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Nanoparticles in soils
General overview
Presence/Occurrence
Nano-size fraction (fine-grained, ultrafine)
Natural, incidental and engineered nanoparticles
Inorganic and organic (nanominerals, mineral nanoparticles, organic
compounds, mixtures of nano biopolymers)
Nanofilms (nanosheets), nanorods and nanoparticles

20 m

Role and functionalities
Soil physical properties (water holding capacity, porosity, tortuosity)
Soil chemical properties (reactivity, CEC, AEC)

Health related issues
Beneficial
Highly reactive (high percentage of surface reactive groups with unbalanced
charge per unit mass)

2 m

Deleterious
NM facilitated transport (nutrients and contaminants)

Elements in soils
Al, As, B, Cd, Ca, Ce, Cl, Cr, Cu, F, Fe, I, Pb, Mn, Hg, Mo, P, K, Mg, N, Na,
Se, Z (Deckers and Steinnes, Adv. Agron., 2004)
Theng and Yuan, Elements, 2008;
Maurice and Hochella, Adv. Agron., 2008;
Qafoku, Adv. Agron., 2010

1 m
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The intricacy of the soil system
The presence of an intricate network of simultaneous, coupled and/or
sequential chemical, biological and hydrological reactions and
processes

These reactions and processes are often time-dependent
Scale-dependent effects related to the solid phase mineralogical,
chemical and physical spatial heterogeneities

http://esask.uregina.ca

Chemical elements, nutrients and contaminants involved in these
reactions and processes are distributed in the soil solid, liquid and gas
phases
Climate change variables may induce poorly understood,
interconnected, long-lasting effects in soils
http://www.123rf.com
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Climate effect on soils
Climate change variables:
Higher atmospheric CO2 and CH4 concentrations
Higher temperatures (2-4 0C)
Changes in daily, seasonal and inter-annual
temperature
Changes in the wet/dry cycles
Intensive rainfall and/or heavy storms
Extended periods of drought
Extreme frost
Heatwaves and increased fire frequency

Soil related significant/dramatic consequences:
Changes in soil properties
Surface water and groundwater quality
Food (national) security
Water supplies
Human health
Energy
Agriculture, forests, ecosystems

https://scripps.ucsd.edu/programs/keelingcurve/

Scales and upscaling
Spatial scale: molecular/nano, aggregate, horizon,
type, order, regional and global scale
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Nanoscale processes and reactions with local,
regional and global implications
Rock and mineral accelerated weathering
Temperature and rainfall controls over rate and extent
Potential long-term slow acidification
Atmospheric CO2 consumption

Glacier retreat
Nanoparticle transport
Weathering of freshly exposed rocks/minerals
Potential CH4 release back into the atmosphere

https://www.un.org/africarenewal/magazine/august-2014/africa

C cycling in soils and atmospheric feedback
Soil organic matter transformation/mineralization
Soil organic matter interaction with minerals
Aggregate formation

Waste affected soils and subsoils
Nanoparticle formation
Nano scale controls over contaminant mobility
https://blogs.forbes.com/
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Climate induced glacier retreat
Honeycomb Glacier (North Cascade). This glacier has retreated
500 meters in the last 40 years, forming the new lake and exposing
an ever expanding rock island in the middle of the glacier.

Carroll Glacier, Alaska. August 1906 and June 21, 2004
https://theserangoonview.wordpress.com/2017/03/09/

https://glaciers.nichols.edu/diseqilibrium/
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Nanoscale processes and reactions with local,
regional and global implications
Rock and mineral accelerated weathering
Temperature and rainfall controls over rate and extent
Potential long-term slow acidification
Atmospheric CO2 consumption

Glacier retreat
Nanoparticle transport
Weathering of freshly exposed rocks/minerals
Potential CH4 release back into the atmosphere

https://www.un.org/africarenewal/magazine/august-2014/africa

C cycling in soils and atmospheric feedback
Soil organic matter transformation/mineralization
Soil organic matter interaction with minerals
Aggregate formation

Waste affected soils and subsoils
Nanoparticle formation
Nano scale controls over contaminant mobility
https://blogs.forbes.com/
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Organic Matter: Mineral Interactions
Complexity and Interactions
Motivates a model
system approach
•
•
•
•

known composition
bottom up
molecular to nano scale
simple to complex
Minerals
Organics
Electrolyte

Kleber et al., 2007
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Organic Matter: Mineral Interactions
Provide a molecular scale description of binding
Organic functional groups derived from naturally occurring OM

Two mineral classes:
• Phyllosilicates
• Iron oxides

Probe binding strengths of individual functional groups inspired by SOM components
Determine the role of ionic strength and ion type on organic-mineral binding
Newcomb et al., 2007 Nature Communications
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Organic Matter: Mineral Interactions
Free Energy of Interaction
Mica

Goethite

Drier environmental conditions with less water may have implications for reduced binding of COOH rich organics

Newcomb et al., 2007 Nature Communications
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Organic Matter: Mineral Interactions
Cation bridging
Phyllosilicates can stabilize organic matter via cation bridging
Mica

Ionic strength: 10 mM
Binding Force (pN)

800
600
400
200

C
aC
2l

N
aC
l

0

The effect of ion type can be directly measured at the organic-mineral interface
Newcomb et al., 2007 Nature Communications
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INP formation in
waste
affected
environments

50 m

Highly alkaline and saline solution attack on mica
particles in the Hanford sediments
The secondary precipitates accumulate at the edge of
the mica particle as a result of the OH attack

2 m

20 m

2 m
2 m

10 m

Other phyllosilicates (e.g., clinochlore) may undergo
dissolution releasing Fe2+

Potential effect on contaminant mobility

1 m

2 m

Qafoku et al., 2004 Geochimica et Cosmochimica Acta
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Ferrihydrite amended sediment
Transport controlled iodate adsorption
Columns 1 and 2 (IO3- spike)
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CO2-induced carbonate
dissolution and
reprecipitation
• Calcite is a common mineral in soils and subsoils
• CO2 decreases the pH of the solution, dissolving the
calcite
 Calcite re-precipitates as the system pH rebounds
 Calcite can incorporate contaminants (IO3-, CrO42-, U as uranyl
carbonate species)
Left: Atomistic model of IO3 incorporation
into the calcite structure with H+ cosubstitution
Blue- Ca; Red- O; Brown- C; Purple- I; Hwhite

Kerisit et al., 2018 Environmental Science and Technology

Right: I K-edge EXAFS spectra
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Iodate in calcite
Nanoscale solid phase characterization

SEM/FIB, TEM and NanoSIMS
Iodine is accumulated along crystal boundaries
Iodine was part of the crystal structure
Courtesy of Odeta Qafoku, Libor Kovarik and
John Cliff, EMSL

McElroy et al., 2019 (under review)
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Thank you

16

Extra Slides
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Introduction

Influence of nanoparticles (NPs) on environmental systems’ behavior
Knowledge is far from complete

Many Earth systems are affected by the presence of NPs
Natural, engineered and incidental NPs
NPs form as a result of a variety of natural and anthropogenic activities
NPs increase significantly the complexity of the soil system

The nanoscale processes are inherently local in nature
They can have temporally and spatially dynamic regional and global
environmental impacts
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INP formation in
waste
affected
environments

TEM micrographs and µ-XRD measurements
Amorphous Fe oxides (top, left) vs. crystalline
nano goethite (bottom, left)
Nano hematite formed on the surfaces of
feldspathoids (top, right)
Nano uraninite (UO2) product of microbial
U(VI) reduction (bottom, right)

Qafoku et al, 2007 (AG)
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Bi-based materials as contaminant scavengers

Lawter et al., 2019
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INP formation in
waste
affected
environments
Micrographs of the U-silicate nanocrystals (Naboltwoodite) located on fracture walls within
plagioclase domains of granitic lithic clasts (Hanford
sediments)
The bottom panel is a relatively low resolution
micrograph showing the platinum bar (Pt) used to
secure the specimen for focused ion beam (FIB)
milling of the sample
The top panel is a high resolution image of the Usilicate phase, which has grown on a plagioclase
grain in the typical floret morphology
The individual blades are themselves composed of
nanocrystals

Ilton et al, 2008 (ES&T)
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