
Tm travel time: ~1 year
collisions through diffusion: ~4/h - 35000 per year
- attachment through diffusional movement
- particles will be ,lost* 3.5 times during transport
100 nm particles
v travel time: ~1 year

-> diffusion negligible (100 collisions / year)
- sedimentation accounts for ~ 10.000 collisions / year




And if the answer is YES, is the contaminant co-transport reaklstic 2

Conditions: — — — _
avg. particle size 250 um radius diffusion coefficient Brownian displacement set'z:ljr;gesgate
avg. pore size 100 um
. o 108 m (10 nm) 2.1 x10"" m2 s 390 um h-t 0.8 ym h-"
porosity 35%
-7 12 m2 o1 -1 -1
GW renewal 350 mm/h 10-" m (100 nm) 21x101“m?s 1.23 umh 80 um h

attachment efficiency = 0

Kd of contaminant = 10-° _ o
steady state, saturated, non-transient conditions

concentration ENP in soil: ~ 10 mg/L
1m concentration of matrix: 1.820 g/L

ratio of ENP to matrix: 5.6*10¢

equilibration of contaminant in source: ~ 50:50

- transported for 1 year through clean soil




. diffusion coefficient Brownian displacement settling rate
radius

(D2.6)
108 m (10 nm) 2.1 x10"" m2 s 390 um h-t 0.8 ym h-"
107" m (100 nm) 2.1x10"2 m2 s 1.23 ym h-" 80 pm h-"

1T m

what are the critical parameters?

- preferential transport of particles (not much information)

- very large Kd values for the contaminant/ENP (unlikely)
- very low desorption kinetic (not much information)




conclusions & estlook

® natural nanoparticles are complex and heterogeneous systems
® they are still poorly understood

® in natural complexity they are seldom described quantitatively
® NPs are mobile, but mobility and appearance of “free” NP seems limited

® contaminants as Pb seem to be predominantly bound to Fe / Mn / Ti phases
¢ presence of well defined & stable mineral phases ~ 10 nm

® trace elements distribute specifically between different NP phases (& sizes)

® aggregates and agglomerates: more clarification or confusion?
®co-transport of contaminants with ENP is limited but possible
® important to look at the important controlling processes!

¢ are those ENPs (which we look at currently) really so different from natural ones?



Thank you !

With support from: Elisabeth Neubauer, Samuel Legros, Martin
Hassellov, Philippe Le Coustumer, Lel Shi....




conclusions & estlook

® Trace elements are associated with smaller non-clay type NPs and the NOM
®* Pb seems to be predominantly bound to Fe / (Mn) / Ti phases
® trace elements distribute specifically between different NP phases (& sizes)

® Redox processes lead to continuing re-formation and re-distribution

® size-separation alone is not sufficient to explain the processes

® chemical speciation at the nanoscale is required (spatial resolution, sensitivity)



NANOPARTICLE SEPARATION:
AQUEOUS EXTRACTION METHODOLOGY

1. 4 g sediment +
40 mL 0.1 M NadCl

2. centrifuged at 4500rpm, 90 min

3. supernatant drained, sediment
washed multiple times with MQ
water

4. when supernatant returns turbid:
— 200nm cutoff
— collect supernant

out L
rJAx’Apd® (rpm/ 60)°

in

von der Kammer 2005




LIGHT SCATTERING

14 . SAMPLE2

intensity

quartz
albite
mica-montmorillonite
orthoclase
illite
nontronite
mircocline
paragonite
pyrophillite
muscovite




Field FlowFracti@nation

PC control

FFF channel

detector

‘ i /\ ‘ particle size distributions

elution profiles

field force ﬁ

diffusion

height
~0.25 mm

accumulation wall FFF channel (side view)




Lniversitat

wien

Flow-Field Flow Fractionation — analytical separation of NPs
according to diffusion coefficient

d HPLC-pump ICP-MS
TEM / SEM

&
’ ’ :

UV-DAD fluorescence 18 angle static light scattering
MALLS

dynamic
light scattering

concentration & 3D spectra My and R, diff. coefficient -> R,




absorbtion 270 nm & fluorescence 350/500 nm

in a.u.

Investigating the labile and strongly bound fractions by Chelex ™%

extraction %

Original sample: shaking 60 days as is
Chelex sample: shaking 60 days with 2 g Chelex /250mL of sample

16
original NOM
14 -
UV, = 3,000 g mol
12 -
FL,. = 1,750 g mol’
10 -
8 |
chelex NOM
6 -
Uv_., = 2,200 g mol’
4
FL,., = 1,600 g mol!
2
0
102

molecular weight in g mol™




Irradiation experiments 24h:

decrease of low Mw humic/fulvic acids

Irradiation experiment at pH 4

comparison of dark control and irradiated sample
after 24 h of irradiation at pH 4

90000 180

soo00 |1 KDa >63.9 kDa > 145 kDa 160
— 70000 140
T Fe ——Fe57 dark
S decrease of UV VIS Al A7 dark
@ 60000 1= signal (6%) Al . 120
] ——Fe57 light
@
2. 50000 decrease Fe (7%) UV VIS . 100
% and Al (gu/n) in AlZ7 light 3
= hurmic bound E

|\ VIS dark
E. 40000 fraction 80
2 7 s W VIS light
‘30000 60
c
2
= . .
= 20000 4 slight size increase 40
of organic molecules
10000 - % 20
Je ™,
0 e T T T T - - 0
10 20 30 40 50 80 70

elution volume [ml]




Irradiation experiments:

decrease of low Mw humic/fulvic acids and buildup of aggregates

comparison of dark control and irradiated sample
after 72 h of irradiation at pH 4

90000 180
1 kDa *>63.9 kDa * 145 kDa
80000 160
decrease of UV Fe
VIS signal Al
- 70000 compared to I\ P 140
gz 1=}

c original peak
§ 60000 (40%); UV VIS —— AI27 dark 120
o decrease of Fe
o (40%) and Al decrease of Fe and Al in proposed Fe57 light
% 50000 (30%) in humic T ferrihydrite domain, increase of particle size i 100 =
t bound fraction indicated by shift of UV VIS (+320% in size v E
§ e range 48.6-145 kDA), Al and Fe signal — WD dark 80
> / = UV VIS light
' 30000 60
e
2 %

20000 NG — e 40

10000 -4 : N i . b — : 20

0 T ; T MI— 0
10 20 30 40 50 60 70

elution volume [ml]




intensity [counts per second]

18000

16000

14000

12000

10000

8000

6000

4000

2000
/

Irradiation experiments:

loss of Fe & Pb from low Mw weight to aggregates s,

1 kDa

——Fe57 dark
> 63.9 ——»145 kDa = o
. . . —— Pb208 dark
Fe: decrease of Fe in humics and iron CusS dark I
colloid domain, shift towards larger Fes7 light
molecular sizes
Pb: tte Fe redistributi Pb208 gt
: same pattern as Fe redistribution CusS light

*Cu: decrease in humic bound fraction

dark refermnce: 92% of total Fe and 98% of total Pb
bound to material > 1 kDA

irradiated sample: 81% of total Fe and 83% of total Pb
bound to material > 1 kDA

elution volume [mil]




Milltown Sediment Release

A Cu

Milltown Sediment Release Arsenic Concentrations Milltown Sediment Release Copper Concentrations

£
®©
(@]
c
=
5
=

Milltown Dam

20 40 60

20 40 60 -
Kilometers from Milltown Dam Kilometers from Milltown Dam

upstream downstream

Clark Fork riverbed mud: post dam breaching

tributaries (used for background levels at time of sampling)

USGS data from 2004, 2005 and 2006 (pre dam breaching)

J.M. Moore 2008



Milltown Dam Removal

w»

T e

1,600t As
1,600 t Pb
13,000 t Cu
25,000 t Zn

Moore and Luoma 1990




