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Abstract 

Engineered nanomaterials (ENMs) will increasingly be incorporated into 

products for widespread use, and release of these materials to the environment is 

expected to rise accordingly. Due to the difficulty of detecting and measuring ENMs in 

the environment and the need to predict material impacts long before commercialization 

occurs, ENM fate in the environment is often estimated using models. However, few 

standard protocols yet exist for the measurement of ENM properties that inform model 

parameterization. The work described here addresses this need through the 

development of a functional assay to generate data on an intermediate process affecting 

ENM outcomes in natural soils. Parameters quantified in a functional assay encompass 

the aggregate effects of the system properties on ENM behavior. Thus, data critical to 

modeling ENM fate, transport, and transformation in the environment can be generated 

even when mechanisms driving NP behavior are not known. The focus of this body of 

work is a functional assay that derives the affinity of ENMs for collector surfaces from 

measurements of the rate of ENM aggregation with collectors (e.g., glass beads, soils) in 

batch systems. The assay quantifies the system-dependent particle attachment efficiency 

(), a critical descriptor for modeling NP fate in the environment. 

The overarching hypothesis of this work is that trends in soil-nanoparticle (NP) 

attachment efficiencies can be used to predict trends in NP mobility in soils and 
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bioavailability to plants in soils. In this dissertation, I first explore the potential 

connection between  and bioavailability to plants by developing methodologies and 

generating results in well-defined model systems. I then extend these methods to the 

determination of  for NPs with natural soils and identify trends related to system 

characteristics. Finally, I investigate whether NP removal kinetics in soil pore waters and 

NP accumulation by plants in natural soils vary as a function of .  

The functional assay method for determining particle attachment efficiencies of 

NPs with model collectors in well-defined batch systems was used to generate ’s for a 

range nanoparticles with glass beads in the presence and absence of natural organic 

matter. These trends in  were compared against trends in the accumulation of NPs by 

plants from model systems resembling those of batch tests. We found an inverse linear 

dependency between  and plant accumulation, suggesting that increasing attachment 

efficiency between NPs and model collector grains leads to decreasing NP accumulation 

by plants grown in a substrate of those collector grains.  

We adapted the particle attachment efficiency functional assay methodology for 

use with natural soil systems and determined ’s for 10 soils and gold nanoparticles 

(AuNPs) with four different surface coatings. A consistent trend related to the AuNP 

surface treatment was observed in nearly all soils, with positively charged or nonionic 

polymer coatings resulting in high attachment efficiencies (typically on the order of 10-1 

– 100), the small organic acid coating resulting in intermediate ’s (~10-4 – 10-2) that 
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varied significantly with the properties of the soil extracts, and the large polyelectrolyte 

biopolymer coating leading to the lowest values of  (~10-5 – 10-4). This finding 

demonstrates that engineered surface treatments can exert a high level of influence on 

NP behavior even in complex systems where natural macromolecular coatings would 

normally be assumed to mask the influence of engineered coatings. 

By extensively characterizing the components of the batch systems, we identified 

potential drivers of  that were specific to each AuNP surface treatment, and we used 

machine learning to identify a subset of system characteristics that could be used to 

predict  trends generally. While the more granular analysis by surface treatment 

revealed some explicit connections between AuNP coatings and extrinsic AuNP 

properties (e.g., electrophoretic mobility, hydrodynamic diameter), soil extract 

properties (e.g., pH), and soil properties (e.g., oxalate-extractable aluminum, median soil 

diameter, soil organic carbon), the more conservative machine-learning approach 

identified only characteristics relating to solution chemistry as important to the 

prediction of . Indeed, the model predicted high, intermediate, and low ’s with more 

than 75 percent accuracy based on system characteristics, but performance suffered most 

for the mid-range ’s, suggesting that further optimization is needed to identify 

underlying factors affecting intermediate attachment efficiency. 

Finally, we determined that while trends in particle attachment efficiency were 

generally predictive of trends in AuNP concentrations and removal kinetics in the pore 
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waters of soils,  trends were only predictive of relative accumulation of different 

AuNPs within the same soil and not predictive of the trends observed across soils. We 

attribute this lack of predictivity to soil compaction and waterlogging in soils with high 

clay or organic matter contents that led to non-uniform growth of plants across soils and 

a lack of vertical transport of AuNPs in all soils, ultimately resulting in discrepancies in 

the local AuNP concentrations to which root systems were exposed.  

The work contained in this dissertation contributes to our understanding of 

factors driving NP mobility and bioavailability in soils by identifying an expected range 

of particle attachment efficiencies of soils possessing a broad range of characteristics 

with AuNPs stabilized with commonly used surface treatments. The methodologies and 

results generated as part of this work can be used to parameterize NP fate and transport 

models in the near term, while trends identified between  and system characteristics 

will inform hypothesis generation and enable elucidation of mechanisms driving NP 

mobility in environmental media in the long term.  
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1.  Introduction 

1.1 Motivation and technical need 

Engineered nanomaterials (ENMs) will increasingly be incorporated into 

products for widespread use (Broomfield et al., 2016), and release of these materials to 

the environment during synthesis, product manufacturing, use, and disposal is expected 

to rise accordingly (Nowack et al., 2016). From a regulatory perspective, whether such 

releases present unacceptable risks depends in part on the ENM concentrations to which 

biota could be exposed. Due to the difficulty of detecting and measuring ENMs in the 

environment (Von der Kammer et al., 2012; Laborda et al., 2016; Gondikas et al., 2018), 

and the need to predict material impacts long before commercialization occurs, exposure 

concentrations are often estimated using models, an approach that presents its own set 

of challenges. 

The accuracy of model predictions is often highest for processes that are well 

understood, with knowledge of mechanisms driving those processes informing model 

parameterization. For dynamic multi-dimensional systems – like most environmental 

media – such mechanisms are typically not elucidated. While some mechanistic insights 

can be garnered from empirical studies of NP behavior in simplified systems, these 

insights are often of limited utility for modeling NP behavior in highly complex systems 

(Baalousha et al., 2016). Additionally, few standard protocols exist for measuring the NP 
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properties that inform model parameterization, due in part to the broadly accepted 

definition of a nanomaterial as a material with one or more dimensions in the range of 

1–100 nm (European Commission, 2011) that encompasses a vast array of materials that 

can be as different from one another as are an apple, a sponge, and a fiberoptic cable. 

Establishing generalizable protocols for the characterization of these materials is 

understandably difficult, and attempting to link systematic changes for an ever-

expanding list of ENM properties to specific outcomes (e.g., toxicity, mobility) is 

impractical, to say the least. And while some ENM properties are intrinsic to the 

material itself, some properties arise extrinsically, depending on the interaction of the 

ENM with the medium in which it resides (Hendren et al., 2015). Thus, the ENM 

properties measured in the highly controlled systems typically utilized for standard 

methods are unlikely to resemble those of ENMs in the environment (Gao and Lowry, 

2018). These challenges must be overcome to establish the accurate and reproducible 

methods needed to enable ENM exposure and risk modeling, inter-study comparison, 

and ultimately, read-across.  

The work described here attempts to address this need by developing a functional 

assay to generate data on an intermediate process or function affecting ENM outcomes in 

complex media. Rather than attempt to predict ENM outcomes directly from the 

properties of the ENM, a functional assay measures what the ENM does in a system of 

interest, and that behavior is then used to predict an outcome. This approach is 
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especially useful for complex systems, as the parameter quantified in a functional assay 

encompasses the aggregate effects of the system properties on the ENM behavior. Thus, 

data critical to modeling ENM fate, transport, and transformation in the environment 

can be generated even when interactions within the system are difficult to disentangle 

and mechanisms driving behavior are not known. Robust characterization of the system 

also allows for investigation of potential linkages between system properties and ENM 

behavior, thereby providing a foundation for mechanistic study.  

The focus of the current work is a functional assay that derives the affinity of 

ENMs for collector surfaces from measurements of the rate of ENM aggregation with 

collectors (e.g., glass beads, soils) in a batch system. The assay quantifies the system-

dependent particle attachment efficiency (), which can be used in modelling ENM 

predicted environmental concentrations (Praetorius et al., 2012; Meesters et al., 2014), 

travel distances (Lecoanet et al., 2004; Praetorius et al., 2012), trends in bioaccumulation 

and trophic transfer (Geitner et al., 2016), removal rates (Praetorius et al., 2012; Meesters 

et al., 2014; Espinasse et al., 2018), and heteroaggregation with natural colloids 

(Praetorius et al., 2012; Meesters et al., 2014; Therezien et al., 2014), among other 

processes. The myriad interacting system properties that produce a net effect on NP 

attachment – and are therefore captured by a functional assay for  – are provided in 

Figure 1-1.  
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Few studies have determined  

directly for complex systems. While this 

parameter is expected to vary as function of 

system properties with values ranging 

several orders of magnitude, the limited 

modeling efforts reported to date tend to use 

an assumed value of this parameter, often 

that approximating a “worst-case” scenario 

for environmental modeling (Meesters et al., 

2019). The uncertainty introduced by this 

assumption could be substantial, especially 

for those models in which outputs are highly 

sensitive to the value of  or for those requiring more accurate predictions. Well -

developed standard methods are therefore needed to allow for direct determination 

of  in complex aquatic, soil, and sediment systems. A method for evaluating  for 

complex systems using batch tests was first developed and demonstrated for the case of 

ENM heteroaggregation in wastewater (Barton et al., 2014). The method was applied to 

describe results from wetland mesocosm experiments (Geitner et al., 2016; Geitner et al., 

2017) but has not yet been refined or applied to the cases of ENM transport in soils and 

sediments. Given that nano-enabled applications for the agricultural environment are on 

 

 

Figure 1-1. System properties captured by 

the functional assay for attachment 

efficiency () 
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the rise (Peters et al., 2014), and soils are expected to be significant sinks for ENMs 

released to the environment (Giese et al., 2018), the development of robust methods for 

the determination of critical ENM fate and transport descriptors in soils is considered a 

priority.  

Column studies – in which deposition of ENMs onto the surfaces of a porous 

medium is determined following injection into and elution from a packed column – 

were the initial method applied for evaluating ENM transport through solids-dominated 

media (Lecoanet et al., 2004). However, natural soils and sediments are often unsuitable 

for column studies; low hydraulic permeabilities and highly heterogeneous size 

distributions of collector media make the application of this method for soils difficult, at 

best. Batch tests provide a viable alternative for determining the affinity of ENMs for 

heterogeneous surfaces, as heteroaggregation and deposition can be considered 

analogous processes, particularly in terms of the forces influencing attachment efficiency 

(Yao et al., 1971; Wiesner et al., 2006; Peijnenburg et al., 2016).  

The primary aim of this work is to develop the methodology for an  functional 

assay to investigate the link between NP-soil  and plant accumulation in the complex 

systems of natural soil. Additionally, this work aims to identify characteristics of the 

soil-NP system that can be used to predict ’s and the NP distribution in a soil/pore 

water/plant environment, which might ultimately allow for the development of simpler 

functional assays that eliminate the necessity of using natural media. To our knowledge, 
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no work has explored the relationship between  and the bioavailable fraction of NPs in 

a terrestrial system.  

1.2 Project scope 

This work is intended to address knowledge gaps concerning the fate and 

transport of NPs in soil systems, respond to calls for data and protocols to support 

parameterization of fate and exposure models in those systems, and enable interstudy 

data comparison through development and utilization of standardized methods. The 

overarching hypothesis of this work is that trends in soil-NP ’s can be used to predict 

trends in nanoparticle mobility and bioavailability in soils. Given the recent influx of 

proposed nano-enabled applications for agricultural systems – and the dearth of plant 

uptake studies for NPs at the time this work began – plants were chosen as the receptor 

of interest for investigating bioavailability of NPs in soils. The relative mobility – and by 

extension, the bioavailability to terrestrial plants – of NPs is expected to be high in 

systems for which the affinity of NPs for background particle surfaces is low (i.e., low- 

systems), and that the inverse is also true (i.e., low relative mobility/ bioavailability in 

high- systems).  

Chapter 2 of this document provides a review of pertinent literature relating to 

the theoretical basis for the development of an  functional assay, the experimental 

design and results for existing  functional assays, ENM transport and transformation 

processes expected in agricultural systems, and accumulation of ENMs by plants. 
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Chapter 3 provides a detailed description of the methods used throughout this 

body of work. Subsequent chapters limit redundancy by frequently referencing the 

detailed protocols described in this chapter and providing additional details, when 

necessary.  

Chapter 4 of this document contains four sections of results, with context 

provided in the form of abridged introduction and methods-and-materials subsections. 

Section 4.1 describes the methodologies developed and results obtained in investigating 

the hypothesis that NP accumulation by plants – in well-defined systems – will vary as a 

function of . The first aim of this work was to develop functional assay protocols using 

simplified systems and generate preliminary data to determine whether the result 

warranted continuing this work with more complex systems (i.e., soils).  

Aim 1: Determine whether a relationship  – qualitatively or quantitatively – exists 

between NP ’s and NP accumulation by plants in a model system.  

- Objective 1.1: Develop the protocol for a functional assay to determine NP ’s by 

batch test in model systems (e.g., glass beads, nutrient medium, amendments of 

organic matter). 

- Objective 1.2: Develop the protocol to determine NP accumulation by plants and 

translocation factors of NPs from roots to shoots for plants grown in model 

systems described in Objective 1.1. 
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- Objective 1.3: Generate a matrix of ’s for NPs with different characteristics in the 

systems described in Objective 1.1. 

- Objective 1.4: Determine accumulation of NPs by plant roots and shoots and 

calculate translocation factors for systems described in Objective 1.3. 

- Objective 1.5: Compare trends in ’s from Objective 1.3 and plant accumulation 

from Objective 1.4 to establish an empirical foundation for exploring a relationship 

between the two in a more complex, natural systems. 

Aim 2 of this body of work was to extend these methods to the consideration of  

for NPs with natural soils, identifying trends related to system characteristics. To this 

end, Section 4.2 investigates the hypothesis that  will vary with NP surface chemistry – 

conferred by engineered surface coatings – in a highly complex reference soil system, 

and Section 4.3 explores the hypothesis that a subset of system characteristics from a 

larger experimental matrix can be used to predict NP-soil  trends. 

Aim 2: Systematically determine NP-soil ’s for a range of NPs and soils and identify 

trends. 

- Objective 2.1: Adapt batch test functional assay to determine NP ’s in soil 

systems, identify a reference system for inter-study comparisons, provide 

modifications for specific systems, and communicate assumptions and limitations. 
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- Objective 2.2: Generate matrix of ’s for AuNPs with 3 surface treatments and 10 

soils, including the reference soil identified in Objective 2.1. 

- Objective 2.3: Characterize NPs and soils based on recommendations from 

Environmental Nanomaterial Testing Media (ENTM) harmonization group. 

- Objective 2.4: Evaluate trends in , and determine whether  is correlated with 

measured characteristics. 

Section 4.4 describes plant accumulation methodologies and results generated to 

investigate the hypothesis that NP removal kinetics in pore water and accumulation by 

plants – in highly complex systems of natural soil – will vary as a function of . The final 

aim of this work is to determine whether trends in  generated for Aim 2 correlate with 

trends in NP mobility and bioavailability to terrestrial plants for intact soils.  

Aim 3: Determine whether a relationship  – qualitatively or quantitatively – exists 

between NP ’s, NP mobility (as determined by persistence of NPs in porewaters), 

and NP bioavailability (as determined by accumulation by plants) in natural soils. 

- Objective 3.1: Adapt functional assay from Objective 1.2 to determine NP 

accumulation by plants in soil systems. 

- Objective 3.2: Conduct soil pot studies for a subset of systems from Aim 2 with a 

range of ’s, measuring Au concentrations in pore waters and in/on plant tissues 
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over time and additional endpoints that might affect those concentrations (e.g., 

pH, biomass, evapotranspiration rates). 

- Objective 3.3: Determine AuNP removal rate constants from soil pore waters, Au 

accumulation rates for plants, and vertical Au translocation factors in plants 

- Objective 3.4: Compare trends in , AuNP removal kinetics from soil pore waters, 

and AuNP accumulation and translocation by plants to determine whether trends 

in AuNP-soil  correlates to trends in AuNP mobility and bioavailability. 

- Objective 3.5: Evaluate trends in Au removal from pore water and plant 

accumulation, and determine whether Au concentrations in plants and soil pore 

waters are correlated with measured characteristics and endpoints other than . 

- Objective 3.6: Determine the mass partitioning of Au in soil, pore waters (both 

dissolved Au and AuNP), plants, and vessel walls over time. 

Finally, Chapter 5 of this document provides a synthesis of the key findings from 

this body of work and identifies future directions for research on particle attachment 

efficiency and plant accumulation of ENMs in complex systems. 
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2.  Background and literature review 

In his pivotal 1959 speech, “There’s Plenty of Room at the Bottom,” the acclaimed 

physicist Richard Feynman stressed that “Atoms on a small scale behave like nothing on 

a large scale” (Feynman). This principle underpins the development of nanotechnology, 

which exploits the unique properties of materials that arise as a function of their very 

small size. The broadly accepted – though not internationally standardized – definition 

of a nanomaterial is an object with at least one dimension within the range of 1–100 nm 

(or about 1 billionth of a meter)(European Commission, 2011). In this realm, the 

boundaries of classical physics give way to quantum effects. In combination with the 

physical effects resulting from the extremely high surface-area-to-volume ratio of these 

materials, once-inert materials can be transformed into catalytically active materials 

(Okumura et al., 1998), materials can change color or fluoresce differently (Eychmüller, 

2000), the strength and hardness of composites can increase (Makhlouf, 2011), and 

nonconductive materials can become electrical conductors (Zhang et al., 2006), among 

other dramatic changes. 

While nanoscale objects are abundant in nature (e.g., volcanic ash, sea spray, 

metal oxides in soils, bacteriophages) and have long been unintentionally created by 

human activities (e.g., automobile exhaust, desertification, industrial emissions) 

(Bernhardt et al., 2010), ENMs are unique in that they are almost endlessly customizable, 
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resulting in nanoforms and surface chemistries that are not found in nature and that are 

engineered to maximize the expression of their functional properties. We are only 

beginning to identify strategies for assessing the risks associated with exposure to ENMs 

and answering the question of whether their nanoscale properties present unique nano-

specific risks.  

2.1 Particle aggregation: theoretical foundation  

Aggregation is the process of particle cluster formation, which is treated 

mathematically as a two-step process whereby long- and short-range forces move 

particles together (i.e., the transport step) and short-range forces dictate the affinity of 

one surface for another (i.e., the attachment step). Our understanding of the 

mathematics of aggregation has been largely informed by the work of colloid scientists 

on flocculation, now a critical process in water treatment whereby many small particles 

aggregate into fewer large particles that are then removed by sedimentation, filtration, 

or other mechanisms. The physicist Marian Smoluchowski (1917) was the first to 

mathematically describe the process of flocculation through a population balance model 

for monodisperse suspended particles. The Smoluchowski model assumes that the rate 

of change in the particle number concentration for each particle size class in a 

distribution (nk) is determined by physical mechanisms causing destabilized particles to 

approach, collide, and attach; the number concentration decreases as particles in that 

size class form larger clusters and increases as small particles form larger clusters of that 
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size class. The basic mathematical expression described by Smoluchowski for the rate of 

change of nk is given in Equation 2-1. 

d𝑛𝑘

d𝑡
=

1

2
∑ 𝛽𝑖𝑗𝑛𝑖𝑛𝑗 − 𝑛𝑘 ∑ 𝛽𝑖𝑘𝑛𝑖

∞

𝑖=1𝑖+𝑗→𝑘

 Equation 2-1 

 

The first summation term on the right side of this equation represents the 

increase in nk due to formation of k-sized clusters from the collision and attachment of 

smaller i- and j-sized particles or clusters in number concentrations ni and nj. The second 

summation term represents a decrease in k-sized clusters as they collide with and attach 

to particles and clusters of another size class, forming larger clusters. The factor of one 

half multiplied by the first term prevents double counting of a single collision (i.e., two 

particles combine to form one cluster; in the summation this counts only as one 

collision). Physical transport mechanisms leading to collisions are encapsulated by the 

collision frequency function,  (unit: inverse number concentration per time (Thomas et 

al., 1999; Therezien et al., 2014). In Equation 2-1, subscripts i, j, and k denote discrete 

particle size classes; to model particle size distributions for the overall population, 

separate such equations must be prepared for each size class, and all equations 

integrated simultaneously. Smoluchowski (1917) attempted to reduce the unwieldiness 

of this system of nonlinear differential equations by applying a number of simplifying 

assumptions to the model (Thomas et al., 1999). 
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1. Flow regimes are ordered (i.e., laminar), and short-range hydrodynamic forces do 

not affect particle collision frequencies (i.e., approaching particles follow a linear 

collision path) 

2. Particles are initially monodisperse (i.e., all particles are the same size and 

composition at t = 0) 

3. Aggregation is irreversible (i.e., breakage does not occur) 

4. All particles and aggregates are spherical, even after collision (i.e., volume k = 

volume i + volume j; aggregates are not fractal objects) 

5. Every collision results in attachment (i.e., short-range repulsive forces are not 

considered) 

6. All collisions occur between only two particles or clusters 

Smoluchowski’s model provides the foundation for contemporary aggregation 

theory, but several modifications have been added to address these simplifying 

assumptions and to account for additional forces expected to influence particle transport 

and attachment. The following sections will provide an overview of the state of 

aggregation theory, and major advancements made in modeling particle transport and 

attachment mechanisms, respectively, will be described in Sections 2.1.1 and 2.1.2. 
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2.1.1 Particle transport and collision frequency 

Smoluchowski’s original model (Smoluchowski, 1917) considers two major 

mechanisms by which interacting particles collide in suspension: Brownian motion (also 

referred to as perikinetic or microscale flocculation) and fluid shear (also referred to as 

orthokinetic or macroscale flocculation)(Lawler, 1997). Differential sedimentation was 

later proposed by Friedlander (1977) as a third mechanism contributing to particle 

collision frequency. When summed, collision frequencies due to Brownian motion (𝛽𝑖,𝑗
𝐵𝑟), 

shear forces (𝛽𝑖,𝑗
𝑆ℎ), and differential sedimentation (𝛽𝑖,𝑗

𝐷𝑆) constitute the overall collision 

frequency kernel 𝑖,𝑗 for colliding particles in size classes i and j.  

2.1.1.1 The rectilinear model 

The assumptions by Smoluchowski that velocity gradients are uniform and 

particles or objects do not interfere with flow lines yields a model that assumes all 

particles will follow linear trajectories leading to collision. This model is referred to as 

the rectilinear model for particle transport.  

The Brownian motion of particles is a mechanism of particle transport caused by 

random elastic impacts with fluid molecules (Einstein, 1905; Smoluchowski, 1923); the 

collision frequency function for Brownian motion is provided in Equation 2-2. 

𝛽𝑖,𝑗
𝐵𝑟𝑅𝑒𝑐𝑡 =

2

3

𝑘BΤ

𝜇
(

1

𝑑𝑖
+

1

𝑑𝑗
) (𝑑𝑖 + 𝑑𝑗) Equation 2-2 
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Particle collisions occurring via Brownian motion depend on the absolute temperature 

of the fluid (T), the dynamic viscosity of the fluid (), and the diameters of the colliding 

particles (di and dj). The Boltzmann constant (𝑘B) allows the ideal gas law for macroscale 

systems to scale to microscale systems. Although Brownian motion causes particles to 

move randomly and erratically in the bulk fluid, the rectilinear model assumes that an 

individual burst of motion following bombardment of a particle by fast-moving fluid 

molecules will result in a linear collision path (Thomas et al., 1999).  

The rectilinear model essentially assumes that the only effect of the fluid on 

particle transport is through drag effects. Collisions due to fluid shear are the result of 

the relative motion of particles along a velocity gradient (G = du/dy) established by fluid 

mixing. The only other parameter affecting collisions due to fluid shear is assumed to be 

the diameters of colliding particles, as shown in Equation 2-3.  

𝛽𝑖,𝑗
𝑆ℎ𝑅𝑒𝑐𝑡 =

1

6
𝐺(𝑑𝑖 + 𝑑𝑗)

3
 Equation 2-3 

 

In Smoluchowki’s model, the velocity gradient is assumed to be constant; for a 

Newtonian fluid, the velocity gradient is proportional to the shear stress, resulting in a 

uniform shear field. Particles carried along by fluid traveling at one velocity can 

overtake or be overtaken by adjacent particles traveling in fluid moving in the same 

direction at different velocities. Provided the distance between adjacent particle centers 
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is sufficiently small (i.e., less than or equivalent to the sum of the approaching particle 

radii), a collision will occur .  

Camp and Stein (1943) later updated Equation 2-3 by using a local root-mean-

square (RMS) velocity gradient to account for cases in which flow is laminar but shear is 

nonuniform (e.g., Poiseuille flow in a tube, laminar flow over inclined plate)(Equation 

2-4a) and in which flow is turbulent, creating variable velocity gradients and 

nonuniform shear (Equation 2-4b)(Casson and Lawler, 1990; McEwen, 1998).   

(a)      𝐺𝑝
𝑙𝑎𝑚 =  √

𝜙

𝜇
 (b)      �̅�𝑡𝑢𝑟𝑏 =  √

̅

𝜈
 Equation 2-4 

 

Camp and Stein (1943) argued that the local absolute velocity gradient for laminar flow 

(𝐺𝑝
𝑙𝑎𝑚) was proportional to 𝜙, the square root of work done by shear (e.g., rotational 

mixing speed and torque in paddle mixing, headloss in pipe) per packet of fluid per 

time over the dynamic viscosity of the fluid (𝜇) (Equation 2-4a). However, to determine 

the RMS velocity gradient for turbulent systems, where the velocity gradient varies over 

time and space, the authors postulated that �̅�𝑡𝑢𝑟𝑏 would depend on the mean work 

input for the global system, which could be simplified to the square root of the power 

input per unit mass (or the average turbulent energy dissipation per unit time per unit 

mass) (휀)̅ over the kinematic viscosity (𝜈)(Equation 2-4b) 

Several critical reviews of the work by Camp and Stein (1943) identified 

erroneous assumptions leading to potentially inappropriate conclusions about the 
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applicability of the RMS velocity gradient to 3-dimensional laminar-flow systems and 

the overestimation of G in turbulent systems (Clark, 1985; Casson and Lawler, 1990; Han 

and Lawler, 1992; Thomas et al., 1999). Despite these theoretical deficiencies, Equation 

2-4a and b are still broadly used to determine velocity gradients for modeling collision 

frequency due to fluid shear in both laminar- and turbulent-flow systems, primarily 

because 𝐺𝑝
𝑙𝑎𝑚  has little practical implication on the development of flocculation systems 

and �̅�𝑡𝑢𝑟𝑏 was later shown to align with experimental values for time-averaged RMS 

velocity gradients in turbulent systems (Kusters et al., 1992; Thomas et al., 1999).  

Finally, collisions due to differential sedimentation occur via a mechanism 

similar to fluid shear; relative motion of particles – in this case caused by different 

settling rates – brings neighboring particles into contact (Findheisen, 1939; Friedlander, 

1977). The collision efficiency function for differential sedimentation is provided in 

Equation 2-5.  

𝛽𝑖,𝑗
𝐷𝑆𝑅𝑒𝑐𝑡 =

𝜋𝑔

72𝜇
(𝜌𝑝 + 𝜌𝑙)(𝑑𝑖 + 𝑑𝑗)

3
|𝑑𝑖 − 𝑑𝑗| 

Equation 2-5 

 

The settling rate of particles can be determined using the equation for stokes settling 

velocity, from which Equation 2-5 is derived. As a result, 𝛽𝑖,𝑗
𝐷𝑆 depends on the 

gravitational constant (g), the dynamic viscosity of the fluid (), the densities of the 

particles (𝜌𝑝) and the fluid (𝜌𝑙), and the particle diameters (𝑑𝑖 and 𝑑𝑗). 
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The degree to which these individual collision frequencies contribute to the 

overall collision frequency function in the rectilinear model depends on the 

characteristics of the system controlling each equation (e.g., relative particle sizes, fluid 

viscosity, selected velocity gradient). Under what might be considered typical conditions 

of a flocculation basin for water treatment (i.e., slow mixing, ambient temperature, 

particle densities close to that of water), the rectilinear model predicts that Brownian 

motion is the dominant mechanism contributing to collisions in the early stages of 

aggregation when most particles are small (i.e., < ~1 m), fluid shear dominates at most 

intermediate sizes and when both particles are large, and differential sedimentation 

dominates only for interactions where one particle size class is substantially larger than 

the other (Figure 2-1)(Han and Lawler, 1992).  

 

 

Figure 2-1. Rectilinear collision zones. Dominant mechanisms of collision for two spherical 

particles of different sizes in water, assuming a velocity gradient (G) of 10 s-1, temperature 

(T) of 20 C, and particle density (𝝆𝒑) of 1.1 g/cm3. Adapted from Han (1992). 
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However, in practice, the rectilinear model tends to over-predict collision frequencies, 

due in large part to the omission of the effect of hydrodynamic forces on particle 

trajectories (Adler, 1981).  

2.1.1.2 Curvilinear models 

The rectilinear model assumes all particles follow linear collision paths induced 

only by velocity gradients and impacts with fluid molecules. In reality, particles in 

suspension continuously exert forces on one another and on the fluid in which they are 

suspended – and vice versa – and these interactions can significantly alter fluid flow 

fields and particle trajectories (Happel and Brenner, 2012). When included in an analysis 

of particle collisions, the interactions between particles and fluid (i.e., hydrodynamic 

forces) and between diffuse clouds of ions surrounding particles of like charge (i.e., 

electrostatic forces) typically reduce collision frequencies, and the attractive interactions 

between the atoms and molecules of particles (i.e., London-van der 

Waals/intermolecular forces) typically increase collision frequencies (Han and Lawler, 

1992). Models that incorporate these forces into the estimation of collision frequencies 

are referred to as curvilinear or short-range models. 

As noted in Section 2.1.1.1, the rectilinear model predicts that collisions will 

occur if the distance between the centers of two passing particles is less than or 

equivalent to the sum of the particle radii. In the curvilinear model, approaching 

particles are presumed to displace the fluid between them; the change in the fluid flow 
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field causes the particles to diverge from a linear trajectory and rotate around each other 

(Thomas et al., 1999). This hydrodynamic interaction effectively decreases the critical 

collision area (i.e., the maximum separation distance between particle centers that will 

result in collision) relative to that predicted by the rectilinear model, as shown in Figure 

2-2, resulting in fewer collisions.   

 

 

Figure 2-2. Particle trajectories predicted by the rectilinear and curvilinear collision models, 

illustrating the reduced critical collision area predicted by the curvilinear model. Figure 

from Han & Lawler (1992) 

 

The effect of hydrodynamic interactions and short-range intermolecular and 

electrostatic forces on collision frequencies can be accounted for by correction factors 
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applied to the equations for the rectilinear model (Equation 2-2, Equation 2-3, and 

Equation 2-4), based on the work of Adler (1981). For example, Han and Lawler (1992) 

developed curvilinear correction factors for collisions due to Brownian motion, fluid 

shear, and differential sedimentation, primarily as functions of the size ratio of the 

colliding particles and the ratio of hydrodynamic shear forces to van der Waals forces. 

The authors were studying particle collisions within the context of water treatment; as a 

result, they assumed that a coagulation step would have been employed prior to 

flocculation and that this step would neutralize particle surface charges and prevent 

electrostatic repulsion. Thus, the effect of electrostatic repulsion was not considered in 

their model (Han and Lawler, 1992). 

When the authors used these correction factors to adjust the collision frequency 

functions illustrated in Figure 2-1, they found that the curvilinear model predicted a 

dramatic increase in the collision zones for Brownian motion and differential 

sedimentation along with a correspondingly large decrease in the zone in which fluid 

shear would be expected as the dominant mechanism of collision (Figure 2-3). In fact, 

shear forces were only expected to dominate collisions when the colliding particles were 

both greater than 1 m in size and approximately the same size (i.e., within about a 

factor of 10). Moreover, they noted that the curvilinear model predicted far fewer 

collisions overall, owing primarily to reductions in collision frequencies up to 3 and 5 

orders of magnitude for differential sedimentation and fluid shear, respectively. For  
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both mechanisms, the conversion factors decreased as the size ratio of the interacting 

particles approached zero (i.e., as particle sizes diverge, fewer collision are expected to 

occur via these mechanisms).  

Collisions due to Brownian motion were not predicted to be similarly effected; 

instead, as the particle size ratio approaches zero, the conversion factor is expected to 

 

 

Figure 2-3. Comparison of collision zones predicted by the rectilinear and curvilinear 

models. Dominant mechanisms of collision for two spherical particles of different sizes in 

water, assuming a velocity gradient (G) of 10 s-1, temperature (T) of 20 C, and particle 

density (𝝆𝒑) of 1.1 g/cm3, From Han (1992). 
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approach unity, suggesting that for interacting particles where one particle is small and 

the other large, the rectilinear model is a good predictor of collision frequency by 

Brownian motion. Arguably the most striking conclusion from the work of Han and 

Lawler (1992) was that collision frequency was not directly proportional to the velocity 

gradient of the fluid (G) in the curvilinear model, which had significant implications on 

flocculation basin design and optimization. The authors therefore suggested mixing at 

the minimum speed required to keep most particles aloft, which would enable collisions 

via the more dominant mechanisms of Brownian motion and differential sedimentation. 

The work of Han and Lawler (1992) was recently revisited in a study by Youn 

and Lawler (2019) focusing on developing curvilinear corrections for nanoparticle 

interactions using trajectory analysis. The authors expanded upon the original model by 

(1) extending the minimum size of the larger interacting particle in modeled particle size 

ratios from the 1-m size used by Han and Lawler (1992) to sizes within (and even 

below) the nanometer scale, (2) considering electrostatic effects arising from particle 

surface charge, and (3) examining more particle size ratios over a broader size 

distribution. The authors found that Brownian motion was the dominant mechanism of 

collision for nanoparticles colliding with particles of any size, a conclusion that was 

consistent with the findings of Han and Lawler (1992). However, a novel finding did 

emerge from extending the size range of the particles into the nanometer range. Youn 

and Lawler (2019) observed that corrected curvilinear collision frequencies for charge-
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neutral nanoparticles were much higher for the mechanisms of fluid shear and 

differential sedimentation than expected based on the findings of Han and Lawler 

(1992). This effect is explained by the dominance of van der Waals forces over 

hydrodynamic forces as a relatively small particle approaches another particle that is 

even smaller. Because both particles settle (or approach) slowly, hydrodynamic effects 

impeding collision are small, and the time in which van der Waals forces can act to draw 

particles together is large. As a result, the curvilinear conversion factors for some 

nanoparticles colliding via differential sedimentation and fluid shear can exceed unity.  

Investigating particle behavior in potentially more environmentally relevant 

scenarios using the model of Youn and Lawler (2019) was more complicated because 

discrete numerical solutions must be computed for each system-specific combination of 

physical and chemical conditions affecting collisions (e.g., ionic strength, surface 

potential). By varying particle sizes and size ratios, ionic strength, and surface potential 

to a limited degree, the authors identified several trends. In general, the presence of an 

electric double layer (EDL) surrounding charged particles substantially decreased 

collision frequencies via all collision mechanisms, but this effect decreased with 

increasing ionic strength. When surface potential was held constant at -25 mV and ionic 

strength at 1 mM; collisions due to Brownian motion declined dramatically and nearly 

disappeared when at least one of the interacting particles was larger than 50 nm. Under 

these conditions, collisions between nanoscale particles due to differential sedimentation 
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were not predicted to occur at all, and collisions due to fluid shear were expected to 

occur rarely. One particularly interesting result of this trajectory analysis was that 

collision frequency corrections were relatively small (within a few orders of magnitude) 

for systems in which one particle was 200 nm and surface potential was slightly low or 

even moderately low (up to -20 mV, under the conditions of the modeled system), while 

no collisions were expected to occur at surface potentials of -30 mV or lower, suggesting 

a broad range of surface potentials under which aggregation should readily occur, but 

above which aggregation would dramatically decrease (Youn and Lawler, 2019). 

2.1.1.3  Intermediate models 

Smoluchowski’s original model (1917) assumes that colliding particles coalesce 

into a sphere in which the volume of the colliding particles is conserved, and the 

rectilinear model essentially assumes that all particles and clusters are highly porous, 

allowing perfect advection through these objects. Conversely, the curvilinear model 

assumes that all particles and clusters are completely impermeable, preventing 

advection, and forcing fluid to flow around them. In reality, particle clusters will be 

variably permeable, depending largely on their fractal dimension (i.e., how compact 

they are), which in turn is a function of the affinity of the particles for one another as 

they collide (Wiesner, 1992; Thomas et al., 1999). Moreover, the density of clusters with 

lower fractal dimensions (i.e., those with a more open structure) is not equal to that of 

the individual particles forming the cluster, meaning that the volume of particles is no 
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longer conserved, and particle collision frequencies and attachment efficiencies are likely 

to change.  

The implication of considering clusters as fractal objects with porosities 

somewhere between those assumed by the rectilinear and curvilinear models is that 

particles will likely follow semi-curved trajectories to collision, and collision frequencies 

will be lower than those predicted by the rectilinear model and higher than those 

predicted by the curvilinear model.  

Veerapaneni and Wiesner (1996) proposed an intermediate model, also based on 

the work of Adler (Adler, 1981), that includes corrections for the approximate effect of 

advection through fractal objects on collision frequency functions using a relationship 

with the fluid collection efficiency of the clusters. While the recent work by Youn and 

Lawler (2019) acknowledges the importance of fractal dimension (and porosity, by 

association) on particle trajectories, they note that the results of a study on floc formation 

by Zhang and Li (2003) concluded that the curvilinear model was far superior to the 

rectilinear model at predicting flocculation dynamics. As a result, Youn and Lawler 

(2019) elected not to incorporate the corrections from the intermediate model into their 

curvilinear model of nanoparticle collisions but noted that their framework could be 

adapted to include corrections for permeable fractal objects.  

Another assumption implicit in Smoluchowski’s model (1917) is that aggregation 

is occurring between like particles, which limits the applicability of the model for most 
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environmental systems. Therezien et al. (2014) developed a numerical model to 

investigate aggregation dynamics in heterogeneous systems containing nanoparticles 

and a range of environmentally relevant “background” particles. Building upon the 

works of Wiesner (1992) and Veerapaneni and Wiesner (1996), the authors accounted for 

the effect of porosity on collision frequencies by evaluating the number concentration of 

nanoparticles in heteroaggregates and assuming that background particles are 

impermeable while nanoparticles form porous aggregates with an assumed fractal 

dimension (Therezien et al., 2014).  

2.1.2 Particle attachment efficiency 

Up to this point, effects of short-range, interparticle forces have been considered 

merely in terms of experimental correction factors to address limitations in the 

theoretical basis of the collision frequency function. However, another way of viewing 

the effect of short-range forces on aggregation is by considering the transport parameter 

 as a separate parameter from that encompassing the short-range forces dictating the 

interaction energy between the two particles that determines the efficiency of 

attachment. The dimensionless particle attachment efficiency, , (sometimes referred to 

as the collision efficiency or the sticking coefficient), is defined as follows: 

𝛼 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 𝑟𝑒𝑠𝑢𝑙𝑡𝑖𝑛𝑔 𝑖𝑛 𝑎𝑡𝑡𝑎𝑐ℎ𝑚𝑒𝑛𝑡

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 
 Equation 2-6 
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When no barrier to attachment exists between particle and collector (i.e., in favorable-

attachment systems),  is unity, meaning every collision results in attachment. Most 

particle-collector interactions in the environment will likely occur under unfavorable-

attachment conditions, such that  < 1. Where the barrier to attachment is present but 

low,  could be close to 1, whereas large barriers to attachment could lower  by several 

orders of magnitude, meaning that only a single attachment occurs as the result of 

thousands of collisions. The following section provides more detail on the short-range 

forces controlling particle attachment efficiency and the system characteristics that 

influence the size of the energy barrier to attachment. 

2.1.2.1 Classical DLVO: London-van der Waals and electrostatic double layer 
forces 

The original Smoluchowski model (1917) assumes that every particle collision 

results in attachment (i.e.,  = unity). However, under most circumstances, the intrinsic 

nature of the particles and the extrinsic properties of the particles arising from 

interactions with the milieu will produce a combination of attractive and repulsive 

forces between surfaces at relatively short separation distances, the balance of which will 

dictate particle interaction energies. Any energy barrier preventing the approach of two 

particles must be overcome by kinetic energy provided by the motion of the particles 

(O’Melia, 1972). The DLVO (or Derjaguin-Landau-Verwey-Overbeek) theory of colloid 

stability (Deraguin and Landau, 1941; Verwey, 1947) is considered the classical 
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framework for determining the interaction energies between surfaces. Classical DLVO 

theory considers only the influence of attractive London-van der Waals (VDW) forces 

and the electrostatic double layer (EDL) force on particle attachment. DLVO provides a 

framework for calculating interaction energies over separation distance as the Gibbs free 

energy required to bring the surface of a particle into contact with that of a collector 

(Stumm and Morgan, 1995). 

London-van der Waals forces 

VDW forces are the result of short-range intramolecular dipole interactions; these 

relatively weak attractive forces arise between any two neighboring atoms, molecules, or 

objects (Hamaker, 1937; London, 1937). VDW attraction forces (𝑉𝑉𝐷𝑊) can be determined 

from the particle Hamaker constant (A), average radius (a), and surface separation 

distance (s) using Equation 2-7 (Hotze et al., 2010).  

𝑉𝑉𝐷𝑊

𝑘𝑇
= −

𝐴

6𝑘𝐵𝑇
(

2𝑎2

𝑠(4𝑎 + 𝑠)
+

2𝑎2

(2𝑎 + 𝑠)2 + ln
𝑠(4𝑎 + 𝑠)

(2𝑎 + 𝑠)2) 
Equation 2-7 

 

The Hamaker constant incorporates the effects of chemical composition (of particle, 

collector, and intervening media) on attraction energies through pairwise summation of 

all intermolecular forces. However, the assumption of perfect additivity of interactions is 

known to overestimate the energy of the interaction between any two elements in this 

system (Elimelech et al., 2013). In general, denser materials like gold and silver have 

higher Hamaker constants, resulting in greater VDW attraction energies and higher 
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likelihood of homoaggregation, heteroaggregation, and deposition, when compared to 

less-dense materials (e.g., model polystyrene latex particles) (Elimelech et al., 2013; 

Cornelis et al., 2014). 

The overall Hamaker constant for a system of two interacting particle types (i.e., 

media 1 and 2) in an intervening medium (i.e., medium 3) is shown in Equation 2-8.   

𝐴132 = 𝐴12 + 𝐴33 − 𝐴13 − 𝐴23 Equation 2-8 

 

Particle Hamaker constants can also be estimated semi-empirically in a number of ways, 

including through the following relationship with the critical coagulation concentration 

(CCC) in homoaggregation studies (Cornelis et al., 2013; Elimelech et al., 2013), 

𝐶𝐶𝐶 =
tanh4 (

𝑧𝑒𝜓𝛿
4𝑘B𝑇

)

𝑧6𝐴2  
Equation 2-9 

 

where z is the valence state, e the electron charge, and 𝜓𝛿  the surface potential for the 

layer of ions most closely associated with the charged surface of a particle (i.e., the Stern 

layer) . The quantity 
𝑧𝑒𝜓𝛿

4𝑘𝑇
 is essentially the ratio of the electrical energy of an ion relative 

to its thermal energy. Both the CCC and the Stern layer potential are estimated in this 

case from relationships between favorable and unfavorable removal rate constants 

determining the stability ratio (i.e., the inverse of ) over a range of ionic strengths. As 

one might expect of the pairwise summation of intermolecular interactions or the 

dependence of semi-empirical estimation of Hamaker constants on homoaggregation 
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kinetics, approximating Hamaker constants for systems of even low heterogeneity is 

complicated, and results can be heavily biased based on the chosen approach 

(Peijnenburg et al., 2016). Estimating Hamaker constants for environmental media or 

environmentally relevant systems can therefore be expected to introduce significant 

uncertainty to the determination of particle interaction energies.  

Electrostatic double layer forces 

The second component of classical DLVO theory is the EDL force generated by a 

charged particle in an aqueous medium. Particle surface charge arises from preferential 

ion adsorption, surface functional group ionization, and physical restriction of ions to 

the solid phase (e.g., defects, isomorphic substitution) (Elimelech et al., 2013). To 

maintain charge neutrality of the colloidal suspension, ions of the same charge as the 

surface (i.e., co-ions) are repelled, while ions of the opposite charge (i.e., counter-ions) 

are attracted to the particle surface. As counter-ions attracted to the particle surface 

accumulate, the counter-ion concentration at the particle surface exceeds that of the bulk 

solution, resulting in a competing process wherein counter-ions are thermodynamically 

motivated to diffuse away from the particle surface until once again at equilibrium with 

co-ions in the bulk solution (Stumm, 1992). As with VDW forces, EDL forces (𝑉𝐸𝐷𝐿) vary 

as a function of separation distance (s) between particle surfaces, as shown in Equation 

2-10 (Hotze et al., 2010). 
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𝑉𝐸𝐷𝐿

𝑘B𝑇
=

64𝜋𝑛 𝑘B𝑇

𝜅

(𝑎 + 𝛿)2

(𝑠 + 2𝑎)
[tanh (

𝑧𝑒𝜓𝛿

4𝑘B𝑇
)]

−2

exp𝜅(𝑠−2𝛿) 

 

where 𝜅 = [
𝑒2 ∑ 𝑧𝑖

2𝑛𝑖
𝑁
𝑖

𝜖∅𝜖𝑟𝑘B𝑇
]

1
2

 

Equation 2-10 

 

Based on Equation 2-10, EDL forces at a distance s between particle surfaces depend 

upon the number concentration of ion pairs (n), average particle radius (a), Stern layer 

thickness (𝛿), the local potential (
𝑧𝑒𝜓𝛿

4𝑘B𝑇
) described for Equation 2-9, and the Debye-

Hückel parameter (𝜅), which determines the degree of counter-ion charge in the diffuse 

layer and has units of inverse length. Estimation of 𝜅 for a z:z electrolyte, as provided 

along with Equation 2-10, depends upon the valence state and local concentration of 

each ion in solution, the electron charge, temperature, dielectric permittivity in a 

vacuum (𝜖∅), and the relative permittivity of the aqueous medium (𝜖𝑟). Because surface 

potential undergoes exponential decay over distance, the distance 1/ 𝜅, or the Debye 

length, approximates the “thickness” of the diffuse layer, or the distance over which 

electrostatic repulsion will provide a substantial barrier to particle attachment 

(Elimelech et al., 2013).  

Note that the dependence of  𝜅 on the local ion concentration and the square of 

the valence state suggests that increases in ionic strength will decrease the Debye length, 

thereby “compressing” the double layer and reducing the electrostatic barrier to particle 

attachment. Moreover, multivalent ions are more efficient than monovalent ions at 
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“screening” surface charge, meaning lower concentrations of multivalent ions are 

typically required to compress or collapse the diffuse layer than monovalent ions 

(Hardy, 1900; Overbeek, 1980). Because of these relationships, ionic strength is one of the 

first changes applied to solution chemistry when attempting to produce conditions of 

favorable attachment between surfaces.   

From the perspective of the approaching particles, VDW forces – though weak at 

separation distances greater than a few nanometers – can influence interaction energies 

over an indefinite separation distance, whereas the effect of repulsive EDL forces – 

though potentially formidable – are confined to a relatively short range of separation 

distance. As a result, if the EDL range is sufficiently narrow and VDW potential is 

sufficiently high – as could be the case for larger or more dense colloids, particularly in 

solutions of moderately high ionic strength – particle surfaces could attach as the result 

of one of two scenarios: (1) Sufficient kinetic energy allows a particle to overcome the 

significant repulsive energy barrier to reach a deep “primary minimum” very close to 

the collector surface in which VDW forces dominate, resulting in strong attachment, or 

(2) The particle deposits in a “secondary minimum” at a separation distance greater than 

that influenced by the repulsive EDL barrier, resulting in weak attachment (Elimelech et 

al., 2013). The potential energy diagram in Figure 2-4 provides an example of the isolated 

attractive and repulsive energies over separation distance, and the summation of these 
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energies that produces regions of net particle attraction (i.e., primary and secondary 

minima). 

 

 

Figure 2-4. Potential energy diagram illustrating energies of repulsion (VR) and attraction 

(VA) and the total energy of interaction (VT) over surface separation distance for two 

spherical particles with diameters of 1 m in a 1-1 electrolyte (zeta potential = 30 mV, 

concentration 50 mM, Hamaker constant = 8.3E-21 J). From Elimelech et al. (2013). 

 

The effect of repulsive interactions on particle aggregation rates can theoretically 

be calculated as the ratio of the aggregation rate in the absence of repulsive interactions 

(i.e., diffusion-limited) to that when repulsion is present. If considered as diffusion in a 

force field (Fuchs, 1934), the stability ratio (W) is calculated using Equation 2-11, where 
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𝑊 = 2 ∫
exp (𝑉𝑇/𝑘𝐵𝑇)

(𝑢 + 2)2

∞

0

𝑑𝑢 Equation 2-11 

 

VT is the total energy of interaction, d is the particle separation distance, and u is either 

separation distance over particle radius (in the case of interaction between two like 

spheres) or twice the separation distance over the sum of the particle radii (𝑎𝑖 + 𝑎𝑗)(in 

the case of two interacting particles of different sizes). The integral of Equation 2-11 

must be solved numerically based on the balance of VDW and EDL forces but can be 

approximated by assuming that the maximum height of the energy barrier (Vmax) 

contributes most to the integral. The approximation of the stability ratio then becomes 

𝑊 ≈
1

𝜅(𝑎𝑖 + 𝑎𝑗)
𝑒𝑥𝑝 (

𝑉𝑚𝑎𝑥

𝑘𝐵𝑇
) Equation 2-12 

 

where 𝜅 is again the Debye- Hückel parameter. Given that the stability ratio essentially 

describes the number of collisions that should all result in attachment under diffusion-

limited conditions over the number of collisions that result in attachment under 

unfavorable conditions, it should now be clear that  

𝑊 =
1

𝛼
 Equation 2-13 
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2.1.2.2 Extended DLVO: Steric effects, polymer bridging, hydrophobic attraction, 
and hydrophilic repulsion 

Classical DLVO theory relies upon VDW and EDL forces to fully explain particle 

attachment, but this is not always borne out by experimental results. While VDW and 

EDL forces are clearly influential in the heteroaggregation process, other short-range 

forces must also exist to explain observed discrepancies (Wu et al., 1999). Additional 

short-range forces have been identified that can provide a more robust picture of particle 

surface interactions when considered as extensions to classical DLVO theory (or x-

DLVO). While equations are available to estimate the effects of additional forces such as 

steric and osmotic repulsion, hydrophobic interactions, and bridging attraction on 

surface interactions, many of these forces are related, so treating each as an independent 

actor and summing the effect of all combined forces undoubtedly introduces significant 

uncertainty to the determination of total interaction energies through x-DLVO theory 

(Hotze et al., 2010; Elimelech et al., 2013). As a result, the effect of a subset of these forces 

will be discussed qualitatively below, but equations will not be provided. 

Steric forces 

Macromolecules adsorbed onto particle surfaces can provide stabilization against 

aggregation, whether added intentionally – like NP capping agents – or adsorbed from 

the milieu – like natural organic matter (NOM). The mechanism of steric stabilization is 

relatively simple and intuitive: macromolecules extend out from particle surfaces, which 
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moves the point of collision out to the macromolecular layer and provides a physical 

boundary preventing particles from getting sufficiently close for VDW attraction forces 

to become significant. Repulsion between macromolecular coatings also occurs due to 

thermodynamically unfavorable interactions between hydrophilic macromolecular 

chains (Elimelech et al., 2013). The most effective macromolecular coatings for stabilizing 

particles against aggregations are generally those that are relatively thick (larger 

particles will require a thicker coating to offset the increased reach of VDW forces) and 

well solvated, causing hydrophilic “tails” to reach well away from the particle surface. 

Adding an uncharged macromolecular coating to particle surfaces effectively reduces 

the “surface” charge at the point of collision, thereby reducing or eliminating the EDL. 

While classical DLVO would overpredict particle attachment to like surfaces based on 

the zeta potential of these particles, inclusion of steric interaction in x-DLVO could more 

accurately predict particle stability under these circumstances (Lin et al., 2012). 

Despite the apparent simplicity in the mechanism of stabilization, the effect of 

steric hindrance on aggregation can be extremely difficult to predict due to the vast 

quantity and heterogeneity of macromolecules used for particle stabilization and 

encountered in the environment. Moreover, the conformation, rigidity, and level of 

surface coverage of macromolecular coatings – all of which affect particle attachment – 

vary with the properties of the surface to which they attach (e.g., curvature, 

composition) and with properties of the medium (e.g., ionic strength and composition) 
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(Louie et al., 2016). Macromolecular coatings stabilizing NPs in stock suspensions could 

themselves be “over-coated” or masked by macromolecules in environmental media or 

could degrade and be replaced by NOM (Stankus et al., 2010; Whitley et al., 2013).  

Purely steric interactions are also only effective for stabilization when a “soft,” or 

coated, surface interacts with a like soft surface. If a charged particle coated with a 

neutral polymer approaches a “hard,” or uncoated, surface, the likelihood of attachment 

to that surface could be high, as a result of reduced influence of the particle surface 

charge at the point of collision, some distance from the particle surface (Lin and 

Wiesner, 2012b). Finally, many macromolecules contain charged functional groups, and 

the direction, magnitude, and density of charge within these macromolecules can either 

promote or hinder attachment depending on the characteristics of the system. For 

example, a charged particle with a polyelectrolyte coating with a charge similar to that 

of a hard surface could experience the opposite effect to that described for the particle 

with the uncharged coating; when approaching a hard surface with a similar charge, a 

soft charged surface could experience electrosteric repulsion, making it more stable than 

if the mechanism of stabilization was either purely steric or purely electrostatic (Lin and 

Wiesner, 2012b). 

Polymer bridging 

Polymer bridging is a well-known – and highly utilized – phenomenon in water 

treatment, whereby synthetic organic polymers added to wastewater at a specific 
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polymer-colloid ratio will form bridges between particles, causing destabilization 

(O’Melia, 1972). Bridging by NOM can also destabilize NPs in the environment under 

certain conditions (Surette and Nason, 2016). For bridging to occur, unoccupied 

favorable sites on particle surfaces must be available for interaction with functional 

groups on polymers, and polymer chains must be sufficiently long for segments 

containing these functional groups to extend past separation distances over which 

interparticle repulsion dominates. Given that most colloids are negatively charged, one 

might expect that cationic or nonionic polymers would be more frequently used than 

anionic polymers for destabilization, but anionic polymers can be equally as effective 

(Elimelech et al., 2013). Anionic polyelectrolytes with a low charge density experience 

repulsion between functional groups of the polymer, which causes the polymer to 

extend, but the low charge density does not provide substantial electrostatic repulsion 

with particle surfaces, allowing the extended polymer chains to approach particles 

somewhat closely. In the presence of an optimal concentration of multivalent cation, 

anionic polyelectrolyte bridging of colloids is enhanced; while the polymer experiences 

less extension, adsorption conditions onto surfaces are also more favorable due to 

charge neutralization (O’Melia, 1972).  

For interparticle bridging to occur, the optimal ratio of polymer and particle 

surface must be present. At high ratios, all favorable sites might quickly become 

occupied by excess polymer, causing stabilization of particles. At low ratios, too few 
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polymer functional groups will be available to elicit substantial destabilization. The 

interaction of polymers with particle surfaces can also lead to destabilization by 

mechanisms of charge neutralization and electrostatic patch formation, making bridging 

interactions sometimes difficult to isolate from EDL interactions (Elimelech et al., 2013), 

another challenge to carrying out x-DLVO quantitatively for particle interaction energies 

in the presence of both synthetic and natural polymers. 

Hydrophobic (Lewis acid-base) and hydration effects 

All particles (as well as cells and other apolar and slightly polar entities) 

experience long-range hydrophobic attraction in aqueous solution as a result of Lewis 

acid-base cohesion energy of the surrounding water molecules (Wu et al., 1999). 

Significant structuring of water molecules is energetically favorable; in the bulk, large – 

if transient – clusters of water are formed through hydrogen bonding. The presence of a 

hydrophobic surface inhibits this structuring behavior, and water molecules will 

therefore migrate to the bulk to avoid an entropic penalty. As the gap between surfaces 

closes, hydrophobic attraction increases exponentially as increasingly more water 

molecules are driven toward the bulk solution (Elimelech et al., 2013).  

Hydrophilic entities like cells and some polymers offset hydrophobic and VDW 

attraction forces with hydrophilic repulsion arising from the “hydration pressure” of 

water. This phenomenon can account for the “steric” effect of stabilizing hydrophilic 

polymer tails on particle coatings (van Oss, 1997), as previously discussed in the Steric 
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forces subsection of the x-DLVO section, where overlapping polymer coatings can induce 

energetically unfavorable dehydration, resulting in hydration repulsion. The range of 

hydration repulsion can extend considerably further than that of EDL repulsion and 

might be significant at high ionic strength where EDL repulsion diminishes but 

hydration effects remain.  

2.2 Functional assays for nanoparticle attachment efficiency 

The theoretical foundation for predicting NP aggregation behavior in suspension 

is summarized in Section 2.1. While this foundation provides invaluable insight into the 

heteroaggregation (and deposition) process, models for these processes still require 

experimentally generated inputs to parameterize elements for which current theory is 

inadequate. Particle attachment efficiency is one such operationally defined parameter 

for which theory (i.e., DLVO/x-DLVO) is generally considered inadequate for capturing 

the interrelated effects of the many varied and dynamic forces within a system on 

particle attachment (Elimelech et al., 2013; Landkamer et al., 2013; Praetorius et al., 2014; 

Hendren et al., 2015; Molnar et al., 2015; Peijnenburg et al., 2016; Geitner et al., 2017; Gao 

and Lowry, 2018; Meesters et al., 2019; Youn and Lawler, 2019).  

As an alternative to calculating  from first principles (e.g., from Equation 2-12 

and Equation 2-13),  can be determined operationally from systems of interest. The 

multiple complex and interacting factors influencing particle attachment (see Section 

2.1.2), which in turn influences NP aggregation and deposition, are thereby captured in 
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the operationally defined value of . The determination of  from direct measurement 

and its treatment as a semi-empirical parameter are one example of a functional assay 

(Hendren et al., 2015). The groundwork for such a functional assay was provided by 

Lecoanet et al. (2004) for NP deposition within packed-bed columns and by Barton et al. 

(2014) for heteroaggregation in batch tests. In both cases  can be determined by 

measuring concentrations of NPs not attached to collectors, provided some 

characteristics of the system are known. As a result, all of the complex interactions 

within the system are simply wrapped up in  and expressed in the decrease of “free” 

NPs leaving a packed column or mixing with suspended solids over time.   

2.2.1 Column studies 

2.2.1.1 Colloid filtration theory 

Classical colloid filtration theory (CFT) was proposed by Yao et al. (1971) to 

mathematically describe the first-order removal of NPs from suspension by deposition 

onto surfaces of a porous medium in a packed “clean” bed. In this work, coagulation 

and filtration (i.e., aggregation and deposition) are considered analogous processes 

dictated by the same transport and attachment steps. Column studies utilizing CFT are 

one of the most commonly employed approaches to predicting the behavior of particles 

in saturated porous media. In a typical column study, NPs are injected as a pulse into an 

aqueous medium entering a column packed with collector grains of uniform size and 

composition at a constant flow rate. The concentration of NPs in the effluent is then 
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measured, integrated over time, and plotted relative to the influent concentration 

against either time or volume and normalized by the recovery of an inert tracer. The 

product is a breakthrough curve typically taking the form of a steep increase in NP 

concentration after 1–2 pore volumes, followed by a peak or steady-state concentration, 

and ending in a sharp decrease as the pulse “packet” exits the column (Molnar et al., 

2015). A typical experimental setup for a column transport study is provided in Figure 2-

5, and example breakthrough curves are provided in Figure 2-6.  

 
 

Figure 2-5. Typical column setup for nanoparticle transport studies. From Lecoanet et al. 

(2004) 

 

 
 

Figure 2-6. Example breakthrough curves for model nanoparticles passing through saturated 

columns packed with homogenous porous media under conditions of unfavorable and 

favorable attachment. From (Li and Johnson, 2005) in (Molnar et al., 2015). 
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Changes to this shape, including early elution, rising concentrations when a 

steady state is expected, and tailing drop-off provide clues to the mechanisms 

controlling transport and attachment in specific systems. In essence, column studies 

measure the degree to which particles are retained by a porous medium; the higher the 

relative NP concentration at steady state, the more mobile the NP under the conditions 

of the experiment.  

2.2.1.2 Determining particle attachment efficiency by column study 

Lecoanet et al. (2004) used CFT to propose Equation 2-14 for determining  for 

NPs traveling through a column.   

𝛼 = −
2𝑑𝑐

3(1 − 휀)𝜂∅𝐿
𝑙𝑛 (

𝐶

𝐶∅
) Equation 2-14 

 

The empirical determination of  by column study thus requires knowledge of the 

diameter of the collectors (𝑑𝑐), porosity of the packed column (휀), single collector 

efficiency (𝜂∅), length of the column (𝐿), injected NP concentration (𝐶∅), and the eluted 

NP concentration at distance L (𝐶). Despite the apparent simplicity of the column study 

approach, the experimental method, underlying mechanistic models, and the supporting 

CFT theory present several substantial, and sometimes intractable, obstacles to 

determining  for NPs in complex systems, as summarized below.  

The majority of column studies use quartz sand or glass beads as a model porous 

medium, as they are relatively uniform in size, shape, and composition; allow sufficient 



 

 

46 

flow through the column; generate reproducible breakthrough curves; and are ideal for 

achieving conditions of favorable attachment by adjusting the chemistry of the 

surrounding medium. While column studies using simplified systems are ideal for 

systematically investigating the effect of changes to NP properties on mobility, the 

relevance of these results to complex systems is limited, as previously discussed.  

Natural soils are heterogeneous in size, shape, and composition, and the 

presence of organic macromolecules on soil surfaces and in soil pore waters will likely 

have a substantial effect on NP transport. Column studies conducted under idealized 

conditions cannot currently produce the complex interactions occurring in natural soils, 

but neither are natural soils necessarily well suited for column studies. First, achieving 

sufficient flow through a column packed with soil can be difficult; pressure build-up in 

soils with moderate to high clay content can result in a breakdown in the structure of the 

column (Cornelis et al., 2013). Second, NP retention by soils is typically higher than that 

in model systems, and NP breakthrough cannot always be achieved with natural soils 

(Fang et al., 2009; Cornelis et al., 2013). And third, the inherent heterogeneity of soil 

particles can introduce significant error into the determination of 𝛼 by column study 

functional assay, given that the terms 𝑑𝑐, 휀, and 𝜂∅ all depend on an assumption of 

homogeneity, and these parameters can be highly variable for natural soil columns, 

difficult to measure, or dependent on the experimental set-up (Cornelis et al., 2013; 

Molnar et al., 2015). While at first glance, average values might appear to be sufficient for 
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capturing the overall effect of the heterogeneous medium on NP mobility, the 

determination of 𝜂∅ (discussed later in this section) depends heavily on knowledge of 

collector size and composition for establishing the relative contributions of different 

transport mechanisms to overall collector efficiency. It might be that average values – for 

collector size and dielectric permittivity, for example – are not representative of the 

subset of collectors or surfaces that most influence NP mobility. As a result, the most 

accurate 𝛼 for unfavorable-attachment systems might be determined through 

normalization of the product of 𝛼𝜂∅ by 𝛼𝑓𝑎𝑣𝜂∅ for a system in which attachment is 

assumed to be favorable (i.e., 𝛼𝑓𝑎𝑣  = unity) but the conditions affecting 𝜂∅ are unchanged 

between the two systems. Such an approach can be challenging, however, for systems 

with high soil organic matter content or other conditions where favorable attachment 

cannot be achieved without manipulating the system such that 𝜂∅ also changes. 

The alternative to the normalization approach described above is to calculate the 

single collector efficiency, 𝜂∅, which is the rate ratio of collisions over approaches. This 

parameter can be estimated by adding together the individual 𝜂’s for different transport 

mechanisms leading to collisions, much like for the collision frequency function  in 

aggregation theory. The mechanisms of transport for filtration are assumed to be 

interception (analogous to fluid shear in aggregation theory), gravitational 

sedimentation (analogous to differential sedimentation), and Brownian motion (Yao et 

al., 1971).  
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As with Smoluchowski’s original model for aggregation (Smoluchowski, 1917), 

classical CFT does not consider the hydrodynamic and intermolecular forces affecting 

particle interactions at short distances (Yao et al., 1971; Tufenkji and Elimelech, 2004a) 

and must be accounted for by numerical solution of the advection-diffusion equation 

using either boundary conditions (i.e., the Eulerien approach) or by deterministic 

particle  tracking analysis (i.e., the Lagrangian approach), neither of which is simple to 

perform (Molnar et al., 2015). As a result, numerous semi-empirical correlation equations 

for 𝜂∅ have been proposed (Long and Hilpert, 2009; Ma and Johnson, 2009; Long et al., 

2010; Nelson and Ginn, 2011; Ma et al., 2013; Li et al., 2015; Messina et al., 2015), most 

notably by Rajagopalan & Tien (1976) and Tufenkji & Elemelech (2004a). These 

equations are derived from mechanistic models of processes controlling NP transport, 

typically captured by a set of dimensionless parameters, that are correlated to 

experiments conducted under a range of conditions in which attachment is favorable. To 

calculate the value of the dimensionless parameters in the widely used Tufenkji & 

Elemelech model (2004a), one requires knowledge of the porosity; the combined 

Hamaker constant for the particle, collector, and fluid; collector diameter and aspect 

ratio; density, absolute viscosity, velocity, and temperature of the fluid medium; and the 

particle diffusion coefficient, radius, and density. These correlation equations can be 

problematic for a number of reasons, as summarized below.  
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- We do not have complete knowledge of the mechanisms governing NP transport, 

even in simple systems, and correlation equations are based on mechanistic models. 

Errors due to inappropriate parameterization or numerical approximation in 

mechanistic models could be carried over into correlation equations (Molnar et al., 

2015). 

- Due to the limited range of conditions used to derive correlations, many parameter 

values governing NP transport in more complex systems would likely be outside of 

the experimental range upon which the correlations are based. For example, most of 

the correlation equations are derived from experiments with low-density particles, 

whereas many ENMs comprise high-density metals that will be more susceptible to 

sedimentation (Li et al., 2015; Molnar et al., 2015).    

- Correlation equations are based on systems favoring attachment. As a result, these 

equations are often excellent at predicting 𝜂∅ for idealized systems but less effective 

at predicting those for more environmentally relevant systems where unfavorable 

attachment is common. To date, no such easily-employed correlation equations are 

available for unfavorable-attachment scenarios, but if developed, are likely to be 

similarly limited to the determination of 𝜂∅ for a narrowly defined range of 

characteristics. (Molnar et al., 2015) 
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- While correlation equations can predict retention of micron-size particles in simple 

systems favoring attachment very well, NP retention is typically overpredicted in the 

same systems. This deficiency might be due, in part, to mechanistic model 

geometries that do not capture relevant grain-grain interactions and correlation 

equations that do not include low-flow velocity regimes relevant to NP transport by 

Brownian motion (Nelson and Ginn, 2011; Ma et al., 2013; Li et al., 2015).   

- Correlation equations are based on experiments with uniform collector sizes and 

composition, which are not representative of most environmental media. Such 

heterogeneities can lead to complex transport behaviors outside the realm of the 

established correlation (Molnar et al., 2015). 

- The abundance of mechanistic models and related correlation equations available for 

𝜂∅ determination presents a challenge for standardization and data comparison. Due 

to a lack of clear guidance on how to choose the most appropriate model for a 

specific system, a range of 𝜂∅’s could be generated by different models for a single 

system. 

2.2.1.3 Nanoparticle attachment efficiencies with soils 

Despite these limitations, some ’s have been reported for column studies 

evaluating NP transport through natural soils. Cornelis et al. (2013) investigated the 

transport of silver NPs (AgNPs) in 11 natural Australian soils using saturated columns. 
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The authors only observed AgNP breakthrough for 8 of 11 soils, but they were not able 

to achieve reproducible results for most soils, with most replicates exhibiting high 

variability in transport properties and some replicates failing (i.e., no breakthrough or 

column breakup). As a result, the authors treated each successful replicate as a separate 

soil for which they calculated  using Equation 2-15 from Harvey & Garabedian (1991). 

𝛼 =
𝑑𝑐 [1 − 2

𝜆
𝐿 ln (𝑅𝐵)2 − 1]

6(1 − 휀)𝜂∅𝜆
 Equation 2-15 

 

The dispersivity of the medium (𝜆) and Darcy velocity (used in calculating 𝜂∅ and 𝜆) 

were optimized using data from an inert tracer in a one-dimensional transport model, 

and 𝜂∅ was calculated using the correlation equation of Tufenkji & Elemelech (2004a) 

described previously. The RB term is the relative mass recovery of Ag and the inert 

tracer. Hamaker constants for AgNPs in these columns were estimated from known 

Hamaker constants for Ag-Ag, silica-silica, and kaolinite-kaolinite interactions in water, 

given that sand consists mostly of silica and kaolinite is the principal clay mineral in 

Australian topsoils.  

The 8 unique soils (or 13 total samples, with replicate data treated as separate 

soils) for which breakthrough was achieved encompass a range of soil characteristics, 

but little variation in  was observed among the soils. In all but one case,  ranged from 

0.03 to 0.08, while the  of one replicate was calculated to be slightly higher at 0.15. 

Despite the very narrow range in  for these soils and the lack of replicate data, the 
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authors identified a weak positive correlation between oxalate-extractable aluminum 

(ox-Al) and  as well as a negative correlation between total carbon and  (Cornelis et 

al., 2013). Ox-Al provides an indication of positively charged sites on both pore walls 

and in mobile colloids. Combined with observations of early elution from the soil 

column with the highest concentration of ox-Al, the authors concluded that aggregation 

with mobile soil colloids facilitated by access of negatively charged AgNP surfaces to 

positively charged Al in the absence of the masking effect of dissolved organic carbon 

(DOC) could likely contribute significantly to AgNP transport in soils. The early elution 

phenomenon was attributed to size exclusion of heteroaggregates from soil micropores, 

causing aggregates to follow a less tortuous path through the column as compared to the 

inert tracer. 

Quevedo & Tufenkji (2012) used Equation 2-14 and the correlation equation 

described in Tufenkji & Elimelech (2004a) to determine  for two types of quantum dots 

and model polystyrene latex nanospheres in saturated columns of clean quartz sand and 

loamy sand soil over a range of ionic strength (IS) using either monovalent or divalent 

electrolytes for ionic composition. The ’s for all particles were similar in quartz sand in 

the presence of a monovalent electrolyte, increasing by about an order of magnitude – 

from ~10-3 to 10-2 – as IS increased from 0.1 to 100 mM. When in the presence of a 

divalent electrolyte, the initial range of  was broader at low IS (10-3–1002 at 0.1 mM), but 

all converged to unity at an IS of 10 mM, suggesting complete elimination of 
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electrosteric repulsion between NP and colloid surfaces. Retention was significantly 

higher for all particles in loamy sand in the presence of a monovalent electrolyte, which 

was reflected in higher values of  compared to those in quartz sand. Unlike in quartz 

sand, the ’s spanned more than one order of magnitude for the 3 NPs at low IS, 

suggesting that the different coatings on each of the particles interacted differently with 

the constituents of the more complex natural soil. As with observations in quartz sand,  

increased with increasing IS in loamy sand, but only minimally for the quantum dots. 

The  for polystyrene latex nanospheres with loamy sand soil increased the most 

drastically – from 0.003 to 0.18 –as ionic strength increased from 0.1 to 10 mM (Quevedo 

and Tufenkji, 2012). The authors did not present data for NP transport in loamy sand in 

the presence of the divalent electrolyte and did not provide an explanation for the 

omission, but given observation of significant instability of all particles in the divalent 

electrolyte solution, it is possible that breakthrough was not achievable for this system. 

Fang et al (2009) evaluated the transport of nanoscale titanium dioxide (TiO2-

NPs) introduced as a step input to saturated columns of 12 Chinese soils and calculated 

 using Equation 2-14 for the 8 soils for which breakthrough was achieved. As with the 

study by Cornelis et al. (2013), the range of calculated ’s was quite narrow, spanning 

only about one order of magnitude. However, the ’s for TiO2-NPs with Chinese soils 

(10-5 – 10-4) were much lower than those for AgNPs in the Australian soils (10-2 – 10-1). 

Fang et al. (2009) noted that some discrepancies between calculated ’s and transport 
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behaviors were likely the result of assumptions of ideality inherent to the correlation 

equation of Tufenkji & Elimelech (2004a). 

In summary, column studies are challenging to carry out with natural soils, and 

determination of 𝛼 from a CFT-based functional assay relies on many measured and 

derived parameters that could introduce significant error on multiple levels. 

Nonetheless, column studies have provided insights into potential mechanisms 

governing NP transport and attachment in porous media, and the well-established 

theory and methodologies in this domain provide a solid foundation upon which to 

continue to advance our understanding of the factors that affect NP mobility. 

2.2.2 Batch tests 

2.2.2.1 Particle attachment efficiency determination by batch test 

Batch test functional assays based on aggregation theory are emerging as a 

promising alternative to column studies for the determination of NP 𝛼’s with a range of 

surfaces. Barton et al. (2014) were the first to propose this approach, estimating 𝛼′𝑠 for 

several NPs and suspended solids (SS) in wastewater. The batch tests involved periodic 

sampling of suspensions of NPs and SS in wastewater during programmed mixing, 

followed by gravity settling of SS and associated NPs, and sampling and analysis of 

supernatants to determine the concentrations of NPs not attached to SS over time. The 

authors highlighted the simplicity of this method when compared to column studies, 
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which require more involved procedures and specialized equipment for producing and 

monitoring consistent flow, injecting NPs, and collecting samples (see Figure 2-5). 

Moreover, characteristics of the system that must be known to calculate 𝛼’s are greatly 

reduced for batch tests as compared to column 

tests. A typical batch test setup is provided in 

Figure 2-7 for comparison to that of a column 

study in Figure 2-5. 

Barton et al. (2014) modified the 

Smoluchowski equation (Equation 2-1) to 

describe the rate of change of NP number 

concentration over time based on removal due 

to heteroaggregation with collectors and NP re-

entrainment due to heteroaggregate breakage 

(Equation 2-16).  

d𝑛

d𝑡
= −𝛼𝛽𝐵𝑛 + 𝑘𝐵(𝑛∅ − 𝑛) Equation 2-16 

 

The concentration of collectors (𝐵) is assumed to be constant throughout the experiment. 

The rate constant for breakage (𝑘𝐵) is included to account for the steady state often 

observed in later stages of batch tests. While few studies have investigated the 

phenomenon of NPs breaking away from heteroaggregates, some potential explanations 

 

 

Figure 2-7. Typical experimental setup 

for batch tests to study nanoparticle 

attachment to collectors. 
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are available from flocculation studies and column studies. For example, early 

flocculation studies reveal that larger flocs are susceptible to breakage via inertial forces 

in turbulent mixing, while flocs at or below the Kolmogorov microscale (i.e., the eddy 

size at which viscous forces dominate), flocs are susceptible to erosion (Thomas et al., 

1999). In column studies, NP re-entrainment has been observed to occur due to changes 

in solution chemistry (e.g., pH, ionic strength) and fluid velocity, with NPs deposited in 

secondary minima considered most susceptible to breakage (Tufenkji and Elimelech, 

2004b; Shang et al., 2008).  

At the beginning stages of heteroaggregation, breakage is assumed to be 

negligible. Assuming also that the collector concentration is in excess of the NP 

concentration, the decay of the NP concentration due to heteroaggregation can be 

approximated by first-order kinetics. As a result, second-order Equation 2-17 becomes a 

pseudo-first-order equation, the time-variable solution of which is 

𝑛 = 𝑛∅𝑒−𝛼𝛽𝐵𝑡 Equation 2-17 

 

Equation 2-17 can be linearized as Equation 2-18, where the natural log of the 

ratio of a known initial NP concentration (𝑛∅) to the NP concentration at time t (𝑛) are 

plotted against time, the slope of which is the heteroaggregation rate constant 𝛼𝛽𝐵, 

sometimes referred to as the relative attachment efficiency. 

ln (
𝑛∅

𝑛
) = 𝛼𝛽𝐵𝑡 Equation 2-18 
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Barton et al. (2014) demonstrated computationally that heteroaggregation between 

dynamic populations of NPs and collectors could indeed be approximated by the 

heteroaggregation of just two size classes, one for NPs and one for collectors. Their 

simulations confirmed the linear relationship expected from Equation 2-18 for the 

change in NP concentration at the early stages of heteroaggregation prior to breakage. 

An example removal curve and linearized portion of removal due to heteroaggregation 

alone (i.e., the attachment window) from a batch test functional assay for particle 

attachment efficiency are provided in Figure 2-8. 

 

  

 

Figure 2-8. Example plots for nanoparticle (NP) removal (A) and attachment (B). (A) The 

characteristic pseudo-first-order decay of NP concentration due to removal upon attachment 

to collectors giving way to a plateau where attachment is balanced by re-entrainment due to 

breakage. (B) The linearized data from the attachment portion of (A), where the slope is 

equal to the heteroaggregation rate constant, 𝜶𝜷𝑩. 
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As with the column study functional assay, 𝛼 from batch tests can then be 

determined either by calculation of 𝛽 from theory and measurement or approximation 

of 𝐵 or by normalizing 𝛼𝛽𝐵 for an unfavorable-attachment system by that of a favorable-

attachment system where 𝛼 = unity. However, employing the former approach presents 

a similar set of challenges to the analogous approach for column studies, in that the 

determination of 𝛽 from first principles can introduce significant error due to a lack of 

complete understanding of particle transport mechanisms in complex systems, the 

availability of multiple models operating with different sets of simplifying assumptions 

and approximations, and the reliance on a number of measured properties (see Section 

2.1.1). In addition, an accurate number concentration of collectors (𝐵) for environmental 

media will likely be difficult to obtain due to size heterogeneity. 

On the other hand, the latter approach requires that favorable attachment is 

achieved without changing 𝛽 and 𝐵 from those of the unfavorable-attachment system, 

which could present challenges for certain systems. Findings from DLVO theory and 

related empirical studies inform the approach for eliminating barriers preventing 

attachment of NPs to collectors. Typical strategies for manipulating a system to promote 

favorable attachment are summarized in Table 2-1. 
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Table 2-1. Methods for achieving favorable attachment  

Action Effects Comments Sources 

Increase IS or 

change ionic 

composition 

Collapse EDL, reduce 

repulsive electrostatic 

barrier, increase depth 

of secondary 

minimum, expose 

surface heterogeneities, 

decrease surface 

potential 

 

High NOM necessitates higher IS, 

but very high IS can induce 

collector and NP coagulation, 

changing 𝛽B. Multivalent 

electrolytes might destabilize NPs 

at lower IS.  

(Quevedo and 

Tufenkji, 2012; 

Bradford et al., 

2015; Geitner et al., 

2017) 

Remove or 

decrease NOM 

Eliminate steric effects 

and “masking”, expose 

surface heterogeneities, 

enable bridging 

In addition to NOM removal from 

fluid, NOM might need to be 

removed from collector surfaces. 

Harsher methods might erode or 

break apart collectors, causing 

changes in B and potentially 𝛽  

 

(Kaiser and 

Guggenberger, 

2003; Lin et al., 

2012; Geitner et al., 

2017) 

Change pH  Reduce or eliminate 

repulsive electrostatic 

barrier 

pH might have limited effect on 

heteroaggregation, but could result 

in rapid homoaggregation at pHpzc, 

causing changes in 𝛽 and 

potentially invalidating 

heteroaggregation removal model. 

Changing pH might also induce 

collector coagulation, changing B. 

  

(Lin et al., 2006; 

Cornelis et al., 

2014; Surette and 

Nason, 2016) 

Use uncharged 

NP or NP with 

opposite charge 

to collector 

Eliminate repulsive 

electrostatic barrier or 

induce electrostatic 

attraction between NP 

and collector 

Could undergo charge reversal if 

DOM is not sufficiently low. 

Particles of different size or 

composition from those in 

unfavorable-attachment system 

could transport differently, 

changing 𝛽 

 

(Geitner et al., 

2016; Surette and 

Nason, 2016) 

IS = ionic strength, EDL = electric double layer, NOM = natural organic matter, NP = nanoparticle, 𝛽 = 

collision frequency, B = collector concentration, pHpzc = pH at the point of zero charge, DOM = dissolved 

organic matter 
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Shortly after Barton et al. (2014) published their method for determination of 

heteroaggregation  via batch test, Praetorius et al. (2014) proposed a method for 

determining heteroaggregation 𝛼 that combines batch tests with numerical modeling 

based on the well-developed methods for determination of 𝛼 in homoaggregation. Due 

to the expected orders-of magnitude differences between NP and collector sizes and 

concentrations, NP-colloid heteroaggregation is difficult to measure using dynamic light 

scattering and laser diffraction techniques. Praetorius et al. (2014) overcame this 

challenge by using time-resolved laser diffraction to measure the “secondary 

heteroaggregation” of “primary aggregates,” defined as an association between at least 

one NP and one colloid, that attach through NP bridging. The authors assume that 

surface properties of NPs and colloids are minimally affected by aggregation (Lin and 

Wiesner, 2012a), and homo- and heteroaggregation ’s are therefore independent of 

aggregation state. As a result, this approach is built upon the assumption that ’s 

determined based on the kinetics of secondary heteroaggregation are equal to those of 

primary heteroaggregation (Praetorius et al., 2014).  

Experimental outputs from laser diffraction, particle properties (e.g., 

concentration, fractal dimension, density), solvent characteristics (i.e., ionic strength, 

viscosity, density, temperature), and hydrological characteristics are then used to 

parameterize a Smoluchowski-based aggregation model that simulates 

homoaggregation kinetics and provides a volume-weighted median particle size over 
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time that can be compared with experimental data. The  for each system is determined 

by the model using the framework that best represents expected streamlines (i.e., 

rectilinear, curvilinear, intermediate) based on the characteristics of the system. The  

parameter in the model is adjusted to best fit the measured aggregation data for each 

system; this parameter is termed the “global ” for that system, which encompasses the 

combined attachment efficiencies for both homoaggregation and heteroaggregation. The 

authors assumed any interaction between primary heteroaggregates could take one of 

three forms: (1) NP-NP interactions of NPs attached to each of the interacting primary 

aggregates, (2) collector-collector interactions of collector surfaces of primary 

heteroaggregates not occupied by NPs, and (3) NP-collector interaction when a NP 

attached in one primary heteroaggregate interacts with the collector surface of another 

primary heteroaggregate. Based on this assumption, they derived Equation 2-19 to 

determine the heteroaggregation  from the global  and homoaggregation 𝛼’s. 

𝛼ℎ𝑒𝑡𝑒𝑟𝑜 =
𝛼𝑔𝑙𝑜𝑏𝑎𝑙 − 𝑓𝑁𝑃

2 𝛼ℎ𝑜𝑚𝑜
𝑁𝑃 − (1 − 𝑓𝑁𝑃)2𝛼ℎ𝑜𝑚𝑜

𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟

2(1 − 𝑓𝑁𝑃)𝑓𝑁𝑃
 Equation 2-19 

 

The contribution of homoaggregation of both NPs and collectors to the global  was 

determined based on the relative surface areas of NPs and collectors in batch tests, 

resulting in an assumed fraction of NP coverage on collectors (𝑓𝑁𝑃); however, they note 

that other metrics (e.g., number or volume ratio) might be more appropriate for some 

systems. 
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Like the method proposed by Barton et al. (2014), the method developed by 

Praetorius et al.(2014) extends the range of systems for which  can be determined 

beyond that currently possible using column studies. However, the reliance of this 

method on representing the heteroaggregation process as homoaggregation, the 

assumption that surface properties remain unchanged following aggregation, and the 

assumption that NP bridging will be the dominant mechanism of secondary 

heteroaggregation present some challenges for adapting this approach to highly 

complex systems. Praetorius et al.(2014) present two options for addressing the 

challenge of extending their model to heterogeneous systems: (1) increase the 

computational complexity of the model to account for multiple collectors with evolving 

size distributions, perhaps resembling that of Therezien at al. (2014) or (2) identify the 

dominant collector types within a complex system, and derive separate 

heteroaggregation ’s for each (Praetorius et al., 2014), which might allow for the 

determination of a collector-weighted . Both of the proposed approaches rely upon a 

detailed understanding of the underlying mechanisms driving attachment in complex 

systems, which runs counter to the aim of a functional assay. Additionally, it is worth 

noting that attempts to determine  for NPs with clay using this method have yielded 

mixed results, with concentration-independent hetero not determined in several cases 

(Labille et al., 2015; Adam et al., 2016). One potential limitation is that the rate of NP 

bridging of dispersed clays appears to be dependent on the number ratio of NPs to clay 
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platelets, with environmentally relevant ratios not producing significant bridging at low 

ionic strength, and high ratios of NPs to clay in a divalent electrolyte solution resulting 

in rapid coverage by NPs that prevents bridging. In these cases, either secondary 

heteroaggregation does not occur, precluding the determination of heteroaggregation , 

or ’s for secondary aggregation mechanisms are concentration-ratio dependent, 

meaning they cannot easily be compared with ’s for other systems. 

2.2.2.2  Nanoparticle attachment efficiencies determined by batch test 

Few studies are currently available that utilize batch tests to determine NP ’s, 

even in simplified systems; existing publications can be categorized as following either 

the method of Barton et al. (2014) or that of Praetorius et al. (2014). Trends from 

available studies are described below, and ’s are provided in Table 2-2 along with 

relevant system characteristics.  

Barton et al. (2014) opted to calculate 𝛽’s from theory, using the intermediate 

model of Veerapaneni & Wiesner (1996) for determining collision frequencies for fractal 

aggregates. The authors then calculated B from the measured mass concentration of SS, 

assumed uniform density (value from literature), and the number average diameter of 

SS from static light scattering measurements. The authors evaluated the attachment of 

eight different NPs to SS in secondary wastewater sludge at two different concentrations 

of NPs. In theory, 𝛼 should be independent of NP concentration, provided 

homoaggregation of NPs is negligible and the ratio of collectors to NPs is sufficiently 
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Table 2-2. Particle attachment efficiencies generated by batch test experiments. 

NP core NP surface 

treatment 

NP size 

(nm) 

Collector Collector 

size 

Solution  Comments  

Barton et al. (2014) 

Ag Gum arabic 6 

Suspended 

solids in 

secondary 

wastewater 

sludge 

2.3 m 

(number 

average 

diameter) 

Secondary 

wastewater 

sludge, pH 

7.2 

3.0E-04  

Calculated 𝛽 from theory 

(Veerapaneni and Wiesner, 1996). G = 

20 sec-1, NP density assumed to be 

same as metal core, mass 

concentration of SS = 3.81 g/L, density 

of collector assumed to be 1050 kg/m3 

based on Sears (2006) 

 

Ag Gum arabic 25 1.7E-03 – 2.0E-03  

Ag PVP 8 2.0E-03 – 2.2E-03 

Ag PVP 40 1.2E-02  

CeO2 None 8 6.4E-03 – 8.8E-03 

CeO2 Citrate 10 1.8E-03 – 2.3E-03 

TiO2 None 20 8.0E-03 – 9.4E-03 

ZnO None 30 8.8E-03 – 9.0E-03 

Praetorius et al. (2014) 

TiO2 none 5–30 SiO2 0.5 m 

pH 5 & 8, 

various 

[HA], 

[NaCl], & 

[CaCl2] 

<1E-03 (pH 8, 1–25 mM NaCl 

or 0.05 mM CaCl2 or 100 mM 

NaCl & 10 mg/L HA); 2E-02 

(pH 8, 100 mM NaCl & 1 

mg/L HA); 2–3E-01 (pH 8, 50 

mM NaCl or 0.1 mM CaCl2 & 

no HA or 5 mM CaCl2 & 1 or 

10 mg/L HA); 5–8E-01 (pH 8, 

100 mM NaCl & 0 or 0.1 

mg/L HA); 0.9 (pH 5, 1 mM 

NaCl); 1.1E0 (pH 8, 1 mM 

CaCl2 & no HA or 5 mM 

CaCl2 & 0.1 mg/L HA) 

TiO2 65% anatase, 35% brookite.  

inferred from aggregation rate of 

primary heteroaggregates (as 

measured by time-resolved laser 

diffraction) based on Smoluchowski 

equation. Calculated 𝛽 from theory, 

using rectilinear or intermediate 

model. NP-NP and collector-collector 

aggregation subtracted using 

homoaggregation ’s and fraction of 

collector surface covered by NPs, 

estimated from relative surface areas. 
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Table 2-2. Particle attachment efficiencies generated by batch test experiments. 

NP core NP surface 

treatment 

NP size 

(nm) 

Collector Collector 

size 

Solution  Comments  

Labille et al. (2015), following the method of Praetorius et al. (2014) 

TiO2 none 30 Smectite clay 15–19 m pH 5 & 8, 

100 mM 

NaCl, with 

and w/o 1 

mg/L HA 

0.9–1.1E00 (pH 5) Modeled aggregation of primary 

heteroaggregates. NP coverage of clay 

calculated based on surface area. G = 

~100 s-1. Framework for calculating  

not reported  

 

2.9E-01 1.6E-01 (pH 8) 

7.6E-03 (pH 8,  

1 mg/L HA) 

Geitner et al. (2016), following the method of Barton et al.(2014) 

Au Citrate 40 

Algae 

(Chlorella 

vulgaris) 

NR 

AlgGro 

medium, 

pH 7.8, IS 1 

mM, low 

organic 

enrichment 

7.0E-02 NP concentrations normalized by 

those w/o collectors to account for 

influence of homoaggregation. 

Attachment of positively-charged NP 

(PAH-Au) to algae assumed to be 

favorable and used for normalization 

of unfavorable attachment rate 

coefficients 

 

Au HA 40 1.7E-01 

Au PAH 40 Unity 

Geitner et al(2017), following the method of Barton et al. .(2014) 

Ag PVP 44.3 Glass beads 40 m 0.5 mM 

KNO3, pH 

7.8  

9.2E-01  

Investigated the effects of varying B, 

𝛽, organic matter content, and IS on α 

trends. (actual  values not always 

reported). Demonstrated agreement 

between α  obtained through column 

and batch tests. Attachment of PVP-

Ag to glass beads at HA:IS ratio of 

0.002 mg/mg Ag:10 mM assumed to 

be favorable and used for 

normalization of unfavorable 

attachment rate constants 

 

Ag PVP 44.3 Kaolinite clay NR 0.5 mM 

KNO3, pH 

7.8 

7.2E-01 

Ag PVP 44.3 Glass beads 40 m 0.5−10 mM 

KNO3, 

0.1−1.6 

mg HA/mg 

Ag 

30 values ranging from 0 to 1 

at different HA:IS ratios. 

Values of 0.000 at HA:IS 

ratio of 0.2mg/mg:1 mM and 

1.6 mg/mg:10 mM, and value 

of unity for 0.002 mg/mg:10 

mM 
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Table 2-2. Particle attachment efficiencies generated by batch test experiments. 

NP core NP surface 

treatment 

NP size 

(nm) 

Collector Collector 

size 

Solution  Comments  

Espinasse et al. (2018) and Geitner et al. (2019) following the method of Barton et al. (2014) 

Ag PVP 44.3 

Glass beads 40 m 

Mesocosm 

water, pH 

8.5 

1.5E-01 
Attachment of an unidentified “high-

α particle” in 6 mM NaNO3 assumed 

to be favorable and used for 

normalization of unfavorable 

attachment rate constants.  

 

Ag Gum arabic 11 1.1E-01 

SWNT Gum arabic 1000 1.5E-01 

CeO2 none 25 7.5E-01 

TiO2 none 25 3.0E-01 

Geitner et al. (2018), following the method of Barton et al. (2014) 

CeO2 Proprietary 

with  acetate 

3.8 
Glass beads 

coated with 

floc 

NR 

Mesocosm 

water, pH 

8.8 

7.2E-01 
Attachment rate constants in 6 mM 

NaNO3 assumed to be favorable and 

used for normalization of unfavorable 

rate constants 

 

CeO2 Proprietary 

with chitosan 

185 1.1E-01 

NP = nanoparticle,  = particle attachment efficiency, 𝛽 = particle collision frequency, B = collector concentration, nm = nanometer, m = micrometer, 

mM = millimolar, NR = not reported, IS = ionic strength, TiO2 = titanium dioxide, SiO2 =  silicon dioxide, CeO2 = cerium oxide, ZnO = zinc oxide Ag = 

silver, SWNT = single-walled carbon nanotube, PVP = polyvinylpyrrolidone, PAH = polyallylamine hydrochloride, HA = humic acid, NaCl = sodium 

chloride, CaCl2 = calcium chloride, KNO3 = potassium nitrate, NaNO3 = Sodium nitrate, SS = suspended solids, G=fluid velocity gradient 
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high to prevent NP-mediated changes to the surfaces of collectors during the attachment 

window.  

The range of 𝛼’s determined for the eight NPs in wastewater sludge spanned 

three orders of magnitude, with most falling in the range of 10-03 (Table 2-2). The 

exceptions were 6-nm gum Arabic-stabilized silver NPs (GA-Ag) and 40-nm 

polyvinylpyrrolidone-stabilized AgNPs (PVP-Ag), for which 𝛼’s were an order of 

magnitude lower (3.0E-04) and higher (1.2E-02), respectively, than for the other six 

systems. It is worth noting that these particles represent the smallest and largest of all of 

the particles tested. In both of these cases, a second particle size was also tested, and 𝛼 

for the larger particle size was an order of magnitude higher than that of the smaller 

particles. However, the authors caution against drawing conclusions about 𝛼 based on 

NP size alone, as they did not measure dissolved Ag, which might have contributed to 

higher supernatant concentrations from which 𝛼𝛽𝐵’s were determined. Smaller particles 

often exhibit higher dissolution rates. (Ma et al., 2011). Barton et al. (2014) also reported 

that 𝛼’s for NPs without surface treatments were all quite similar, despite differences in 

size and composition (Table 2-2). Uncoated NPs were only slightly less efficient than 

PVP-Ag and substantially more efficient than citrate-stabilized ceria NPs (Cit-CeO2) and 

GA-Ag in attaching to suspended solids.  

Praetorius et al. (2014) used their laser-diffraction approach to determine the 

aggregation rate of primary heteroaggregates of titanium dioxide NPs (TiO2-NPs) with 
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silicon dioxide (SiO2) collectors over a range humic acid concentrations and ionic 

strengths and compositions. The authors present a range of heteroaggregation ’s but 

include the caveat that the values cannot be quantitatively validated. As a result, the 

authors also represent ’s for each system as low, intermediate, and high, suggesting 

that such categorization is appropriate for input to models that are typically not 

sensitive to small changes in .  

The Smoluchowski-based homoaggregation model developed by Praetorius et al. 

(2014) allows for selection of different collision frequency models, for which an 

intermediate model (Thill et al., 2001) was assumed appropriate for homoaggregation of 

collectors and NPs and a rectilinear model for “homoaggregation” (or secondary 

heteroaggregation) of primary aggregates was deemed most appropriate. These 

selections were based largely on analyses of the fractal dimension of homoaggregates 

and secondary heteroaggregates, which revealed a more compact structure for the 

former (2.0–2.1 vs 2.2–2.4). 

At pH 5, TiO2-NP and SiO2 surfaces are oppositely charged, and favorable 

attachment is predicted. Despite this, no aggregation of primary heteroaggregates was 

observed at TiO2-NP concentrations up to 0.5 mg/L (relative to 100 mg/L SiO2) ; only 

upon addition of 0.8 mg/L TiO2-NP was rapid aggregation observed. The authors 

otherwise demonstrate the concentration-independence of heteroaggregation ’s 

obtained by their method using two concentrations of NPs (0.8 and 2 mg/L TiO2-NP), for 
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which they determined an  of 0.9 .The electrophoretic mobility (EPM) of primary 

heteroaggregates shifts from quite negative to almost neutral between 0.5 and 0.8 mg/L 

TiO2-NP, suggesting that increased attachment of NPs to collectors leads to charge 

neutralization and a reduction in the electrostatic barrier to attachment of these primary 

heteroaggregates, ultimately resulting in the observed secondary heteroaggregation. 

This discovery refutes the authors’ assumption that aggregation state has a negligible 

effect on surface charge, a potential flaw in the theoretical underpinnings of this method 

that was not addressed in the publication. 

Praetorius et al. (Praetorius et al., 2014) explored the effect of varying aspects of 

solution chemistry on heteroaggregation  at pH 8, where TiO2-NP and SiO2 surfaces are 

similarly charged. As predicted by classical DLVO theory (see Section 2.1.2), more 

efficient attachment was observed with increasing ionic strength in the absence of HA, 

and the divalent electrolyte was more effective at destabilizing the suspension at lower 

concentrations than the monovalent electrolyte. A concentration-dependent stabilizing 

effect of HA was observed, with 0.1 mg/L HA providing little stability in the presence of 

either 100 mM NaCl or 5 mM CaCl2 and 1 mg/L HA providing a significant increase in 

stability with NaCl and CaCl2, respectively, as reflected in the change in ’s from 0.8 and 

1.1 in the systems without HA to 0.5 and 1.1 in the systems with 0.1 mg/L HA to 0.3 and 

0.02 in the systems with 1 mg/L HA. An increase in stability was also observed between 

1 mg/L and 10 mg/L HA, but the effect was less dramatic, suggesting that available 
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surfaces were saturated with HA at a concentration ratio close to that achieved by the 1 

mg/L HA dose (Praetorius et al., 2014). 

Following the method of Praetorius et al. (2014), Labille et al. (2015) measured 

the secondary aggregation of the same TiO2-NPs with dispersed and aggregated 

smectite clay under a range of solution conditions. Similar to the observations of 

Praetorius et al. (2014) for TiO2-NP interactions with SiO2 surfaces, the secondary 

heteroaggregation of TiO2-NP and dispersed smectite platelets at pH 5 and low ionic 

strength was triggered only at a threshold NP-clay concentration ratio. Unique to this 

study, the metric that best described this relationship was the number concentration 

ratio (as opposed to the ratio of surface-area concentrations), suggesting that – like 

polymer bridging – one NP is required for every two platelets before secondary 

heteroaggregation is triggered; a NP-collector ratio of 0.5 or more is unlikely to occur 

outside of a worst-case scenario. The authors postulate that the difference in relevant 

proportion metrics is a function of the non-random orientation necessary to elicit 

attachment to oppositely charged clay edges versus the lack of dependence of 

attachment on the orientation of two relatively uniform spheres (like TiO2-NP and SiO2). 

At high ionic strength and pH 5, smectite forms stable homoaggregates of 

approximately 15–19 m, and NP-concentration-independent favorable attachment of 

the oppositely charged TiO2-NPs to clay homoaggregates was observed. The authors 

determined that the NP-collector surface area ratio was the more appropriate coverage 
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metric for this system, given the more spheroidal shape of the clay homoaggregates with 

which the NPs interacted. At pH 8, where both the clay and NP surfaces are negatively 

charged, secondary heteroaggregation was observed between NPs and the smectite only 

at high ionic strength, when clay was pre-aggregated. Consistent with DLVO theory, 

heteroaggregation ’s decreased from pH 5 to pH 8 and decreased further at pH 8 upon 

the addition of HA.  

Following the method of Barton et al. (2014), Geitner and colleagues published a 

range of studies on the development of a batch test particle attachment efficiency 

functional assay with application to aquatic milieu (Geitner et al., 2016; Geitner et al., 

2017; Espinasse et al., 2018; Geitner et al., 2018; Geitner et al., 2019). The authors 

conducted batch tests under a range of conditions, including in highly idealized systems 

(e.g., glass beads in deionized water adjusted to various ionic strengths) and 

increasingly complex systems (e.g., algae in growth medium, NOM-coated glass beads 

in mesocosm water)(Table 2-2). The main conclusions from this body of work are 

summarized below. 

- Trends in  determined by batch and column tests for 44.3-nm PVP-Ag with 40-m 

glass beads were in good agreement over a range of ionic strengths and humic acid 

concentrations, with numerical values generally also in agreement. The results 

suggest that ’s from batch and column studies could be directly compared – at least 

in idealized systems – and that batch tests are a potentially viable alternative to 
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column studies for the determination of  from systems not well suited for column 

studies (Geitner et al., 2017). 

- As predicted by heteroaggregation theory (Equation 2-18), attachment rate constants 

(B) varied proportionally with collector (40-m glass beads) concentrations (B), 

regardless of the concentration metric (i.e., mass, number, or surface area). 

Confirmation of proportionality between B and B allows for greater flexibility in 

the batch text assay to accommodate systems in which  is very high or very low. In 

high- systems where removal might occur too quickly to observe under certain 

conditions, B can be reduced to slow down the removal rate without affecting  or  

(Geitner et al., 2017). 

- Trends in  for AgNPs with three different coatings (PVP, citrate, and humic 

acid[HA]) with 40-m glass beads and kaolinite clay were somewhat similar, in that 

PVP-Ag attached much more efficiently to both collectors than did the other AgNPs. 

However, the trends for Cit-Ag and HA-Ag attachment to glass beads (Cit-Ag > HA-

Ag) was opposite to that observed for attachment of these particle to kaolinite (HA-

Ag > Cit-Ag), suggesting that while some qualitative  trends in more complex 

systems can be predicted by using model glass bead collectors (e.g., generally PVP-

Ag > Cit-Ag and HA-Ag), the complexity of other interactions is not captured by this 

model surface (e.g., HA-Ag:clay > Cit-Ag:clay > Cit-Ag:glass > HA-Ag:clay)(Geitner 

et al., 2017). 
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- The combination of ionic strength and organic matter content drives changes in  

when both are present at environmentally relevant levels in a system with model 

glass bead collectors and PVP-Ag. Neither characteristic alone accounts for changes 

in  over the entire range of conditions tested, suggesting that neither characteristic 

in isolation is a good predictor of  in relatively complex systems. (Geitner et al., 

2017) 

- All 40-nm AuNPs attached to the exterior of algal cells and did not penetrate to the 

interior, regardless of surface coating. The AuNP with the positively charged 

coating, polyallylamine hydrochloride (PAH-Au) attached most rapidly, and  was 

assumed to equal unity. Interestingly, attachment of HA-Au was also rapid, 

suggesting that masking of the NP surface by NOM in the environment could lead to 

significant attachment of NPs to some biological surfaces (Geitner et al., 2016).  

- Observed ’s for PAH-Au, HA-Au, and Cit-Au correlated strongly and linearly with 

concentrations in Daphnia magna following ingestion of AuNPs contaminated with 

each AuNP, but there was no correlation between  and AuNP depuration rates, and 

retained [Au] following depuration was not statistically significantly different for the 

different AuNPs (Geitner et al., 2016), suggesting that NP-algae ’s affect differences 

only in intake rate of AuNPs by D. magna, not in retained [Au] (Geitner et al., 2016). 

- With one exception,  trends were closely mirrored by trends in removal rate 

constants for four nanomaterials in wetland mesocosms. The exception was for GA-
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stabilized single-walled carbon nanotubes (SWNT), the only non-spherical, 

carbonaceous ENM evaluated. The authors postulated that these ENMs were more 

susceptible to homoaggregation and sedimentation, making the heteroaggregation  

a poor predictor of its behavior in this system (Espinasse et al., 2018).  

- Based on a relatively narrow distribution of ’s and removal rate constants in a 

wetland mesocosm for 5 ENMs that differed in size, composition, and surface 

coating, intrinsic properties of ENMs might minimally influence heteroaggregation 

and deposition rates in complex systems with relatively high collector concentrations 

(Espinasse et al., 2018). However, a fate model predicts that NP fate will differ among 

particle types, with attachment to aquatic plant surfaces driving removal of all NPs 

but SWNTs from the mesocosm water column, and homoaggregation and 

subsequent sedimentation dominating the removal of SWNTs from the water 

column. Removal due to heteroaggregation with suspended solids was predicted to 

be minimal (Geitner et al., 2019). 

- Small CeO2-NPs with higher ’s with floc-coated glass beads heteroaggregated 

readily with flocs in wetland mesocosm experiments, while large CeO2-NPs with 

lower ’s with the floc-coated glass beads interacted minimally with mesocosm flocs 

and exhibited enhanced transport to deep sediment relative to the smaller NPs. 

However, ’s differed by less than an order of magnitude, which doesn’t account for 

the drastically different fate of these NPs in mesocosms. The authors note that 
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homoaggregation of large CeO2-NPs likely dominated over heteroaggregation, 

causing these NPs to rapidly sediment out (Geitner et al., 2018). 

As with column studies, batch test methods present certain limitations and 

weaknesses, which must be considered when evaluating the utility of these methods for 

different applications. Expected deficiencies in batch test functional assays for the 

determination of  for NPs in soils are summarized below. 

- ENMs and nano-enabled products that cannot be easily dispersed in water, 

separated from heteroaggregates by filtration or centrifugation, or distinguished 

from background constituents (e.g., carbon-based ENMs) are likely unsuitable for 

the batch test format.  

- The theoretical basis for this functional assay applies only to NP removal due 

to heteroaggregation. Systems in which homoaggregation contributes 

significantly to removal will require additional analysis, and as yet, no 

standardized approach to determining the effect of homoaggregation on total 

removal has been developed. 

- ENM transport in soils will likely be affected by the structure of intact soil 

and temporal changes in moisture content. The impact of phenomena such as 

straining, size exclusion, and wetting/drying on ENM removal over time and 

distance could be significant, and these effects are not captured by 

heteroaggregation batch tests. 
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-  “Favorable attachment” is somewhat subjective, as it is not possible to 

quantitatively determine whether every collision indeed results in 

attachment. As a result, reported ’s for the same system determined through 

normalization with the rate constant from a different systems deemed 

favorable to attachment could vary. 

In summary, batch tests can be used to probe mechanisms of attachment by 

measuring changes in removal as a function of changes to solution chemistry, NP and 

collector composition and concentration ratios, and hydrologic conditions. Batch test 

functional assays extend the range of systems for which ’s can be determined beyond 

that which is currently capable through column studies and into the realm of complex, 

environmental media. Batch tests are generally simple and fast to perform using small 

amounts of material and equipment that is widely available. Instrumental analysis can 

be tailored to the needs of the assay or selected based on accessibility. While additional 

limitations of batch test functional assays are likely to arise, this approach opens up a 

range of opportunities for exploring the heteroaggregation behavior of ENMs with a 

range of collectors in environmentally relevant systems. 

2.3 ENMs in agricultural systems  

ENMs will reach the agricultural environmental primarily through either 

application of contaminated biosolids or through intentional application of nano-
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enabled fertilizers and pesticides to soils, plant leaves, or seeds  (Lv et al., 2019). 

Additionally, nano-enabled agri-technology for smart sensing and monitoring, disease 

resistance, abiotic stressor response management, and microbiome manipulation, among 

other applications, have been proposed for improving plant yield and resource 

management in the agricultural environment (Lowry et al., 2019). To improve upon 

conventional agrochemicals, which require large loadings to be effective, nano-enabled 

formulations of agrochemicals seek to increase solubility in water, increase dispersion of 

an active ingredient, decrease persistence, and enable targeted delivery (Servin et al., 

2015). As the nano-agri-technology sector grows, so, too will the release of ENMs to the 

agricultural environment and transfer of ENMs into the food web (Judy et al., 2011; 

Hernandez-Viezcas et al., 2013; Hawthorne et al., 2014; Servin et al., 2015; Giese et al., 

2018). Understanding the factors affecting ENM fate, transport, and transformation in 

this environment is critical to enabling timely risk assessment and management.  

2.3.1 ENM fate and transport in soil 

Nanomaterials in soils can interact with multiple phases (e.g., solid, liquid, gas, 

organic, mineral), and the quantity and quality of these phases change in time and space 

according to both biotic and abiotic factors (Molnar et al., 2015; Smith, 2015).  Depending 

on the system, the processes controlling nanomaterial transport in soils could include 

dissolution, complexation with solutes, NOM adsorption, homoaggregation, 

heteroaggregation, deposition, and interaction with biota (Tourinho et al., 2012; Cornelis 
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et al., 2014; Rodrigues et al., 2016). The processes most relevant to this work are 

summarized below. 

2.3.1.1 Natural organic matter adsorption 

Organic macromolecules are abundant in the soil environment, including those 

originating from decaying organic matter (e.g., HA, FA) and biological exudates (e.g., 

small acids, proteins, polysaccharides) (Louie et al., 2016). Association of ENMs with 

NOM is expected to occur in all soil systems given the ubiquity of these organic 

macromolecules in soils and the incredible heterogeneity of these “super-mixtures” 

(Louie et al., 2016). Organic matter can be found dissolved in soil pore water (i.e., DOM) 

or adsorbed to soil colloids and pore walls (i.e., SOM). Adsorption of DOM to inorganic 

ENMs can occur via multiple mechanisms including ligand exchange of surface 

hydroxyl groups with DOM, hydrophilic interactions with engineered and acquired 

coatings, and by - interactions between DOM aromatic groups and carbon ENMs 

(Cornelis et al., 2014). The soil environment can be harsh on engineered coatings used to 

stabilize ENMs against homoaggregation in stock suspension. Reactive oxygen species 

like those produced by soil microflora can degrade coatings (Kirschling et al., 2011) as 

can a potential range of abiotic factors (e.g., oxidation combined with 

dissolution)(Labille et al., 2010), leaving ENM surfaces free to adsorb DOM. 

The effects of DOM adsorption on ENM stability vary with the composition and 

conformation of DOM; the size and surface chemistry of the ENM, and the solution 
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chemistry (Louie et al., 2016). DOM is generally considered a stabilizing element for 

ENMs in pore waters, but several exceptions to this generalization have been reported. 

DOM can impart electrostatic stability on ENM surfaces by increasing the electrostatic 

barrier to attachment through a lowering of the ENM surface charge. The large and 

relatively rigid molecules of HA – and particularly HA with high aromaticity – can also 

provide steric hindrance to aggregation and deposition (Saleh et al., 2010). 

Destabilization by DOM can occur through interparticle bridging involving either long, 

rigid macromolecules that can reach past the zone of electrostatic repulsion between 

ENMs or macromolecules of any size with a high fraction of aliphatic carbons or other 

physicochemical characteristics imparting significant hydrophobicity (Nason et al., 

2012). Interparticle bridging at low DOM concentrations can be enhanced at high ionic 

strengths, particularly in the presence of multivalent cations (Wilkinson and Reinhardt, 

2005). Additionally, positively charged ENMs can be destabilized by DOM adsorption 

due to charge neutralization (Wilkinson and Reinhardt, 2005). 

Little information is available on the interaction of ENM with SOM, and the 

differing character of DOM and SOM make it difficult to extrapolate from ENM-DOM 

studies in soil pore water. For example, while HA in DOM tends to be more aliphatic in 

nature, HA in SOM tends to be more aromatic, leading to potentially more steric 

stabilization against deposition to pore walls than for heteroaggregation with mobile 

colloids (Akaighe et al., 2011). DOM could also accumulate on positively charged 
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patches in soils, which would reduce the charge heterogeneity contributing to ENM 

deposition onto pore walls.  

2.3.1.2 Homoaggregation 

ENMs in soils can attach to one another, forming aggregates that are then subject 

to heteroaggregation, deposition, and interaction with other soil constituents. Although 

like particles typical repel each other by dint of their similar surface charge, the EDL 

barrier limiting attachment can be decreased under the right conditions (e.g., high ionic 

strength, low organic matter, pH near the point of zero charge), allowing 

homoaggregation. ENM homoaggregation is expected to limit mobility under most 

circumstances, as larger aggregates have a higher drag coefficient, resulting in increased 

deposition (Veerapaneni and Wiesner, 1996) and aggregates are more susceptible to 

straining, in which the movement of aggregates is physically restricted upon entry into 

small passages . In solids-dominated media like soils, homoaggregation is typically not 

expected to be a dominant process because the low ENM-soil concentration ratio would 

favor high heteroaggregation or deposition rates relative to homoaggregation rates 

(Cornelis et al., 2012; Meesters et al., 2014). However, this is clearly not always the case, 

given the difficulty of dispersing nano-zero-valent iron for soil remediation applications 

(Saleh et al., 2007). 
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2.3.1.3 Heteroaggregation with colloids 

The largest fraction of potentially mobile soil particles is that of natural colloids, 

ranging in size from a few nanometers to one micrometer. In general, smaller colloids 

comprise non-crystalline particles of organic matter with a high water-holding capacity 

and functional groups leading to a mix of local positive and negative charges and net 

negative charge. Inorganic colloids tend to be larger (i.e., >20 nm) and are 

predominantly iron or aluminum sesquioxides (e.g., gibbsite, goethite) or clays with 

amorphous coverings of iron and aluminum oxides. Larger colloids (> 100 nm) include 

poorly crystalline clays (e.g., allophane, imogolite), crystalline phyllosilicate clays (e.g., 

kaolinite, vermiculite), carbonates coated with NOM, and bacteria (Chen and Beckett, 

2001; Greenland and Hayes, 2016). The concentration of mobile colloids differs among 

soil types. 

Heteroaggregation of ENMs with mobile colloids is expected to dominate over 

homoaggregation in soil pore waters (Cornelis et al., 2012), but very few studies have 

examined the effect of colloid-mediated transport on ENM mobility on soils. Zhou et al. 

(2012) did observe co-elution of zinc-oxide NPs with aluminum and iron, suggesting 

that ENM transport was mediated by that of mobile colloids. In general, the effect of 

heteroaggregation on ENM transport is expected to be similar to that of 

homoaggregation, in that larger aggregate sizes tend to exhibit decreased mobility due 

to higher deposition and straining. However, larger aggregates are sometimes observed 
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to elute more quickly in column studies. For example, Solovitch et al. (2010) reported 

that TiO2-NPs were eluted from a sand column more rapidly at high ionic strength than 

at low ionic strength, indicating that aggregated ENMs could be more mobile at high 

ionic strength, which is somewhat counterintuitive. This observation was attributed to a 

phenomenon called size exclusion, in which large aggregates follow a shorter path 

length through a porous medium than smaller particles because they are too large to be 

intercalated into soil micropores.  

2.3.1.4 Deposition 

As described in Section 2.2.1.1, heteroaggregation and deposition can be 

considered analogous processes in terms of the forces influencing them. Considering 

that heteroaggregation theory predicts that heteroaggregation rates will decrease with 

increasing collector size, it might be assumed that deposition would be of secondary 

importance to heteroaggregation of ENMs to small colloidal particles. However, 

experimentally determined deposition rates are typically higher than predicted based on 

macroscopic measurements. Most attribute this discrepancy to the effects of surface 

roughness and charge heterogeneity (i.e., localized patches of positive charge due to clay 

edges and amorphous aluminum and iron coatings), which are more prominent on 

larger surfaces than on small colloids (Chen and Beckett, 2001; Petosa et al., 2010; Kim et 

al., 2012). While larger soil colloids might experience only the net negative charge of a 



 

 

83 

soil surface and experience repulsion, smaller negatively charged ENMs could 

encounter these patches and attach efficiently.  

2.3.2 ENM accumulation by plants in soil 

Plants in soil both affect and are affected by soil properties. Plants remove water 

from the soil, which changes the flow regime within soil pores. The rhizosphere, or the 

zone immediately surrounding a plant root, is known to have a unique chemistry and 

biological community when compared to bulk soil. Plant roots release a variety of 

proteins, polysaccharides, and organic materials into the rhizosphere that can change 

the soil structure, release soil minerals, foster the growth of bacteria and fungi, and 

influence the mobility of nanomaterials (Schwab et al., 2015).  

Few studies have evaluated the bioavailability of ENMs to plants in soil systems. 

In fact, Lowry et al. (2019) note that the first direct evidence of insoluble NP uptake by 

plants was obtained less than a decade ago, and this was for a relatively simple 

hydroponic system (Sabo-Attwood et al., 2012). Like particle attachment efficiency, ENM 

accumulation by plants inevitably depends on multiple interacting system 

characteristics, making predictions of plant accumulation in these highly complex 

systems difficult (Santiago-Martín et al., 2015). Some of the factors that have been shown 

to affect plant accumulation of ENMs – and that presumably lead to discrepancies and 

contradictions in the available literature when not accounted for – are plant species, 

plant growth stage, root integrity (i.e., damage or disease), soil saturation, fungal 
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associations, nutrient availability, and rhizosphere chemistry, in addition to the array of 

soil and ENM properties that influence ENM fate and transport, generally (Schwab et al., 

2015; Lv et al., 2019). As a result, generalizations concerning ENM accumulation by 

plants – in simplified media or soil – are difficult to make at this time, and ENM 

accumulation potential and the rates at which accumulation or uptake and translocation 

occur still need to be determined experimentally in systems of interest. 

The bioavailable fraction of ENMs to plants is assumed to be in the soil pore 

water, where ENMs are thought to enter roots primarily through a non-specific pathway 

from soil pore water into the cellulosic matrix of cell walls (Schwab et al., 2015). ENMs 

can accumulate on plant root surfaces presumably through the same mechanisms that 

drive ENM transport and attachment to any surface (see Section 2.1). That surface is 

likely to be a protective barrier between the NP and the cell wall – the first of many 

barriers impeding transport to the plant vasculature. In the root system, the first layer of 

protection is likely to be either the hydrophobic cuticle on the rhizoderm of developed 

roots or a layer of high-molecular-weight insoluble mucilage and low-molecular-weight 

soluble plant exudates on developing root tips (i.e., border cells, root cap, root hairs). 

Nanoparticles have been observed in many studies accumulating near and on roots, root 

tips, and border cells of the root cap (Geisler-Lee et al., 2012; Navarro et al., 2012; Zhao et 

al., 2012; Stegemeier et al., 2015; Avellan et al., 2017). The mucilage and exudates 

produced by plant roots are known to acidify the rhizosphere, creating conditions in 
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which even AuNPs have been observed to dissolve (Taylor et al., 2014). Additionally, 

AuNPs with a range of coatings can be removed from the root to some degree (7.5%–

90%) by rinsing roots in DI water (Schwab et al., 2015). This weak associations of NPs 

with root surfaces is likely the result of interactions with the chemically inert lipophilic 

cuticle covering most of the root periderm or NP capture by the hydrophilic, negatively 

charged mucilage layer. Given that many NPs will be negatively charged in the 

environment, they face the same repulsive energy barriers when approaching negatively 

charged plant roots as when they approach colloid surfaces. As a result, additional 

forces favoring NP approach to the plant root and attachment must be present to 

overcome electrostatic repulsive energies. Some NPs are capable of forming hydrogen 

bonds with plant surfaces (Schwab et al., 2011), and Schwab et al. (2015) proposed that 

NPs might also become irreversibly trapped after diffusing into mucilage polymer 

micropores. Very little information is otherwise available that would explain the high 

association between surfaces that should otherwise repel one another.  

The anatomical and physiological barriers and pathways to ENM uptake by 

plants have been comprehensively reviewed by Schwab et al. (2015) and are not a focus 

of this present work. Although some plants appear to block ENM uptake, many studies 

investigating ENM association with plants have observed ENM (or related elemental 

concentration) accumulation in root tissues, and many studies have reported upward 

translocation to shoots, leaves, flowers, and fruit (e.g., Judy et al., 2012; Judy et al., 2015; 
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Zhang et al., 2015; Zhao et al., 2015; Li et al., 2016; Zhang et al., 2019).  A few studies have 

now also reported trophic transfer – and in one case biomagnification – of ENMs from 

plants to primary consumers and to predators, suggesting that the degree of ENM 

accumulation in crop plants might have important implications for human exposure 

(Judy et al., 2011; Unrine et al., 2012b; Hawthorne et al., 2014)
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3.  Materials and methods 

3.1 Nanoparticles 

3.1.1 Nanoparticle synthesis 

All nanoparticles (NPs) were synthesized at the Duke University Center for 

Environmental Implications of Nanotechnology (CEINT), unless stated otherwise.  

3.1.1.1 Cerium dioxide nanoparticles (CeO2-NPs) 

10-nm citrate-stabilized ceria NPs (Cit-CeO2) were purchased from Byk, Atlanta, 

GA (Nanobyk-3810) as a suspension, and 15–30-nm uncoated ceria nanoparticle powder 

(UC- CeO2) was purchased from Nanostructured and Amorphous Materials 

(NanoAmor), Katy, TX.   

3.1.1.2 Gold nanoparticles (AuNPs) 

 10-nm AuNPs 

10-nm branched polyethylenimine-stabilized AuNPs (bPEI-Au) were purchased 

from nanoComposix, San Diego, CA (BioPure Gold Nanospheres, 25 kDa BPEI). 

 12-nm AuNPs 

12-nm functionalized AuNPs were synthesized using standard methods 

(Turkevich et al., 1951; Frens, 1972). In short, 12-nm citrate-stabilized AuNPs (Cit-Au) 

were prepared by bringing 1 L of 1 mM hydrogen tetrachloroaurate (Sigma Aldrich) in 

water to reflux while stirring. Reflux continued as 4 mL of 1 M sodium citrate (VWR) 
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was added all at once, after which the suspension was stirred for 20 min, removed from 

heat, and stirred until cool.  

Gum-Arabic-stabilized AuNPs (GA-Au) and polyvinylpyrrolidone-stabilized 

AuNPs (PVP-Au) were prepared by adding Gum Arabic (Fisher) or PVP (55 kDa, 

Sigma) to a stock suspension of 12-nm Cit-Au at a ratio of 1 mg:1 mL. Each mixture was 

then stirred for 4 days at room temperature. The suspensions were purified by 

centrifugation at 46,000 x g for 1 hour and the concentrated GA-Au and PVP-Au 

resuspended in ultrapure water. 

 40-nm AuNPs 

40-nm functionalized AuNPs were prepared by a seeded growth technique, as 

described in Geitner et al. (2016). Briefly, 12-nm Cit-Au (91 mg/L) stirred with 40 mM 

sodium citrate dihydrate in water was brought to reflux, after which 0.1 M hydrogen 

tetrachloroaurate trihydrate was added in small aliquots every 15 minutes for 150 

minutes. Heating continued for 15 minutes after the last aliquot, then the mixture was 

removed from heat and stirred until cool, after which stock suspensions were stored at 

4–8 C until use. 

40-nm polyallylamine-hydrochloride-stabilized AuNPs (PAH-Au) were 

prepared by adding PAH (70 kDa; Sigma) to a suspension of 40-nm Cit-Au at a ratio of 1 

mg:1 mL and mixing overnight. The suspension was then purified by centrifugation at 

5,000 x g for 20 minutes, resuspended in ultrapure water, and stored at 4–8 C until use.  



 

 

89 

3.1.2 Nanoparticle characterization 

NP core diameters were determined by transmission electron microscopy (TEM; 

Tecnai G2 Twin) operated at 80 kV. NP suspensions were diluted to 10 mg/L, and a 15-

µL drop was applied to a Formvar-coated Cu grid (Ted Pella) and allowed to dry before 

analysis. Mean particle diameters were determined by measuring the size of at least 75 

particles in ImageJ Image Processing and Analysis software. 

Hydrodynamic diameters and electrophoretic mobility were measured in 

ultrapure water or in experimental media using a Malvern Zetasizer Nano ZS at 

concentrations used in experimental studies, if possible. Experimental media such as 

nutrient medium and soil extracts were filtered through a polyethersulfone syringe filter 

with 0.2 m pore size prior to NP addition. Hydrodynamic diameters were determined 

using dynamic light scattering (DLS) and zeta potentials were calculated by the 

instrument software from electrophoretic mobility using the Henry equation with the 

Smoluchowski mode l(Malvern Panalytical, 2017). 

3.2 Background collectors 

3.2.1 Glass beads 

All glass beads used in preliminary work (see Section 4.1) were procured from 

Potters Industries, Brownwood, TX. Glass beads with a mean size of 40 and 360 m were 

used in batch tests and plant accumulation tests, respectively. All glass beads were 

rinsed three times in deionized water and dried prior to use.  
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3.2.2 Soils 

3.2.2.1 Collection and handling 

Three natural soils native to North Carolina (Sandhills [S], Fill [F], and Topsoil 

[T]) were obtained from Sands & Soils in Durham, NC. A fourth soil (Mesocosm [M[) 

was created by blending 30% S, 45% F, and 25% T, and was aged outside for 

approximately 1 year. Soils were air-dried for 1 week after collection, sieved to < 2 mm 

(fine soil), homogenized six times using a soil splitter, and stored indoors in opaque, air-

tight containers. A homogenized portion of each soil was further sieved to < 0.298 mm 

(ultrafine soil) for use in batch studies and for soil analyses requiring small soil 

quantities (Van Reeuwijk, 2002). 

Six German agricultural soils (2.1, 2.2, 2.3, 2.4, A5M, and 6S) were obtained from 

LUFA Speyer, Germany. According to the supplier, soils were not treated with 

pesticides, biocidal fertilizers, or cow manure for at least 5 years prior to sampling, and 

mineral fertilizers were not added within 3 months of sampling. Samples were air-dried 

and sieved to < 2 mm prior to shipping, and soils were not sterilized upon entry into the 

United States. As with the domestic soils, a portion of each LUFA soil was further sieved 

to <0.298 mm. 

Soil organic matter was removed from a portion of ultrafine soil following the 

method of Kaiser et al. (2002). Suspensions at a ratio of 1:50 (w:v) ultrafine soil in 1 M 

sodium hypochlorite at pH 8 were mixed end-over-end at room temperature for 5 hrs. 
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45-mL suspensions were prepared in 50-mL centrifuge tubes, which were centrifuged at 

10,000 x g for 30 minutes and the supernatant discarded. Bleaching and centrifuging was 

repeated 5 times, after which soils were rinsed 5 times with ultrapure water and air-

dried. 

3.2.2.2  Characterization 

Soil texture, exchangeable cations (K, Na, Ca, Mg) and cation exchange capacity, 

soil organic matter and organic carbon, and oxalate-extractable aluminum and iron were 

determined by the University of California-Davis Analytical Laboratory using standard 

methods (UC-Davis Analytical Laboratory, 2018). In short, soil texture was determined 

by the hydrometer method (UC-Davis Method 470), exchangeable cations by 

displacement with ammonium acetate (Method 360), and soil organic matter by the 

Walkley Black method (Method 410). The cation exchange capacities of the soils were 

estimated by summing the quantities of exchangeable cations, and the organic carbon 

contents were estimated by assuming that measured organic matter comprised 58% 

organic carbon.   

Soil size distributions for ultrafine soils in both soil extracts and 10 mM KNO3 

were determined over a 1-hour period using laser diffraction (Malvern Mastersizer 

3000). Between 80 and 90 mL soil extract or 10 mM KNO3 was added to a Malvern 

Hydro SM small-volume wet-dispersion unit, stirred at 2000 rpm, and continuously 

circulated through the unit. Background measurements were taken, after which 0.05 – 
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0.2 g ultrafine soil was added to bring the obscuration up to approximately 10, and the 

soil suspension was left to mix and circulate for 10 minutes before starting the sample 

measurement. Size measurements were set to a 30-second duration following by a 10-

second delay. The Mastersizer software determines time-resolved volume distributions 

of particle diameters using full Mie theory. This calculation requires input of optical 

properties for both particles and medium. The real refractive indices selected for soils 

and water or 10 mM KNO3 were 1.54 and 1.33, respectively, and the absorption index 

selected for soils was 0.01. 

The moisture content and a moisture correction factor were determined in 

triplicate for air-dried soils to enable calculation of soil dry weight (d.w.) from air-dried 

soil (Van Reeuwijk, 2002). First, approximately 5 g of each soil in tared glass vials with 

caps were weighed to 0.001 g accuracy. The uncapped soils were then dried overnight in 

a 105 C oven, capped, and left to cool. The oven-dried soils were weighed, and the 

moisture content (MC) of the air-dried soils and the moisture correction factors (MF) 

were determined using Equation 3-1and Equation 3-2,  

𝑀𝐶 =
𝑊2−𝑊3

𝑊3 − 𝑊1
× 100 Equation 3-1 

 

𝑀𝐹 = 1 +
𝑀𝐶

100
 Equation 3-2 
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where W1 is the weight of the vessel, W2 is the weight of the vessel with air-dried soil, 

and W3 is the weight of the vessel with oven-dried soil. MFs were multiplied by air-

dried soil weights to determine the dry weight of soil needed to achieve desired soil 

concentrations in all analyses. No difference was determined between the moisture 

content of the fine and ultrafine soils. 

The water-holding capacity (WHC) of the soils (i.e., the amount of water a soil 

can retain against gravity) was determined in triplicate for the four domestic soils (Van 

Reeuwijk, 2002). First, 10 g of each air-dried soil was added to a small funnel lined with 

filter paper. The dry weight of each soil was then calculated using the moisture 

correction factor. Three filter-paper-lined funnels were also prepared without soil. The 

funnels were suspended over beakers and the soil and paper saturated with water. The 

water was allowed to drain for 10 minutes, after which more water was added to re-

saturate the soils and filter paper. The funnels were then covered lightly and left to drain 

for two hours. The filters with and without soil were then removed from the funnels and 

weighed. The gravimetric water content (WWHC) at 100% water-holding capacity was 

determined using Equation 3-3,  

𝑊𝑊𝐻𝐶 =
𝑀1 − 𝑀2 − 𝑀3

𝑀3
 Equation 3-3 

where M1 is the mass of the wetted soil plus the filter, M2 is the mass of the wet filter, 

and M3 is the mass of the dry soil. The result was then used to determine the amount of 
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water needed to achieve 60% of the maximum WHC for each soil, as needed to optimize 

plant growing conditions.  

The porosity of the four domestic soils was determined by adding fine soil to a 

volume of 5 cm3 in a 15-mL centrifuge tube in triplicate and adding 10 mL of water. 

Tubes were capped and left overnight, after which water above the surface of the soil 

was removed and the volume of water within the void spaces measured by subtraction 

of the soil dry weight and vessel weight from the total weight of the vessel with the 

wetted soil. The ratio of water to the total volume of the wetted soil is the dimensionless 

porosity, usually given by . 

3.3 Aqueous media 

Particle attachment efficiencies for all but the favorable attachment systems were 

determined in either 10% Hoagland nutrient medium (H/10) or soil extracts prepared 

using H/10 to mimic conditions in plant accumulation studies. The addition of H/10 is 

required to provide plants with the necessary nutrients to promote uniform growth 

within pots. 

3.3.1 10% Hoagland nutrient medium 

H/10 was prepared from a stock of 50% Hoagland medium made by the staff of 

the Duke Phytotron facility. Elemental concentrations in H/10 are provided in Table 3-1. 
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Table 3-1. Composition of 10% Hoagland nutrient medium 

Element Concentration (mg/L) 

Calcium (Ca) 20.6 

Nitrogen (N) 28.58 

Iron (Fe) 0.6 

Potassium (K) 24.16 

Magnesium (Mg) 5.0 

Sulfur (S) 6.62 

Zinc (Zn) 0.03 

Manganese (Mn) 0.025 

Copper (Cu) 0.002 

Boron (B) 0.05 

Molybdenum (Mo) 0.002 

Chlorine (Cl) 0.6 (plus pH adjustment) 

Phosphorous (P) 6.36 

Sodium (Na) pH adjustment 

 

The pH of H/10, as prepared, is approximately 5.5, which was not adjusted 

further for studies with glass beads. For studies with soils, the pH of H/10 was adjusted 

to pH 7 using 1 M NaOH to better represent the pH of groundwater. H/10 used in batch 

studies was autoclaved after collection and pH adjustment (when applicable), then 

stored in sealed bottles at room temperature until use. H/10 used in plant accumulation 

studies was prepared daily and pH-adjusted prior to plant “watering.”   
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3.3.2 Soil extracts (batch) 

3.3.2.1 Preparation 

Soil extracts were prepared in batches of 6, using 50 mL centrifuge tubes. A 2:1 

(volume:mass) mixture of autoclaved H/10 adjusted to pH 7 and air-dried fine soil (26 

mL:13 g soil [d.w.]) was added to each tube, shaken vigorously until homogenized, and 

then mixed end-over-end for 2 hours at 60 rpm. Soil slurries were then centrifuged 

down at 10,000 x g for 30 minutes to remove soil particles > ~58 nm, based on a particle 

density of 2.65 g/cm3 after which the supernatant from the six tubes was combined and 

passed through a pre-rinsed 0.45-m cellulose acetate filter to remove floating organic 

debris. Soil extracts were then frozen until approximately 30–60 minutes before use. 

3.3.2.2 Characterization 

The pH and electrical conductivity of soil extract batches were measured at room 

temperature immediately following preparation. A “standard pH” for each soil type was 

selected from the average of the first few soil extract batches, and the pH of thawed soil 

extracts was adjusted to the “standard pH” prior to use in experiments. The total organic 

carbon in the soil extracts was determined in triplicate for batches made on multiple 

days using a Shimadzu TOC-L (Japan). 
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3.3.3 Electrolyte for favorable attachment 

To induce favorable attachment in soil batch tests, soil extracts were replaced by 

10 mM potassium nitrate (KNO3). Based on the work of Geitner et al. (2017), this ionic 

strength in combination with the low concentrations of organic matter released from 

soils should result in favorable attachment.  

3.3.4 Soil pore water extracts (plant accumulation) 

3.3.4.1 Collection 

Soil pore water extracts were collected from 200 g intact soil at 60 % of WHC or 

200 mL hydroponic media in plastic blackform seedling pots (2.5” x 2.5” x 3.5”) double 

lined with plastic sandwich baggies using Rhizon Flex pore water samplers 

(Rhizosphere Research Products, Netherlands). The Rhizon samplers consist of a 5-cm 

hydrophilic PVP/polyethersulfone membrane with 0.6-µm pore size connected to 30 cm 

of polyvinyl chloride/polyethylene (PVC/PE) tubing terminating in a female luer lock. 

According to the manufacturer, these samplers must be buried during soil pot assembly 

and are designed to collect water for the analysis of macro and micro elements, 

dissolved gasses, and dissolved organic carbon . The Rhizon samplers were buried 

horizontally under ¼ of the wetted soil (approximately 1.5 cm below the soil surface) in 

pots without plants. At the time(s) of collection, a vacuum was created by connecting a 

3-mL luer-lock syringe to the PVC/PE tubing and drawing the plunger; the syringe was 

left to fill to capacity, after which 3 mL H/10 was added to the surface of the soil to 
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return the soil to 60% of WHC. In hydroponic systems, Rhizon samplers were placed 

directly into the hydroponic medium and remained submerged for the duration of the 

experiment. In addition to the standard sampling regimen, two additional sample types 

were collected at “harvest” after 1 and 3 weeks. First, approximately 10 mL additional 

hydroponic media was withdrawn through the Rhizon samplers to be analyzed for 

dissolved gold. Second, “unfiltered” samples of hydroponic media were collected 

directly from the pot using a 3-mL syringe; these samples were used to determine the 

effect of the pore-size cut-off of the Rhizon samplers on Au recoveries. Pore water 

extracts were then stored in capped syringes either at 4 C or -18 C for total Au analysis 

and dissolved Au analysis, respectively. 

3.3.4.2 Preparation for ICP-MS analysis 

 Dissolved gold fraction 

Frozen pore water samples were thawed and the dissolved Au fraction separated 

from the NP fraction by filtration through Amicon Ultra-15 centrifugal filters with 3K 

molecular-weight cut-off. The tubes were centrifuged at 5,000 x g for 30 minutes, after 

which the filtrate was acidified with 2% trace-metal-grade nitric acid (HNO3, 67–70%, 

Fisher Scientific) and 1% trace-metal-grade hydrochloric acid (HCl, 34–37%, Fisher 

Scientific). The higher HCl content is necessary to reduce Au carry-over in inductively 

coupled plasma-mass spectroscopy (ICP-MS). Acidified pore water samples were then 
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diluted slightly by an addition of 1 mL 3% acid mixture including 60 g/L 209Bi and 193Ir 

internal standards to 3 mL acidified pore water for ICP-MS analysis.  

 Total gold 

Pore water samples collected for total gold analysis were digested using a 

method modified from protocols developed in 2014 for Au in plant samples by Dr. 

Fabienne Schwab, a post-doctoral fellow in the Wiesner lab, based on personal 

communications with Dr. Heileen Hsu-Kim, ICP-MS technician Kait Porter and 

publications by Kisser (2005), Balcerzak et al. (2002), and Anderson et al. (2005). 

Alterations to this method were based on the method described in Zhai et al. (2014) for 

recovery of Au from liquid samples.  

Pore water samples and method blanks (two ultrapure water blanks per every 33 

samples) were deposited in 40-mL borosilicate glass vials and weighed before 

evaporating to dryness in a 70 C oven. A quantity of 5.3 mL aqua regia (3:1 [M:M] 

concentrated HCl:HNO3) was added to each cooled vial, which were then loosely 

capped with watch glasses and predigested for 6 hours. Samples were then digested at 

90 C in a heat block for 12 hours, then uncovered and the digestate concentrated down 

to approximately 0.3 mL over the course of 20 to 60 minutes. Digestates were then 

diluted to 5% acid content with ultrapure water in the digestion vessels for storage until 

one day prior to ICP-MS analysis. At the time of analysis, 1 mL diluted digestate was 
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added to 3 mL of 2% HNO3 and 1% HCl, including 1 mL of the 3% acid mixture 

containing 60 g/L 209Bi and 193Ir internal standards. 

3.4 Plants  

Dwarf Essex Rape (Brassica napus) was selected for plant accumulation 

experiments due to its widespread use as a crop plant (Australian Government, 2008), 

properties as a metal accumulator (Ebbs et al., 1997), and evidence of ENM accumulation 

in roots and vertical translocation in hydroponic systems (Larue et al., 2012a; Larue et al., 

2012b; Zhang et al., 2015). These factors imply that B. napus may be sensitive to NMs, 

producing detectable concentrations of translocated NMs at lower doses, and the results 

can be compared with other studies utilizing B. napus for confirmation. B. napus seeds 

were purchased from Ernst Conservation Seeds, Inc. (Meadville, Pennsylvania).  

3.4.1 Germination 

Seeds were disinfected for 10 minutes in a solution of 1.5% sodium hypochlorite, 

rinsed 6 times in deionized (DI) water, then soaked in DI water for 2 hours. Seeds were 

then rinsed once and deposited on wetted filter paper, where they were kept moist for 

three days prior to planting. Germinating seeds were protected from contamination 

using plastic petri dishes sealed shut with Aquapore tape between wettings.  
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3.4.2 Planting and growth 

Plants were grown in clear Magenta G-7 boxes (3” x 3” x 3.8”) with 175 g 360-m 

glass beads or plastic blackform seedling pots (2.5” x 2.5” x 3.5”) double lined with 

plastic sandwich baggies filled with 200 g soil (d.w.). Hydroponic control pots were 

constructed by placing the seedling on a pipet grid with the root extending down into 

the hydroponic medium. Hydroponic controls were only successful in later work 

(Section 4.4), as seedlings were not well stabilized on the pipet grid in earlier work and 

were frequently submerged in hydroponic medium. In later work, stems were threaded 

through a small piece of foam just above the root-shoot junction to stabilized them atop 

the grid. 

Seedlings were selected for planting based on two criteria: a root length of at 

least 1.5 cm and testa (seed coat) no longer covering the plumula (first bud). A 2-cm 

deep depression was made in either moist glass beads or soil, to which a single seedling 

was gently placed using forceps. Depressions were then backfilled and gently tamped 

down to stabilize plants. Plant dosing occurred after letting the plants acclimate in the 

porous medium either overnight (preliminary work: Section 4.1) or for 1 week (later 

work: Section 4.4) by adding diluted NP stock suspensions in H/10 to the volume 

necessary for bringing pots to saturation (glass beads) or 60% of WHC (soils).  

Plant accumulation studies were conducted in the Duke Phytotron facility in 

Model M-13 reach-in growth chambers (Environmental Growth Chambers, Chagrin 
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Falls, OH) with light/dark cycle of 16/8 hours and photosynthetically active radiation 

level of 250–450 𝜇mol m-2 s-1. All pots were kept either at saturation (glass beads) or at 

60% of WHC with H/10 (pH 5.5 for glass beads, pH 7 for soils) by weighing once (glass 

beads) or twice (soils) daily to replace moisture lost through plant evapotranspiration or 

evaporation from the porous medium.  

3.4.2.1 Harvesting 

All plants were harvested by first removing aboveground plant portions 

(heretofore referred to as shoots) from belowground portions (roots) using either a 

razorblade or sharp scissors. Plant shoots were rinsed in dish soap diluted in DI water; 

the entire plant surface was gently “scrubbed” by hand while wearing gloves to remove 

any NPs attached to the cuticle a result of splashing, then rinsed in three consecutive 

rinses of DI water. Roots either extracted from glass beads or encased in the soil block 

were rinsed with DI water from a sprayer until all visible glass beads or soil was 

removed. Any glass beads or organic debris caught in the root systems after rinsing was 

extracted manually using forceps. After rinsing, shoots and roots were separately placed 

in either plastic sandwich bags (preliminary work; Section 4.1) or size 1 paper bags (later 

work; Section 4.4), dried for 24–48 hours in a drying oven at 60–70 F, and promptly 

weighed.  
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3.4.2.2 Sample preparation for analysis by ICP-MS 

Plant tissues were prepared for ICP-MS analysis through either microwave-

assisted acid digestion (preliminary work with CeO2-NPs) or acid digestion using a heat 

block (all work with AuNPs).  

Microwave-assisted acid digestion of control plant tissues and tissues containing 

CeO2 (preliminary work, Section 4.1) was carried out using a Discover Sp-D automated 

microwave digestion system (CEM, Matthews, NC). The digestion protocol was 

developed through personal communication with the CEM applications department. 

Dried plant root or shoot tissues were homogenized by cutting into small pieces with 

scissors and placed in a 10-mL CEM Pyrex digestion vessel, with Teflon-coated stir bar. 

Samples were digested in a fume hood overnight in 2 mL HNO3, after which 1 mL 

concentrated hydrogen peroxide for trace analysis (H2O2, 30%, Sigma) was added to 

each vessel and left to react for 20 min before vessels were capped. The microwave 

digestion system was programmed for medium stirring and to follow a 4-min ramp to 

180 C, followed by a 10-minute hold (delta pressure 29, pressure 400 PSI, power 300 W, 

times sp 2), and a 20-minute cooldown. All digestates were brought back to 5 mL with 

HCl after digestion. A 0.3-mL aliquot of each digestate was then added to a 9.7 mL 

solution of 2% HNO3, 0.5% HCl for ICP-MS analysis. 

Microwave-assisted digestion was not employed for Au-containing samples 

because digestion using aqua regia is required for Au digestion, and the aggressiveness 
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of the reaction with plant tissues resulted in complete sample loss due to pressure build-

up and off-gassing, regardless of the pre-digestion and digestion method, vessel size, 

and digestate volume utilized.     

Plant tissues containing Au were digested using the previously described 

method developed by Dr. Fabienne Schwab, with a few adjustments based on the work 

of Zhai et al. (2014). Root or shoot tissues were first homogenized by cutting into small 

pieces with scissors, then 50–200 mg homogenized sample was added to a 40-mL 

borosilicate glass vial. In later work (Section 4.4), samples were ashed in a 550 C oven 

for 14 hours prior to digestion, but samples from preliminary work (Section 4.1) were 

not ashed. In a fume hood, 5.3 mL aqua regia was added to each cooled vial and method 

blanks (two ultrapure water blanks per every 33 samples), which were then loosely 

capped with a watch glass and predigested for 6 hours. Samples were then digested at 

90 C for 12 hours. Samples from preliminary work were prepared for ICP-MS by the 

same dilution as for CeO2 samples following microwave digestion (0.3 mL digestate in 

10 mL 2.5% acid). Samples from later work were uncovered and concentrated down to 

approximately 0.3 mL in the digestion vessels at 90 C over the course of 30 to 60 

minutes. Digestates were then diluted to 10% acid content with ultrapure water in the 

digestion vessels for storage until one day prior to ICP-MS analysis. At the time of 

analysis, 0.3 mL diluted digestate was added to 3.7 mL of 2% HNO3 and 1% HCl, 

including 1 mL  3% acid mixture containing 60 g/L 209Bi and 193Ir internal standard.  
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3.5 Pot liner swabs 

Plastic bags lining seedling pots for hydroponic, soil, and plant systems were 

rinsed with a DI water sprayer to remove loosely adhered soil and NPs. Two light-duty 

tissues (VWR) wetted with 10% HCl were used to wipe the entire interior surface of the 

liners. These “swabs” were then prepared for ICP-MS analysis following the same 

protocol as for plants in later work. 

3.6 ICP-MS analysis 

All prepared samples were analyzed using an Agilent 7900 ICP-MS system. For 

samples collected during preliminary work (Section 4.1), internal standards for Ce (103Rh, 

115In, 159Tb) and Au (193Ir, 209Bi) were run in-line; samples collected during later work 

(Sections 4.2 and 4.4) were prepared with 3% acid matrix spiked directly with 193Ir and 

209Bi, as described in previous sections. All samples were run in no-gas mode. Primary 

and secondary rinse solutions were prepared with 2% HCl, 1% HNO3, and 2% L-

cysteine, which has been shown to reduce memory effects (i.e., carryover) of Au in ICP 

analysis (Chen et al., 2000). 

Prior to sample analysis, a 5-point calibration curve was generated, and second-

source calibration verification was conducted. For later work, a blank sample containing 

2% HNO3 and 2% HCl was run at intervals of 5–10 samples to reduce Au carryover. 

Calibration verification samples were analyzed at intervals of 20–30 samples; if the 

instrument returned a value outside of the tolerance range of  10% of the expected 
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value, the instrument was rinsed until returning an acceptable value for the calibration 

verification sample. All samples analyzed after the previous acceptable measurement of 

a calibration verification sample were then re-analyzed.  

To evaluate the effect of the matrix on prepared samples containing acidified 

pore water and diluted digestates of pore water extracts for each individual soil, 

hydroponic media (both filtered and unfiltered, with and without plants), plant roots, 

plant shoots, and pot liner swabs, a quantity of 100 L TraceCERT Au standard diluted 

to a concentration of 1 mg/L was spiked into prepared control samples for all sample 

types. To evaluate the effect of the sample preparation and analysis method on Au 

recoveries, known quantities of GA-Au and PVP-Au (stock concentrations verified for 

each ICP-MS run, following digestion by Dr. Fabienne Schwab’s protocol without ashing 

or concentrating digestate) were spiked onto control samples for each sample type (i.e., 

pore water extract, root, shoot, and liner swab). All spike recoveries were evaluated 

against the nominal Au dose to return percent recovery values. 

3.7 UV-Vis spectroscopy analysis 

We relied on the principles of the Lambert-Beer law, which describes the linear 

relationship between ultraviolet-visual (UV-Vis) absorbance from spectrophotometry 

and analyte concentration, to determine NP removal over time as heteroaggregation 

occurs. While the metric of NP and background collector concentration in 

heteroaggregation theory is based on the number of particles in a given volume, we 
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circumvent the need to calculate actual NP and collector number concentrations from 

the mass concentrations used in batch tests by determining heteroaggregation rate 

constants (B) and particle attachment efficiencies () through normalization. Rate 

constants are determined by normalizing the natural log of the background-subtracted 

UV-Vis absorbance (arbitrary units) at the first measured time point by the natural log of 

the absorbance at each time point, as described in Section 2.2.2, resulting in a ratio that is 

not dependent on the concentration metric. Attachment efficiencies are determined by 

normalization of the B by an experimentally determined B, as described in Section 

2.2.2.1, resulting in the unitless parameter , which can then be applied to 

heteroaggregation rates regardless of the concentration metric. In general, we use 

arbitrary absorbance units or optical density on removal plots showing the decrease in 

absorbance due to the decay in NP concentration over time, and we use units of n, or 

number concentration, in the linearized plots of the attachment phase even though the 

ratios are not unit-dependent. This choice was made to provide an intuitive link to the 

theoretical basis of the functional assay. 

The concentration of “free” NPs (i.e., those not heteroaggregated with 

background collectors) in batch tests was analyzed over time using UV-Vis with either a 

Multiskan MMC (Thermo) for AuNPs or a SpectraMax M5 (Molecular Devices) for 

AuNPs and CeO2-NPs in preliminary work (Section 4.1) and a SPECTROstar Nano 

(BMG Labtech) in all later work (Sections 4.2 and 4.3). Background subtraction was 
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completed by these instruments following analysis of control H/10, soil extract, or 10-

mM KNO3 samples – sometimes after mixing with soil – as determined by the 

experimental system. 

In preliminary work, quartz crystal cuvettes or UV-transparent microplates were 

used to determine UV-Vis absorbance of CeO2-NPs. The maximum absorbance peaks 

were identified for UC-CeO2 and Cit-CeO2 in 10% Hoagland medium at 315 and 290 nm, 

respectively. Standard plastic cuvettes or 96-well microplates were used to determine 

UV-Vis absorbance for all AuNPs in both preliminary and later work. The surface 

plasmon resonance (SPR) peak for the 40-nm citrate- and PAH-stabilized AuNPs was 

identified as 540 nm.  

SPR peak wavelengths for 10- and 12-nm AuNPs in later work were determined 

by taking the average of the SPR peak wavelengths for all microplate wells containing 

samples from an individual batch test. While the distribution of SPR peak wavelengths 

among wells was typically narrow (e.g., 517–520 nm for PVP-Au in 2.2 soil extract), Cit-

Au exhibited broader absorbance peaks indicative of some degree of homoaggregation, 

which sometimes resulted in a wider range of maximum peaks within in a single test 

(e.g., 575–610 nm for Cit-Au in 2.4 soil extract). The effect of selecting absorbance data 

for the average peak wavelength on the determination of the heteroaggregation rate 

constants was assessed for several systems by comparing rate constants using data from 

(1) the average peak wavelength, (2) the minimum peak wavelength for any well, (3) the 
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maximum peak wavelength for any well, and (4) integration of all absorbance data 

under the curve at  10 nm from the average peak wavelength. The choice of technique 

for identifying the peak wavelength for the system had a negligible effect on the value of 

the heteroaggregation rate constant for all systems. A representative example of the lack 

of sensitivity of heteroaggregation rate constants to the method of determination is 

shown in Figure 3-1a for Cit-Au attachment with 2.4 soil, as determined using the four 

methods described above. The broad peaks typical of Cit-Au in UV-Vis absorbance 

spectra are provided in  Figure 3-1b. 
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A  

 
B  

 
 

Figure 3-1. Example plots for citrate-stabilized gold nanoparticles (Cit-Au) with LUFA 2.4 

soil, (A) demonstrating the lack of sensitivity of heteroaggregation rate constants to the 

method of determination for (B) the broad ultraviolet-visible absorbance spectra typical of 

Cit-Au in soil extracts. Rate constants are determined from the slope of the linearized 

absorbance data from the average, minimum, and maximum peak absorbance wavelengths, 

and from the integration of all absorbance data within a range of  10 nm from the average 

peak wavelength 
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4.  Results and discussion 

4.1 Exploration of the potential link between particle attachment 
efficiency and bioavailability in ideal systems 

4.1.1  Introduction 

The complexity and high number of specific cases of environmental systems can 

obscure underlying mechanisms that are revealed in systems that conform to general 

theoretical simplifications. The purpose of the work presented in this chapter is to 

determine whether trends in attachment efficiency () of nanoparticles (NPs) with glass 

beads in simplified, well characterized, systems are predictive of trends in plant 

accumulation of NPs when plants are grown in similar glass-bead systems. Using a 

batch test method we developed to explore the influence of solution chemistry, mixing 

speed, and collector size and concentration on PVP-stabilized silver NP attachment with 

glass beads (Geitner et al., 2017), the ’s for four types of NPs (two ceria NPs and two 

gold NPs) in dilute nutrient medium were determined both with and without the 

influence of natural organic matter (NOM). Plant accumulation studies were conducted 

using seedlings grown in glass beads under the same conditions of solution chemistry as 

those of batch tests. Results from these two types of experiments were then compared to 

examine possible trends in NP concentrations accumulated by plant tissues as a function 

of . 
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4.1.2 Materials and methods 

4.1.2.1 Nanoparticles 

Citrate-stabilized ceria NPs (Cit-CeO2) with a primary particle size of 10 nm 

(Byk) and 15–30-nm uncoated ceria NPs (UC-CeO2; NanoAmor) were used for batch 

tests and plant accumulation studies. Stock suspensions of UC-CeO2 were prepared 

prior to use by sonication of UC-CeO2 for 10 minutes after being added (as a powder) to  

ultrapure water. CeO2-NP stock concentrations were prepared (UC-CeO2) or received 

(Cit-CeO2) at 500 mg/L. 

Citrate stabilized gold NPs (Cit-Au) and polyallylamine-hydrochloride-stabilized 

AuNPs (PAH-Au) (see Section 3.1.1.2 for synthesis) with primary particle sizes of 40 nm 

were also used in all batch tests and plant accumulation studies. The concentrations of 

AuNP stock suspensions were prepared at 91 mg/L and 1100 mg/L for Cit-Au and PAH-

Au, respectively. 

The zeta potentials for all NPs in H/10 with and without 1 mg/L HA were 

calculated from measurements of electrophoretic mobility determined using a Malvern 

Zetasizer nano, as described in 3.1.2. 

4.1.2.2 Batch and plant systems 

Batch tests and B. napus accumulation studies were conducted with 40-m and 

360-m glass beads, respectively, with 10% Hoagland medium (see Table 3-1 for 

elemental composition) at pH 5.5 with and without 1 m/L Suwannee river humic acid 



 

 

113 

(HA; International Humic Substance Society). Hydroponic controls without glass beads 

were used to estimate maximum accumulation potential for each NP by plants in the 

absence of competing surfaces. 

4.1.2.3 Batch test methods 

The batch test method for conducting particle attachment efficiency () was 

adapted for this work and later refined for use with soils. For an explanation of the 

theoretical basis for the determination of  using batch tests, see Sections 2.2.2 and 

4.2.2.1. The method is summarized in Geitner et al. (2017) and is provided in more detail 

in Appendix A, where it has been adapted for soils. The principles of the functional 

assay remain the same regardless of the collector, and the approach remains applicable 

to simplified systems. The standard method was followed for all batch tests conducted 

in this preliminary work, with a few modifications.  

Briefly, cleaned glass beads at a concentration of 22.4 g/L were mixed at 1000 

rpm in H/10 or H/10 with 1 mg/L HA for 10 minutes in 20-mL borosilicate glass vials 

with oval stir bars, after which the pH of the system was adjusted to 5.5 and mixed for a 

further 2 minutes. At the conclusion of the background-equilibration period, NP stock 

suspensions of either Cit-CeO2, UC-CeO2, Cit-Au, or PAH-Au were dosed into the 

equilibrated suspension of glass beads at concentrations of 100 or 10 mg/L for CeO2-NPs 

and AuNPs, respectively, to a total volume of 15 mL. Mixing continued for 30–60 

minutes, with 0.35 mL aliquots collected at intervals throughout the duration of the 
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batch test. Samples were collected most frequently over the first 10 minutes after dosing 

to ensure that the attachment window was captured in systems of rapid attachment.  

Each aliquot was deposited in a 1.5-mL microcentrifuge tube, where separation 

of NPs heteroaggregated with glass beads from “free” NPs in suspensions was achieved 

by gravitational settling of glass beads over 2.5 minutes. A volume of 0.2 mL 

supernatant was collected and analyzed using UV-Visual spectrophotometry in either a 

quartz crystal cuvette or UV-transparent microplate at 315 nm, 290 nm or 540 nm for 

UC-CeO2, Cit-CeO2,  and AuNPs, respectively. Background absorbance was determined 

from a blank sample of H/10 or H/10 with 1 mg/L HA and the spectra subtracted by the 

instrument for subsequent samples. A minimum of three replicate batch tests was 

completed for each system. Average removal curves were plotted for each system from 

the background-subtracted-absorbance data, and linearized attachment curves were 

generated using Equation 2-18.  

The attachment of PAH-Au in H/10 was assumed to represent a favorable 

attachment scenario due to electrostatic attraction between the oppositely charged 

surfaces and the lack of steric hindrance to attachment. Heteroaggregation rate constants 

determined from the linearized attachment curves for all systems were normalized by 

that of PAH-Au in H/10 to determine NP-glass bead ’s for these systems. 
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4.1.2.4 Plant accumulation methods 

Plant accumulation studies were carried out in Magenta boxes over the course of 

1 week using B. napus seedlings. For glass bead systems and hydroponic systems, one 

box was dedicated to each of the exposure conditions (i.e., Cit-CeO2, UC-CeO2, Cit-Au, 

and PAH-Au in H/10 both with and without 1 mg/L HA) and two boxes provided NP-

free controls. Seeds were disinfected, germinated, and selected for accumulation studies 

using the protocols described in Section 3.4.  

In glass bead systems, 175 g of 360-m glass beads were added to each Magenta 

box to a depth of approximately 2 cm and wetted with 40 mL H/10 or H/10 with 1 mg/L 

HA. Seedling roots were carefully buried in the glass beads in 4 rows of 5 plants (20 

seedlings total). Magenta boxes were lightly covered with Magenta box lids and placed 

into growth chambers for 18 hrs (see Section 3.4.2 for growing conditions). By morning, 

the seedlings had exhibited phototropic behavior (i.e., above-ground portions of plants 

were extended upward and no longer touching the glass bead substrate).  

In hydroponic systems, 190 mL H/10 or H/10 with 1 mg/L HA was added to 

Magenta boxes, and a pipet tip grid was placed just above the surface of the hydroponic 

medium. Seedling roots were carefully threaded through the grid, with aerial portions of 

plants balanced atop the grid. Hydroponic systems were then handled using the same 

procedures as for the glass bead systems.  
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10 mL NP suspensions in H/10 or H/10 with HA were added to hydroponic 

systems or to the surface of the glass beads at a final concentration of 10 mg/L 

(corresponding to 2.857 mg NP/kg glass beads)(Figure 4-1).  

 
 

Figure 4-1. Glass-bead and hydroponic systems for Brassica napus exposure to gold and 

ceria nanoparticles over 1 week in 10% Hoagland medium with and without humic acid. 

Magenta boxes were weighed daily and H/10 lost to evaporation replaced, when 

necessary. The covered Magenta boxes allow gas exchange, but minimize evaporation 

losses, particularly at early growth stages when evapotranspiration losses are negligible. 

After one week, the plants were harvested and prepared for analysis by 

inductively coupled-plasma-mass spectroscopy (ICP-MS), as described in Section 3.6. 

Sample digestates were analyzed at dilutions of 20–50x, depending on expected 
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concentrations in plant tissues. AuNP spike recoveries for roots and shoots ranged from 

87 % (Cit-Au) to 104 %. (PAH-Au). 

4.1.3 Results and discussion 

4.1.3.1 NP characteristics  

The zeta potentials and z-average hydrodynamic radius for NPs in H/10 both 

with and without HA are provided in Table 4-1. 

Table 4-1. Nanoparticle characteristics in exposure media 

NP pH of H/10 & 

NPs (with HA) 

Zeta potential in 

H/10 (with HA) 

(mV) 

Hydrodynamic 

radius (nm) 

(with HA) 

Cit-Au 6.70 (4.11) -16.3 (-22.1) 43 (52) 

PAH-Au 5.90 (5.78) +14.8 (+13) 71 (80) 

Cit-CeO2 7.05 (6.12) -17.2 (-17.9) NA 

UC-CeO2 6.4 (6.22) -1.9 (-14.8) 228 (240) 

NP = nanoparticle, Cit = citrate, PAH = polyallylamine hydrochloride, UC = uncoated, 

Au = gold, CeO2 = cerium dioxide, H/10 = 10% Hoagland medium, HA = Suwannee 

River humic acid. NA = not available.  

 

The zeta potential measurements confirm the positive charge of the PAH-Au 

NPs and the negative charge on the citrate-stabilized and uncoated NPs in H/10 with 

and without HA. All NPs were relatively stable in the exposure media over time. 

Interestingly, despite the near-zero zeta potential measured for UC-CeO2 in H/10 and the 

higher-than-expected hydrodynamic radius of these particles, the average size of the 

particles remained stable over the course of 1 hour. The hydrodynamic radius for Cit-

CeO2 could not be determined at the time due to instrument failure, but the zeta 

potentials suggest that these NPs were relatively stable in H/10 over time.  
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4.1.3.2 Batch tests 

NP attachment efficiencies for 40-nm Cit-Au, 40-nm PAH-Au, 10-nm Cit-CeO2, 

and 25–30-nm UC-CeO2 in H/10 and H/10 with 1 mg/L HA with glass beads spanned 

three orders of magnitude (Table 4-2).  

Table 4-2. Particle attachment efficiencies () for gold and ceria 

nanoparticles with 30-50 m glass beads in 10% Hoagland medium with 

and without 1 mg/L humic acid. 

Nanoparticle    in H/10 (with HA) 

Cit-Au 4.72E-02 (1.90E-03) 

PAH-Au 1.00E+00 (3.29E-01) 

Cit-CeO2 4.84E-03 (6.53E-03) 

UC-CeO2 8.19E-02 (5.20E-03) 

Cit = citrate, PAH = polyallylamine hydrochloride, UC = uncoated, Au = gold, 

CeO2 = cerium dioxide, H/10 = 10% Hoagland medium, HA = Suwannee River 

humic acid.  

 

 

Consistent with x-DLVO theory (see Section 2.1.2.1), the positively-charged NP 

(PAH-Au) exhibited the most rapid attachment, with favorable attachment assumed to 

occur in the absence of HA. The addition of HA reduced attachment in all cases but one 

(Cit-CeO2), for which  increased slightly in the presence of HA.  

4.1.3.3 Plant accumulation 

Au and CeO2 concentrations in plant tissues are only reported for plants grown 

in glass-bead systems. Due to poor stabilization of plants by the pipet grid resulting in 

frequent submersion of plants in hydroponic media and evidence of plant stress (e.g., 

poor growth, necrotic tissue), concentrations in plant tissues from hydroponic systems 
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were deemed artificially high and not appropriate for comparison to those in glass-bead 

systems. 

Au and CeO2 concentrations in whole plants ranged from 58.5 (PAH-Au) to 682.3 

(Cit-CeO2 with HA)  mg/kg d.w., corresponding to 0.41 to 5.07 percent accumulation of 

the nominal NP dose by plants (Table 4-3).  

Table 4-3. Gold and cerium concentrations in plant tissues exposed to gold and ceria 

nanoparticles in glass beads over 1 week. 

System Root (mg/kg) Shoot (mg/kg) Total (mg/kg) % dose in plant TF 

Control (Au) NA NA NA -- -- 

Cit-Au, H/10 153.3 76.1 229.4 1.96 0.33 

Cit-Au, H/10, HA 526.9 168.3 695.2 3.86 0.24 

PAH-Au, H/10 47.3 11.2 58.5 0.41 0.19 

PAH-Au, H/10, HA 160.1 129.5 289.6 2.80 0.45 

Control (CeO2) 2.47 0.51 2.98 -- -- 

Cit-CeO2, H/10 370.7 298.1 668.8 4.64 0.45 

Cit-CeO2, H/10, HA 351.3 331.0 682.3 5.07 0.49 

UC-CeO2, H/10 153.5 134.0 287.5 1.69 0.47 

UC-CeO2, H/10, HA 323.1 274.1 597.2 4.62 0.54 

Cit = citrate, PAH = polyallylamine hydrochloride, UC = uncoated, Au = gold, CeO2 = cerium dioxide, H/10 

= 10% Hoagland medium, HA = Suwannee River humic acid, NA = not available (control Au sample lost 

during digestion) TF = translocation factor (ratio of concentration in shoots to total concentration in plant) 

CeO2 exhibited more vertical translocation from roots to shoots than did Au, 

with the exception of PAH-Au in H/10 with HA. Approximately 45–54 percent of 

accumulated CeO2 and 45 percent of Au accumulated from PAH-Au exposure was 

translocated to shoots, while only 19–33 percent of accumulated Au in the remaining 

three systems translocated from roots to shoots. NP speciation and analysis of plant 
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tissues by electron microscopy were not carried out for this study; as a result, it is 

unclear whether accumulated Au and Ce were primarily present as particles or 

dissolved species. Moreover, cerium is redox-active, and CeO2 NPs could undergo 

transformations in the rhizosphere, potentially rendering them more bioaccessible 

(Schwabe et al., 2014; Zhang et al., 2016).  

4.1.3.4 Relationship between  and plant accumulation 

The overall trends in  exhibited by NPs in glass-bead systems and accumulation 

of core elements by plants following NP exposure in those systems were qualitatively 

similar, in that the system with the highest  resulted in the lowest accumulation and 

vice versa. Moreover, order-of-magnitude differences in  generally resulted in clear 

accumulation differences in plants, with  on the order of 10-03 corresponding to 

accumulation around 600–700 mg/kg,  on the order of 10-02 corresponding to 

accumulation around 200–300 mg/kg, and an  of unity resulting in around 60 mg/kg 

accumulation. The one possible exception was for PAH-Au with HA ( on the order of 

10-01), which exhibited accumulation that more closely resembled that of NPs with ’s 

one order of magnitude lower than it did the PAH-Au without HA where with  was 

assumed to be unity. This might be due to a combination of the net electrostatic 

attractive energy between PAH-Au and the negatively charged root surface in 

combination with electrosteric repulsion between HA-coated glass bead surfaces and 
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HA-coated NPs that allowed more PAH-Au to interact with the root surface than might 

be predicted by its attachment efficiency with the glass beads.  

A potential quantitative relationship between  and plant accumulation in these 

model systems was also identified, with good agreement between the two parameters 

described by a logarithmic function (Figure 4-2).  

The logarithmic decay in plant accumulation with increasing  makes intuitive 

sense, as filtration theory predicts a log decay in NP concentration with distance through 

the porous medium, corresponding to a decreased bioavailability of the NPs. 

 
 

Figure 4-2. Correlation between particle attachment efficiency () for nanoparticles with 

glass beads and plant accumulation following NP exposure in a glass bead substrate. 
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4.1.3.5 Method adequacy 

Several improvements to the methods developed for conducting batch tests and 

plant accumulation studies were identified over the course of each round of 

experiments. The main conclusions relating to method development are as follows: 

- The connection between hydrodynamic diameter from Zetasizer measurements and 

the potential for removal due to homoaggregation in batch tests is unclear. Batch 

tests should be conducted in the absence of soil to determine the maximum 

contribution of homoaggregation to total removal over time. 

- Possible root damage can occur during planting; plants should be given more than 1 

day to acclimate to the system and repair root damage. 

- Plant accumulation could not be assessed for more than 1.5 weeks because plants 

dried out before 2 weeks under the growing conditions. The experimental design 

must be adapted to include more frequent watering and a deeper substrate. 

- Plants in hydroponic exposure conditions need to be stabilized above the level of the 

exposure medium without damaging plant tissues. 

- Plant tissue digestion requiring aqua regia is too aggressive to carry out using 

microwave-assisted digestion. Complete sample loss occurred for control samples as 

a result of off-gassing during digestion. Samples must be digested in a heatblock. 
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4.2 Nanoparticle affinity for natural soils: Towards a 

standardized functional assay for particle attachment 

Contributors: Amalia  Turner, Nicholas Rogers, Nicholas Geitner, Mark Wiesner 

Few standardized methods and reference systems have been established for 

evaluating the behavior of engineered nanomaterials in complex media like natural 

soils. In this study, a working standard method for a functional assay to determine the 

affinity of nanoparticles (NPs) for soil surfaces by batch test is provided along with a 

case study demonstrating the utility of the method using a proposed reference soil 

(LUFA 2.2) and gold nanoparticles (AuNPs) with four different surface treatments 

(citrate [Cit], gum arabic [GA], polyvinylpyrrolidone [PVP], and branched 

polyethylenimine [bPEI]). Particle attachment efficiencies (𝛼) of AuNPs for LUFA 2.2 

soil spanned 4 orders of magnitude, with 𝛼𝑏𝑃𝐸𝐼-𝐴𝑢 > 𝛼𝑃𝑉𝑃-𝐴𝑢 > 𝛼𝐶𝑖𝑡-𝐴𝑢 ≫ 𝛼𝐺𝐴-𝐴𝑢, 

suggesting that GA-Au will be significantly more mobile in this soil than the other 

AuNPs. These results run counter to a widely held assumption that acquired 

macromolecular coatings in natural systems will likely mask engineered coatings and 

dictate NP mobility. Moreover, the trend in attachment efficiency could not be predicted 

based on differences in intrinsic NP properties, which supports the need for 

development and validation of well-controlled functional assays performed in complex 

media. 
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4.2.1  Introduction 

Natural and incidental nanoscale materials are abundant in soils and contribute 

to physical and chemical processes that can be considered both harmful (e.g., facilitating 

transport of contaminants) and beneficial (e.g., increasing soil fertility)(Bernhardt et al., 

2010). Engineered nanoscale materials (ENMs) offer similar potential for harm and 

benefits within soils, but the diversity of existing ENMs and growth and innovation 

potential of ENMs can be expected to simultaneously increase the potential for novel 

risks and benefits in the environment and obfuscate adequate prediction and 

characterization of those risks and benefits. Current evaluation methods are largely 

based on a chemical assessment paradigm, wherein ENM behavior in the environment is 

predicted from measurements of fundamental ENM properties in simplified systems; 

these reductionist approaches are not conducive to generating the data necessary for 

assessing the fate, transport, exposure, and effects of diverse ENMs in complex and 

heterogenous systems in the near-term (Hendren et al., 2015; Surette and Nason, 2019). 

Many have instead called for the development of functional assays that measure an 

operationally defined process, outcome, or characteristic of ENMs in complex media 

using standardized methods (Barton et al., 2014; Cornelis et al., 2014; OECD and 

(Organisation for Economic Co-operation Development), 2014; Hendren et al., 2015; 

Santiago-Martín et al., 2015; Peijnenburg et al., 2016; Dimkpa, 2018; Gao and Lowry, 

2018). These approaches, being more holistic in nature, must inherently incorporate the 
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intrinsic properties of the ENMs, the extrinsic properties of ENMs in complex media, 

and the physical and chemical processes that dictate ENM behavior in complex media. 

Only through systems-level characterization of ENM behavior as a function of their 

environment can we capture the relevant sets of parameters to usefully predict outcomes 

of interest. 

Natural soil is a complex system for which functional assay development is 

particularly needed. Soils could receive several thousand tons of ENMs globally each 

year (Keller and Lazareva, 2013), with these estimates potentially increasing as the nano-

agrichemical sector grows (Servin et al., 2015), and the complex relationships among soil 

properties are difficult to replicate in a simplified system. No standard reference soils 

and few standard methods for evaluating ENM behavior in soils have yet been 

proposed or validated, thus limiting the ability to compare results from different studies 

(Geitner et al., 2019, in review). 

Particle attachment efficiency (or surface affinity) has been highlighted as a 

critical property for evaluating ENM fate in environmental compartments, including 

soils (Hendren et al., 2015; Peijnenburg et al., 2016; Gao and Lowry, 2018). Like the 

octanol-water partition coefficient predicts bioaccumulation potential of hydrophobic 

organic chemicals in aquatic ecosystems, the affinity of ENMs for surfaces will influence 

ENM fate and transport outcomes (e.g., how far ENMs will travel, to what degree ENMs 

will be bioavailable). This is particularly critical in compositionally complex media like 
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natural soils, which are otherwise very difficult to model. Surface interactions, such as 

those between a nanoparticle (NP) and a soil surface, are affected by any physical or 

chemical parameter that changes the character or composition of either interacting 

surface, making particle attachment efficiency (hereafter referred to as ) a system-

dependent parameter best determined in the complex medium of interest. When 

determined in the medium of interest – or within a system shown to be representative – 

the influence of the system characteristics on  are captured, even if the exact nature of 

that influence is not known. However, with detailed characterization of the medium and 

the intrinsic and extrinsic NP properties, a functional assay can provide a basis for 

identifying mechanisms driving affinity of NPs for the myriad surfaces they encounter, 

thereby enabling parameterization of predictive models.  

The affinity of NPs for surfaces in porous media has been primarily examined 

using column studies, which have a well-established theoretical basis in colloid filtration 

theory (CFT). Most of these studies have utilized glass beads, quartz sand, or soil with 

high sand and low organic matter contents because of the difficulties of achieving 

breakthrough with less porous natural soils (Peijnenburg et al., 2016). Barton et al (2014) 

proposed an alternative to column studies that could be adapted for a range of complex 

media, including those not suitable for column studies. The authors examined the 

affinity of ceria nanoparticles for suspended solids in activated sludge using a batch test 

method to examine aggregation kinetics. Geitner et al.(2016; 2017; Geitner et al., 2019) 
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adapted this protocol to determine  for NPs with glass beads, kaolinite clay, Daphnia 

magna, and algae in synthetic matrices with varying humic acid content, ionic strength, 

and ionic composition. Most recently, Surette & Nason (2019) explored the utility of this 

functional assay for evaluating model NP aggregation with natural colloids in river 

water but determined that the assay was likely better suited to solids-dominated media. 

While method validation is still underway for complex media, initial studies using glass 

beads and a range of humic acid concentrations and ionic strengths demonstrate that NP 

’s are comparable whether determined via column or batch test (Geitner et al., 2017). 

However, a standardized protocol for determining  for NPs with soils is still needed 

and must incorporate elements unique to the soil compartment. Appropriate reference 

systems and method and metadata reporting requirements must also be identified to 

facilitate routine validation of the test method and enable comparisons among studies. 

The purpose of this work is to propose a working standard method and standard 

reference system for a functional assay to determine the affinity of NPs for soil surfaces 

using a batch method. A case study is provided for carrying out the method using the 

selected reference system and model gold NPs (AuNPs) with four different surface 

treatments to better illustrate the expected utility and limitations of the functional assay. 
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4.2.2 Materials and methods 

4.2.2.1 Theoretical context for the functional assay  

The theoretical context for a NP attachment efficiency batch test is described in 

detail in Barton et al. (2014). Briefly, to determine  for a NP to a collector surface in a 

continuously mixed system, the interacting surfaces of a NP and another “collector” 

particle must first collide, after which the probability of attachment is between 0 and 1. 

The transport processes bringing a NP to the surface of a collector and the probability 

that attachment will occur following a collision between the two particles are provided 

in the modified Smoluchowski equation (Equation 4-1)(von Smoluchowski, 1917), where 

the rate of change in the NP number concentration (i.e., the number of NPs that have not 

heteroaggregated) over time is described by the products of the dimensionless 

attachment efficiency (𝛼), the second-order collision rate constant (𝛽, volume time-1 

number-1), and the concentrations of collector particles (𝐵, number volume-1) and NPs (𝑛, 

number volume-1).  

 
d𝑛

d𝑡
= −𝛼𝛽(𝐵, 𝑛)𝐵𝑛 Equation 4-1 

 

For a constant value of B during mixing, Equation 4-1 is a pseudo-first order reaction. 

Thus, a log plot of the initial NP concentration, divided by the concentration of 

nanoparticles that have not formed heteroaggregates versus time (Equation 4-2) is 

predicted to yield a linear relationship with a slope equal to 𝛼𝛽𝐵.  
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 ln (
𝑛∅

𝑛
) =  𝛼𝛽𝐵𝑡 Equation 4-2 

 

The slope, 𝛼𝛽𝐵, is a pseudo-first order rate constant with units of per time that, 

for constant 𝛽𝐵, reflects changes in . To determine the  for any system, 𝛼𝛽𝐵 must be 

normalized by 𝛽𝐵. However, calculating a number concentration of collectors in a 

polydisperse soil suspension and estimating 𝛽 from theory require assumptions that can 

introduce considerable error (Geitner et al., 2017). Alternatively, 𝛽𝐵 can be found 

empirically by producing conditions that remove barriers to attachment (𝛼𝑓𝑎𝑣 = 1), 

while holding 𝛽𝐵 constant. A favorable-attachment system can be tailored to the needs 

of the assay; depending on the NP-collector system under consideration, achieving 

favorable attachment might involve using a nanoparticle with surface charge opposite to 

that of collectors, removing steric interactions, increasing ionic strength, or adjusting the 

pH of the system such that all collisions are expected to result in attachment. Because 

𝛼𝑓𝑎𝑣 = 1, the rate constant for a favorable-attachment system determined from data 

plotted according to Equation 4-2 is equal to 𝛽𝐵. The  for the unadjusted system can 

then be semi-empirically determined by normalizing the rate constant for that system as: 

Equation 4-3. 

 𝛼 =
𝛼𝛽𝐵

𝛼𝑓𝑎𝑣𝛽𝐵
 Equation 4-3 
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For this approach to be valid, however, the favorable attachment scenario must 

not result in any NP homoaggregation, collector coagulation, or non-negligible changes 

to transport processes that are not present in the unadjusted system. 

4.2.2.2 Case Study demonstrating the method and utility of the functional assay 

 Gold nanoparticles  

AuNPs surface-functionalized with sodium citrate, gum arabic (GA), and 

polyvinylpyrrolidone (PVP), were synthesized using standard methods (Turkevich et al., 

1951; Frens, 1972) (see Section 3.1.1.2 for detailed method). 10-nm branched 

polyethylenimine-stabilized AuNPs (bPEI-Au) were purchased from nanoComposix, 

San Diego, CA (BioPure Gold Nanospheres, 25 kDa BPEI). 

AuNP core diameters were determined by transmission electron microscopy 

(TEM, FEI Tecnai G2 Twin). Average particle diameters were determined by measuring 

the size of at least 75 particles for each of the four AuNP types. Hydrodynamic 

diameters and electrophoretic mobilities were measured over the course of 1 hour for 

Cit-, GA-, and PVP-Au in soil extract (see Section 3.3.2) and for bPEI-Au in 10 mM KNO3 

using a Malvern Zetasizer Nano ZS. Analyses were conducted at the concentrations 

used in batch tests. Hydrodynamic diameters were determined using dynamic light 

scattering (DLS), and zeta potentials in soil extracts and 10 mM KNO3 were calculated 

from electrophoretic mobility using the Henry equation with the Smoluchowski model 

(Malvern Panalytical, 2017). 
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 Reference soil for the functional assay  

LUFA 2.2 soil from LUFA Speyer (Germany) was proposed as the reference soil 

for ENM functional assays involving soils during a March 2016 workshop at Duke 

University on harmonizing across environmental nanomaterial testing media for 

increased comparability of nanomaterial datasets (Geitner et al., 2019, in review). LUFA 

2.2 is considered a “standard” agricultural soil in that it has been well characterized and 

widely used in studies examining ENM and other contaminant behavior in soils 

(Tourinho et al., 2013; Fajardo et al., 2014; Waalewijn-Kool et al., 2014; Diez-Ortiz et al., 

2015; Schultz et al., 2018) and is available in suitable quantities to the international 

community. According to the supplier, LUFA 2.2 is not treated with pesticides, biocidal 

fertilizers, or cow manure for at least 5 years prior to sampling, and mineral fertilizers 

were not added within 3 months of sampling. Soil was air-dried and sieved to < 2 mm 

(fine soil) prior to shipping, and the soil was not sterilized upon entry into the United 

States. A homogenized portion of the soil was further sieved to < 0.298 mm (ultrafine 

soil) upon receipt for use in batch studies and for soil analyses requiring small soil 

quantities (Van Reeuwijk, 2002). 

Soil texture, exchangeable cations (K, Na, Ca, Mg) and cation exchange capacity, 

soil organic matter (SOM) and organic carbon, and oxalate-extractable aluminum and 

iron were determined by the University of California-Davis Analytical Laboratory using 



 

 

132 

standard methods, as reported on their Website (UC-Davis Analytical Laboratory, 2018) 

(see Section 3.2.2.2).  

Soil size distributions for ultrafine soil in both soil extract and 10 mM KNO3 were 

determined over a 1-hour period using laser diffraction (Malvern Mastersizer 3000; see 

Section 3.2.2.2). A moisture correction factor was determined for LUFA 2.2 soil (see 

Section 3.2.2.2). This correction factor was multiplied by air-dried soil weights to 

determine the dry weight (d.w.) of soil needed to achieve desired soil concentrations in 

all analyses. No difference in the moisture content of the fine and ultrafine soils was 

observed. 

 Soil extracts 

 Soil extracts should be used in place of pure water or synthetic solutions in batch 

tests, when possible, to better reproduce soil pore water chemistry. Soil extracts were 

prepared using a 2:1 (volume: dry-weight mass) mixture of autoclaved H/10 adjusted to 

pH 7 (see Table 3-1 for composition and Section 3.3.2 for detailed soil extract preparation 

method). 

The pH and electrical conductivity of soil extract batches were measured at room 

temperature immediately following preparation. A “standard pH” was selected from 

the average of the first three soil extract batches, and the pH of thawed soil extracts was 

adjusted to that “standard pH” prior to use in experiments. The total organic carbon 

(TOC) in the soil extracts was determined using a Shimadzu TOC-L Analyzer.  
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  Method for the functional assay  

The details of the method for the functional assay to determine NP affinity for 

soil surfaces by batch test are provided in the SI (see Appendix A), and the experimental 

setup of the functional assay is shown in Figure 4-3. The method is summarized here, 

using four model AuNPs and the standard soil as a case study for conducting this 

functional assay. A minimum of three replicate batch tests were conducted for each 

system.  

Unadjusted systems: Cit-Au, GA-Au, and PVP-Au with LUFA 2.2 in soil 

extracts. Air-dried, ultrafine LUFA 2.2 soil was added to LUFA 2.2 soil extract at a 

concentration of 100 g/L d.w. in a 40-mL glass vial with star-shaped stir bar. The soil 

suspensions were mixed at 700 rpm for 10 minutes to allow the system to equilibrate, 

after which the pH of the suspensions was measured, and the pH brought to the 

 

 

Figure 4-3. Functional assay for particle attachment efficiency of nanoparticles with soils. (1) 

nanoparticles added to soil in soil extracts and mixed at constant speed. (2) Subsamples 

taken over time and filtered (3) Filtrate containing only un-heteroaggregated nanoparticles 

added to spectroscopy plate. (4) Analysis by UV-Vis spectrophotometer. (5) Absorbance data 

plotted as first-order removal. 
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“standard pH,” if necessary, by addition of either hydrochloric acid or sodium 

hydroxide. Soil suspensions were mixed for a further 2 minutes, after which a 1-mL 

aliquot was taken from the system while mixing continued and filtered through a 0.45 

𝜇m cellulose acetate syringe filter into a 1.5-mL centrifuge tube. This sample was treated 

as the blank for instrumental analysis. The soil suspensions were then dosed with either 

Cit-Au, GA-Au, or PVP-Au stock suspensions to achieve concentrations of 20, 7, and 20 

mg/L respectively. These AuNP concentrations were selected by optimizing the system 

to create the most environmentally relevant scenario possible (i.e., highest soil-to-AuNP 

ratio still allowing observation of AuNP removal through attachment to soil surfaces). 

After dosing, 1-mL aliquots were taken from the mixing suspensions over time and 

“free” (i.e., non-heteroaggregated) AuNPs were separated from those attached to soil 

particles following the same filtration method as for the blank sample (Figure 4-3, Parts 

1 and 2). A 350-𝜇L aliquot of the filtrate from each time point was analyzed by UV-vis 

spectroscopy (BMG Labtech SPECTROstar Nano) in a 96-well microplate (Figure 4-3, 

Parts 3 and 4) either immediately after the test or after each time point, depending on the 

duration of the batch test. The lengths of the batch tests ranged from a few minutes (Cit-

Au and PVP-Au) to 3 days (GA-Au).  

Absorbance values at the average peak-absorbance wavelength were plotted 

against the sample time (in seconds), producing a removal curve for AuNPs in each 

system. Removal curves were linearized by assuming first-order kinetics and plotting 
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the natural log of the initial absorbance over absorbance of each sample as a function of 

time (Figure 4-3, Part 5, Equation 4-2). The transformed plot often displays a linear 

portion – in which NPs are attaching to soil surfaces and break-up/detachment due to 

shear forces is assumed to be negligible – and a plateau in which any subsequent 

attachment is offset by detachment, resulting in a steady state. As discussed in Section 

4.2.2.1, the slope of a regression line through the linear portion represents the 

heteroaggregation rate constant (𝛼𝛽𝐵) of NPs to the soil surface. Based on the Lambert-

Beer law, which states that absorbance is proportional to concentration (Ingle and 

Crouch, 1988), the slope of the linear regression will be the same whether raw 

absorbance values or calculated number or mass concentrations are used, thereby 

eliminating the need to know the exact number or mass concentration of NPs at each 

time point. The decision criteria for identifying the time points to include in the linear 

regression are as follows: 1) The attachment period begins at the first measured time 

point, 2) includes three or more consecutive points, and 3) results in the highest 

coefficient of determination (r2). 

Favorable attachment systems (i.e., 𝛂 = 𝟏): bPEI-Au with unbleached and 

bleached LUFA 2.2 in 10 mM KNO3. Soil particles and adsorbed organic matter should 

exhibit net negative surface charges; therefore, NPs like bPEI-Au that exhibit a positive 

surface charge in a system can be used to overcome electrostatic repulsion and achieve 

favorable attachment. In addition, removing organic matter and increasing ionic 
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strength can further facilitate favorable attachment by reducing steric and electrostatic 

repulsion, respectively (Geitner et al., 2017). To remove electro-steric hindrance to 

attachment, bleached soil was prepared by removing adsorbed SOM following the 

method of Kaiser et al. (2002) (see Section 3.2.2.1 for detailed method). This method 

reportedly removes >87% of SOM without affecting particle integrity (Kaiser et al., 2002; 

Mikutta et al., 2005). Because this process is lengthy and labor-intensive, unbleached soil 

was also tested to determine whether removing SOM had a significant effect on 

attachment. Unbleached and bleached ultrafine LUFA 2.2 soil was added to 10 mM 

KNO3 at concentrations of 100 g/L and 25 g/L, respectively. Batch tests for the favorable-

attachment system were conducted using the same method as for the unadjusted 

systems, with one exception. Samples taken from the favorable-attachment batch test 

were separated using 0.45 𝜇m PVDF syringe filters pre-filtered with 1 mL bPEI polymer 

(500 mg/L) to prevent bPEI-Au retention by the filter. Concentrations of 25 and 20 mg/L 

bPEI-Au were used in the unbleached and bleached soil batch tests, respectively. 

 Validation of UV-Vis results  

UV-Vis will not be always be appropriate for analyzing the results of batch tests 

for this functional assay (Gao and Lowry, 2018). For example, a different analytical 

technique would be necessary for NPs that do not exhibit surface plasmon resonance 

and those employing NP concentrations below the UV-vis limit of detection. One 

replicate for each unadjusted and favorable-attachment system was therefore analyzed 
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by both UV-Vis and inductively couple plasma-mass spectroscopy (ICP-MS, Agilent 

7900) to determine whether measurements using the two instruments align for this 

functional assay. The 350-uL filtrate aliquots from each time point were pre-digested in 

5.3 mL aqua regia (3:1 HCl:HNO3) for 6 hours, then digested in a heat block at 90 °C for 

12 hrs before the samples were diluted for analysis to an acid concentration of 3%. 

 Removal due to homoaggregation  

One major assumption inherent to this functional assay is that homoaggregation 

is negligible compared to heteroaggregation during the primary attachment phase 

(Barton et al., 2014). However, of the studies that have employed similar functional 

assays, only Surette & Nason (2019) have interrogated this assumption. They found that 

homoaggregation of some model NPs in raw river water with low collector:NP ratios 

could not be considered negligible, thereby invalidating the functional assay for that 

system. To investigate the degree to which homoaggregation might influence total 

removal, batch tests without soil were conducted for all systems using the previously 

described methods. Homoaggregation removal curves were then compared to total 

removal curves for each system to qualitatively assess the potential impact of NP 

homoaggregation on removal. Because removal due to homoaggregation can be 

described as a second-order process in which both 𝑛 and 𝛽 change over time, it is not 

appropriate to compare rate constants for heteroaggregation and homoaggregation 

directly.  
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4.2.3 Results and discussion 

4.2.3.1 Gold nanoparticle characterization 

The characteristics of Cit-Au, GA-Au, and PVP-Au in LUFA 2.2 soil extracts and 

bPEI-Au in 10 mM KNO3 are provided in Table 4-4. DLS results indicate that Cit-Au 

rapidly homoaggregated in the soil extract, while GA-Au and PVP-Au remained stable 

throughout the course of the experiment. Citrate is a negatively charged, weak organic 

acid that associates with the AuNP surface and imparts stability through electrostatic 

repulsion. Cit-Au has been previously observed to destabilize in natural and simplified 

media with varying compositions and ratios of natural organic matter and ionic strength 

(El Badawy et al., 2012; Nason et al., 2012; Surette and Nason, 2019). As in those 

scenarios, destabilization of Cit-Au in soil extracts likely occurred through divalent 

Table 4-4. Gold nanoparticle characteristics in LUFA 2.2 extract and 10 mM KNO3 

System Particle size 

(nm) 

Hydrodynamic diameter (nm)1 pH2 EPM  

(µm cm V-1s-1) 

𝜻-potential 

(mV) 
Initial Final 

Cit-Au/SE 12.05 ± 1.50 231.1 ± 40.0 348.9 5.8 -0.79 ± 0.05 -10.1 ± 0.7 

GA-Au/SE 12.75 ± 1.68 119.6 ± 6.0 100.9 5.6 -1.01 ± 0.06 -12.9 ± 0.8 

PVP-Au/SE 12.40 ± 1.93 37.6 ± 0.5 38.0 5.7 -0.7 ± 0.17 -8.9 ± 2.2 

bPEI-Au/KNO3 9.73 ± 1.23 26.3 ± 0.4 26.0 5.6 1.95 ± 0.19 24.8 ± 2.5 

1 Initial = average ± standard deviation of first 3 calculated z-averages; Final = calculated z-average 

measured at the end of the attachment phase. 2 pH measured after addition of nanoparticles to soil 

extracts. EPM = electrophoretic mobility, Cit-Au = Citrate-stabilized gold nanoparticles (AuNPs), GA-Au 

= Gum Arabic stabilized AuNPs, PVP-Au = Polyvinylpyrrolidone-stabilized AuNPs, bPEI-Au = Branched 

polyethylenimine-stabilized AuNPs, SE = soil extract. 
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cation bridging and hydrophobic interactions between particles as citrate was displaced 

by charged molecules with a higher affinity for the Au core.  

The stability of GA-Au and PVP-Au in soil extracts is consistent with steric 

stabilization, which is less affected by changes in solution chemistry (Hunter et al., 1987). 

PVP is a nonionic, high-molecular-weight polymer, and GA is a complex mixture of 

high-molecular-weight biopolymers containing moieties that are both hydrophobic and 

hydrophilic (Williams and Phillips, 2009). In addition to steric hindrance, GA-Au has a 

polyelectrolyte character that can provide limited electrostatic repulsion (Unrine et al., 

2012a; Schwabe et al., 2013; Lodeiro et al., 2016). These polymeric coatings account for the 

large hydrodynamic diameters relative to the primary particle sizes observed in TEM 

(Table 4-4, TEM images in Appendix B). DLS results are consistent with TEM 

observations, in which GA-Au and PVP-Au are well dispersed as single NPs or small 

clusters, while Cit-Au is present mainly in large clumps. Zeta potentials for Cit-Au, GA-

Au, and PVP-Au suggest that these AuNPs are slightly negatively charged in all 

systems, and all are similarly electrostatically unstable. 

Suspensions of bPEI-Au also remained stable in 10 mM KNO3 at pH 5.6 over the 

course of the experiment, and the strongly positive values for zeta potential confirm 

their positive charge in this system (Table 4-4). TEM observations of single bPEI-AuNPs 

in 10 mM KNO3 support the DLS finding that bPEI-Au is resistant to homoaggregation 

under conditions of favorable attachment to soil surfaces. The bPEI polymer contains 
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amine groups that confer a positive surface charge on bPEI-Au particles in 10 mM KNO3 

at the pH used in this study. Although bPEI coatings can result in NP destabilization in 

natural media due to NOM adsorption and charge reversal (Surette and Nason, 2019), 

most dissolved organic matter was removed from the favorable attachment system by 

substituting 10 mM KNO3 for soil extracts, thus maintaining the positive charge of these 

particles in the favorable attachment system.  

4.2.3.2 Reference soil and soil extract characterization 

Characteristics for ultrafine LUFA 2.2 soil and soil extract are provided in 

Appendix B. LUFA 2.2 is a slightly acidic, sandy loam soil with the organic matter 

content of a productive agricultural soil (Fenton et al., 2008), low cation exchange 

capacity, and relatively high oxalate-extractable iron content. Oxalate-extractable iron is 

related to the quantity of nanoscale amorphous iron oxides in the soil; while these small 

particles and complexes generally do not constitute a large mass fraction of soils, they 

provide a disproportionately large amount of surface area and have been identified as a 

potential driving factor of NP retention by soils (Cornelis et al., 2012; Jiang et al., 2014).  

4.2.3.3 Batch tests 

To balance environmental relevance with the limitations of detection methods, 

the highest soil:AuNP ratio (m:m) for which removal could be observed using UV-vis 

was identified though an optimization process for each system. At ratios that are too 

high, removal occurs too quickly to observe and separation using filters can be 
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challenging. At ratios that are too low, removal occurs slowly, and changes in 

homoaggregation, temperature, soil particle-size distribution, and pH can occur, 

potentially changing α over time. Optimal soil:AuNP ratios ranged from 1:7 x 10-05 (GA-

Au, soil extract) to 1:8 x 10-04 (bPEI-Au, KNO3, bleached soil). 

 Removal curves 

Removal curves for all systems followed first-order kinetics, allowing for linear 

regression of an “attachment phase” in which newly formed heteroaggregates were not 

susceptible to break-up. Representative examples of GA-Au and bPEI-Au removal 

curves are provided in Figure 4-4 with the attachment phase inset, showing data points  

 
 

Figure 4-4. Removal and attachment curves for (A) 20 mg/L polyvinylpyrrolidone-stabilized 

gold nanoparticles (PVP-Au, 12 nm) with 100 g/L unbleached LUFA 2.2 soil in soil extract 

and (B) 20 mg/L branched polyethylenimine-stabilized gold nanoparticles (bPEI-Au, 10 nm) 

with 25 g/L bleached LUFA 2.2 soil in 10 mM KNO3. Large plots show removal of PVP-Au 

and bPEI-Au due to heteroaggregation, and shaded insets are the linearized attachment 

phase, where the slopes are pseudo first-order heteroaggregation rate constants (𝜶𝜷𝑩). 

Filled circles on removal curves represent data points in the attachment phase 
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selected for the linear regression using the selection criteria provided in Section 4.2.2.2. 

All removal curves, attachment plots, and rate constants are provided in Appendix B.  

In the unadjusted systems (i.e., AuNPs, unbleached soils, soil extracts), Cit-Au 

and PVP-Au were removed rapidly, with near-complete removal occurring in less than 1 

minute. Conversely, GA-Au removal was only observable over the course of several 

hours, taking 1–3 days for removal to level off. Removal of bPEI-Au from systems with  

both unbleached and bleached soils in 10 mM KNO3 was very rapid (< 30s), with 

removal in the bleached-soil system necessitating a decrease in the soil:NP ratio to 

capture attachment. 

 Effect of homoaggregation 

Consistent with DLS results, little discernible removal due to homoaggregation 

was observed for GA-Au, PVP-Au, or bPEI-Au over the duration of the batch tests, 

while substantial removal of Cit-Au was observed. The homoaggregation removal curve 

resembled the total aggregation removal curve for a system with a lower-than-optimal 

soil:Cit-Au ratio (Figure 4-5). At higher soil:Cit-Au ratios, the homoaggregation and total 

aggregation removal curves diverged. While we are not yet able to quantitatively 

determine the contribution of homoaggregation to total aggregation in those systems, 

heteroaggregation theory can provide insight into whether the removal process is 

adequately described by heteroaggregation alone. Based on Equation 4-2, 𝛼𝛽𝐵 varies 

proportionally with background collector concentration (𝐵), suggesting that the 
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relationship between 𝛼𝛽𝐵 and soil concentration should be linear if heteroaggregation 

dominates removal. A linear regression of the heteroaggregation rate constants 

determined at three soil concentrations for Cit-Au produced a good fit (R2 = 0.9855, 

Figure 4-5), which supports the assumption that the contribution of homoaggregation to 

removal in the mixed system is negligible.  

 Favorable attachment systems 

Bleaching soil to remove SOM increased the rate constant for heteroaggregation 

for bPEI-Au to soils by nearly an order of magnitude (from 3.0E-02 to 2.6E-01), 

suggesting that removing SOM from the reference soil is critical to creating conditions 

for favorable attachment. The median particle size of the ultrafine soil in 10 mM KNO3  

 
 

Figure 4-5. (A) Removal curves for 20 mg/L citrate stabilized gold nanoparticles (Cit-Au) 

with 0, 25, 50, and 100 g/L unbleached LUFA 2.2 soil. (B) Linear relationship between 

heteroaggregation rate constants (𝜶𝜷𝑩) and soil concentration for the systems in Part A. 
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decreased from 132±0.7 𝜇m in soil extracts to 118±2 𝜇m in 10 mM KNO3 and decreased 

further to 102 ± 2 𝜇m after bleaching (see Appendix B). To ensure that the increase in 

𝛼𝛽𝐵s in the favorable attachment systems was not due to an increase in collision 

frequencies (𝛽) following these size changes, collision frequencies in these systems were 

calculated from aggregation theory, using the rectilinear model (Han and Lawler, 1992) 

(Equations and results in Appendix B) with median soil diameters for each system and 

NP hydrodynamic diameters at the end of the attachment phase. Based on the results, 

no increase in collision frequency should have occurred due to the change in soil size.  

Additionally, the percent difference among all theoretical collision frequencies 

for the unadjusted systems were within 0.69 %, further suggesting that the effect of Cit-

Au homoaggregation on collision frequency during the attachment phase was 

negligible.  

 Attachment efficiencies.  

Aggregation rate constants were normalized by that of the bPEI-Au-bleached soil 

system to determine the  for each system (Table 4-5). Rate constants determined by UV-

Vis and ICP-MS were in good agreement, demonstrating that either technique is 

appropriate for this functional assay. 
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Attachment efficiencies spanned four orders of magnitude, with ’s for LUFA 2.2 

in soil extracts being lowest for GA-Au and highest for PVP-Au. The α for Cit-Au with 

LUFA 2.2 soil was lower than that of PVP-Au, but within the same order of magnitude 

(Table 4-5). Interestingly, PVP-Au in soil extracts had a higher affinity for unbleached 

soil surfaces than did bPEI-Au in 10 mM KNO3. Removing SOM substantially sped up 

removal of bPEI-Au in 10 mM KNO3, and supplemental tests revealed that attachment 

was more favorable for bPEI-Au than for PVP-Au to bleached soils in 10 mM KNO3 

(data not shown); thus, bPEI-Au with bleached soil in 10 mM KNO3 was selected as the 

favorable attachment system for this experiment. The range of attachment efficiencies 

determined for these systems implies that NP surface coatings play a significant role in 

attachment, even in complex systems where these engineered surface coatings could be 

Table 4-5. Attachment efficiencies for gold nanoparticles with LUFA 2.2 soil 

System αβB (second-1)* αβB UV-Vis /  

ICP-MS** 

α*** 

Cit-Au/SE/UB soil 1.34E-02  ±  0.44E-02 1.12E-02 / 1.33E-02 5.09E-02  ±  1.80E-02 

GA-Au/SE/UB soil 4.09E-05  ±  2.44E-05 7.37E-05 / 6.62-05 1.55E-04  ±  0.95E-04 

PVP-Au-/SE/UB soil 4.99E-02  ±  0.97E-02 5.01E-02 / 5.09E-02 1.89E-01  ±  0.44E-01 

bPEI-Au/KNO3/UB soil 3.02E-02  ±  1.51E-02 2.97E-02 / 3.45E-02 1.15E-01  ±  0.59E-01 

bPEI-Au/KNO3/B soil 2.64E-01  ±  0.34E-01 2.24E-01 / 2.18E-01 1.00E+00 

* Values are means ± 1 standard deviation. ** Values for a single replicate analyzed by ultraviolent-visible 

spectroscopy (UV-Vis) and inductively coupled plasma-mass spectroscopy (ICP-MS). ***  = particle 

attachment efficiency. Values are means ± 1 standard deviation, with error propagation for dividing 

means. Cit-Au = citrate-stabilized gold nanoparticles, GA-Au = gum arabic stabilized gold nanoparticles, 

PVP-Au = polyvinylpyrrolidone-stabilized gold nanoparticles, bPEI-Au = branched polyethylenimine-

stabilized gold nanoparticles, SE = soil extract, UB soil = unbleached soil, B soil = bleached soil, αβB = 

relative attachment efficiency. 
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masked by or replaced by natural macromolecular coatings (Stankus et al., 2010). This 

result is consistent with those of other recent studies examining the effect of different 

types of surface treatment on NP aggregation and deposition in complex, heterogeneous 

media (Barton et al., 2014; Surette and Nason, 2019).  

The trend in NP affinity for soil surfaces in soil extracts (GA-Au<<Cit-Au<PVP-

Au) is difficult to predict from measured NP characteristics alone. For example, EPM 

results indicate that surface charge is nearly equal among NP types and electrostatic 

repulsion should be minimal for all NPs in soil extract. Electrostatic interactions could 

account for the observed destabilization of Cit-Au in soil extract, but they do not explain 

the stability of GA-Au and PVP-Au against homoaggregation or the 3-order-of-

magnitude difference in attachment efficiencies between PVP-Au and GA-Au. While 

high-molecular-weight capping agents like PVP and GA impart steric stabilization to 

NPs, preventing homoaggregation, only GA-Au demonstrated any stability against 

heteroaggregation. Although previous studies have observed this same trend in  for 

these particular coatings (or a subset thereof) and various collectors in batch tests, the 

mechanisms driving the disparity in  – particularly for GA and PVP – are unclear 

(Hendren et al., 2013; Barton et al., 2014; Geitner et al., 2017; Espinasse et al., 2018). One 

possible explanation is in the difference in the thickness and charge density of the 

uncharged PVP coating and the GA polyelectrolyte coating. While increasing the 

thickness of an uncharged coating (e.g., PVP) layer distances the point of collision from 
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the NP core and lowers the energy barrier to collision, increasing the thickness of a 

polyelectrolyte coating (e.g., GA) could have the opposite effect (Lin and Wiesner, 

2012b). Thicker coatings containing higher charge densities can increase the energy 

barrier and impede contact with a collector surface. However, these phenomena are 

expected to be most relevant in scenarios in which a soft (i.e., polymer-coated) particle 

interacts with a rigid (i.e., uncoated) surface. Soil surfaces are likely coated with NOM, 

which could increase steric stability against heteroaggregation. But if NOM distribution 

on soil surfaces is patchy, bare soil surfaces would be susceptible to the NP interactions 

previously described. Moreover, if macromolecular (or free polymer from the Au stock 

suspension) adsorption to soils and NPs is low, attachment of NPs to soil surface could 

occur through interparticle bridging (Lin et al., 2012). If this phenomenon were relevant 

in these systems, it would imply that PVP-Au was susceptible to bridging while GA-Au 

was not. One potential explanation for this disparity would be that the GA-Au stock 

suspension contained a higher concentration of free polymer than that of the PVP-Au 

suspension, and soil surfaces coated with GA were electrosterically stabilized against 

contact with GA-Au. While GA-Au and PVP-Au stock suspensions were purified once 

through ultracentrifugation, the concentrations of free polymers in the stocks following 

that purification step was not determined. 
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 Instantaneous removal phenomenon  

During the optimization process described in Section 4.2.2.2, a substantial 

decrease in absorbance was observed between time 0 (expected absorbance based on 

homoaggregation tests and calibration curves) and the first measured time point (t1) for 

many systems at higher soil:NP ratios. This phenomenon can be observed in Figure 4-5, 

where the measured absorbance at t1 aligns with that of the homoaggregation batch test 

at the lowest soil:NP ratio and diverges as soil:NP ratios rise. While removal is expected 

to occur more rapidly with increasing soil:NP ratios, which would result in a greater 

observable decrease in absorbance by t1, including the expected absorbance for the 

nominal starting concentration in the removal curve decreased the coefficient of 

determination for the linear regression of the attachment phase, suggesting that the 

kinetics of NP removal during this initial, unobserved phase were different from those 

captured during sampling. This instantaneous removal could be the product of NP 

attachment to limited favorable sites on soil surfaces, which might become saturated at 

lower soil:NP ratios (Smith et al., 2015) or rapid attachment within secondary minima 

(Tufenkji and Elimelech, 2005; Cornelis et al., 2013). Certain favorable attachment 

conditions might also be present only at the moment of dosing, when NOM has not fully 

coated the NP surface and hindered collision (Lin and Wiesner, 2012b). To determine 

whether the instantaneous removal phase in the batch tests represents the dominant 
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removal phase in the environment, the mechanism behind this phenomenon needs to be 

explored.  

4.2.3.4 Functional assay utility and limitations 

The working operating procedure for the functional assay to determine the 

affinity of NPs for soil surfaces was successfully employed using a natural reference soil 

and gold NPs with four different coatings. The range of ’s determined for these 

systems revealed that engineered surface coatings on NPs can affect NP aggregation 

(and by proxy, deposition) behavior in complex natural soil systems. From these results, 

one might conclude that GA-Au would be considerably more mobile in the reference 

soil than Cit-Au or PVP-Au, which could have implications on the persistence, 

bioavailability, and effects of these NPs when intentionally or unintentionally released 

to soil. Particle attachment efficiencies from this functional assay can be used to 

parameterize models of NP fate in soil systems, and metadata collected during the assay 

can be used to probe the mechanisms driving α in complex systems. Overall, this 

protocol provides a promising foundation upon which to build an iterative functional 

assay for determining a critical fate descriptor for NPs in soils. 

Some limitations identified by others using batch tests to characterize NP 

aggregation behavior in natural systems also apply to this functional assay. For example, 

this functional assay is not currently appropriate for ENMs and nano-enabled products 

that cannot be easily dispersed in water, separated from heteroaggregates by filtration or 
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centrifugation, or distinguished from background constituents (e.g., carbon-based 

ENMs) (OECD, 2017; Gao and Lowry, 2018). Additional limitations identified during the 

development of this functional assay are as follows: 

- The feasibility of controlling for dissolution has not yet been explored; as 

such, the functional assay in its current form is not considered appropriate 

for NPs known to undergo dissolution during the attachment phase.  

- The theoretical basis for this functional assay applies only to NP removal due 

to heteroaggregation. Systems in which homoaggregation contributes 

significantly to removal will require additional analysis. As discussed in 

Section 4.2.2.2, no standardized method currently exists for determining the 

contribution of homoaggregation to total NP removal in a batch test. Surette 

and Nason (2019) determined theoretical rates of homoaggregation and total 

aggregation as a function of collector size and analyzed their relative 

contributions to removal over a range of 𝛼ℎ𝑜𝑚𝑜: 𝛼ℎ𝑒𝑡𝑒𝑟𝑜  ratios to define the 

conditions under which homoaggregation could not be considered to have a 

negligible impact on total NP removal in natural river water. A similar 

approach could be used for soils to determine whether the conditions of the 

batch test (e.g., soil:NP ratio, NP and soil diameters) are likely to result in 

removal that is dominated by heteroaggregation. 
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-  “Favorable attachment” is somewhat subjective, as it is not possible to 

quantitatively determine whether every collision indeed results in 

attachment. At this time, a range of conditions must be explored to determine 

which set of conditions results in the highest level of attachment. The 

approach to identifying an appropriate favorable attachment scenario will 

need to be refined over time as more systems are explored and mechanisms 

of attachment elucidated. 
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4.3 Particle attachment efficiencies of gold nanoparticles with 
natural soils: Combining a functional assay with machine 
learning to identify trends and critical parameters  

Contributors: Amalia Turner, Nicholas Rogers, Lila Thornton, and Mark Wiesner 

4.3.1 Introduction 

Methods for characterizing the stability of homogenous suspensions of 

nanoparticles (NPs) are well developed (Grolimund et al., 2001; Petosa et al., 2010; 

OECD, 2017), but engineered nanomaterials (ENMs) released to the environment will 

likely be considerably outnumbered by natural colloidal particles, suggesting that 

heteroaggregation will dominate over homoaggregation, particularly in solids-

dominated media like soils  (Praetorius et al., 2012; Peijnenburg et al., 2016). 

Characterizing the interactions between particles of different sizes and compositions is 

substantially more complex than doing so for like particles, as might be assumed based 

on aggregation theory (see Section 2.1). As a result, methods are needed that allow for 

collection of model-relevant data that do not require mechanistic knowledge of 

heterogeneous particle interactions in complex systems. We previously proposed such a 

method – for an assay to determine the parameter  (or particle attachment efficiency) 

for NPs with natural soils in a batch system (Section 4.2) – and ’s were determined for 

four gold NPs (AuNPs) with an agricultural reference soil. The purpose of this work is 

now to identify trends in  for the same set of AuNPs with an array of natural soils and 
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determine whether we can predict  in these systems based on a limited set of system 

characteristics.  

Of the studies that have examined drivers of NP transport in natural soils, the 

only soil characteristics that were consistently found to influence mobility were those 

associated with the clay fraction (e.g., granulometric clay content, oxalate-extractable Al 

and Fe)(Fang et al., 2009; Cornelis et al., 2012; Cornelis et al., 2013; Tavares et al., 2015). 

However, the few ’s that have been reported for NPs with soils were determined using 

column studies (Section 2.2.1.3), which present significant challenges for soils with 

moderate-to-high clay contents (see Section 2.2.1.2). As a result, we believe that batch 

tests are better suited to the determination of  for NPs with soils over a range of 

characteristics, but we have only demonstrated the utility of this method for a reference 

soil with a relatively low clay content (14 %)(Section 4.2). An experimental matrix of 

AuNPs with four surface treatments and 10 soils exhibiting a range of characteristics 

and originating from two countries, in combination with extensive material 

characterization, will allow us to examine the influence of multiple system 

characteristics on  as well as identify potential limitations of the functional assay.  

The most commonly employed methods for identifying system characteristics 

that influence NP behavior in soils typically either rely on assumptions of data 

normality and linearity, which is not always applicable to processes in complex systems, 

or they require data transformations that obscure connections between measured 
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variables and outcomes. These are discussed in more detail in Section 4.3.3.3-Machine 

learning. We propose a model for identifying a subset of characteristics that are most 

influential in the determination of  in soils that combines a correlation algorithm and a 

predictive machine-learning pipeline that can accommodate nonparametric data, 

provide outputs that improve interpretability relative to existing techniques, and can 

adapt easily to input of new data. 

The values for NP-soil ’s that have been determined from column studies span 

four orders of magnitude (10-05–10-01) and are typically narrowly distributed for NP core 

compositions in combination with specific geographic regions (e.g., 10-05–10-04 for titania 

NPs in Chinese soils, 10-02–10-01 for quantum dots in a Canadian soil, 10-02 for silver NPs 

in Australian soils)(Fang et al., 2009; Quevedo and Tufenkji, 2012; Cornelis et al., 2013). 

We previously reported ’s a of a single core composition spanning 4 orders of 

magnitude in a single German soil (Section 4.2), but these NPs were synthesized with 

four different surface treatments. We posit that order-of magnitude differences in NP- 

’s observed in previous work will be reflected within a range of soils as a function of 

NP surface chemistry (conferred by surface treatment), and we further hypothesize that 

order-of-magnitude differences in NP-soil ’s will result from differences in soil origin. 

We also speculate that a subset of the system characteristics measured here could be 

used to predict  of NPs with soils with reasonable accuracy.  
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4.3.2 Materials and methods 

4.3.2.1 Gold nanoparticles 

The synthesis of the 12-nm Cit-Au, GA-Au, and PVP-Au NPs and source of the 

10-nm bPEI-Au NPs used in this study are described in Section 3.1.1.2. The primary 

particle size of AuNPs and the electrophoretic mobility, zeta potential, and 

hydrodynamic diameters in soil extracts were determined using the methods provided 

in detail in Section 3.1.2.  

4.3.2.2 Soils and soil extracts 

The methods for collection and handling of Mesocosm, Sandhills, Fill, and 

Topsoil soils and for LUFA soils 2.1, 2.2, 2.3, 2.4, A5M, and 6S are described in Section 

3.2.2.1, and the procedure for creating soil extracts from the 2:1 mixing of 10% Hoagland 

nutrient medium (H/10) and fine soil (i.e., sieved to <2 mm) is provided in Section 

3.3.2.1. Soil texture, percent organic matter, percent organic carbon, oxalate-extractable 

aluminum and iron concentration, extractable cations (K, Ba, Ca, and Mg), and cation 

exchange capacity were determined for ultrafine soil (i.e., sieved to 0.298 mm) by the 

University of California-Davis Analytical Laboratory using standard methods (UC-

Davis Analytical Laboratory, 2018). The mean pH typical of each soil type (i.e., the 

“standard pH”), along with the conductivity, and total organic carbon (TOC) in soil 

extracts were determined by the methods described previously in Section 3.3.2.2.  
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Surface-bound soil organic matter (SOM) was removed from ultrafine soils by 

multiple cycles of room-temperature bleaching at pH 8 and rinsing in deionized water 

following the method of Kaiser et al. (2002), and the volume-weighted median particle 

size for unbleached ultrafine soils in soil extract and 10 mM KNO3 and bleached soils in 

10 mM KNO3 were determined by laser diffraction, as described Section 3.2.2.2. 

4.3.2.3 Batch tests 

The theoretical basis for a functional assay to determine  based on the kinetics 

of heteroaggregation of NPs with collectors in a batch system is described in Section 

2.2.2. A detailed protocol for determining soil-NP ’s from batch tests is provided in 

Appendix A, and a case study demonstrating the specific methods employed for 

determination of ’s for the AuNPs used here with a reference soil (LUFA 2.2 soil) is 

provided in Section 4.2.2.2. 

 Unadjusted systems 

Briefly, batch tests in unadjusted systems were carried out for Cit-Au, GA-Au, 

and PVP-Au with the 10 soils in 40-mL glass vials. Soils were added to 11–31 mL of ~22 

F soil extract at concentrations ranging from 2.5 to 100 g/L, depending on the kinetics of 

the system. Sols (i.e., soil suspensions) were then mixed at the minimum speed to 

prevent sedimentation (600–700 rpm) on a digitally controlled, 4-position mixing plate 

for 10 minutes using star-shaped magnetic stir bars. The pH of the sols was then 
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adjusted to the “standard pH” predetermined for that soil (see Section 3.3.2.1) and 

mixed for a further two minutes before AuNP dosing.  

Cit-Au, GA-Au, or PVP-Au were then spiked into the sol at soil-to-NP mass-

concentration ratios ranging from approximately 1:10-05 to 1:10-03, depending on the 

optimal ratio for capturing the AuNP removal kinetics in each system. While soil:NP 

ratios within the range of 1:10-05 and 1:10-04 were typically optimal for measuring NP 

removal due to heteroaggregation with soils (Section 4.2.3), further lowering the soil:NP 

ratio was sometimes necessary to increase the time over which removal could be 

measured in systems where removal occurred very quickly. 

The duration of each batch test ranged from less than 1 minute to 7 days, again 

depending on the kinetics of heteroaggregation in the system. Aliquots of 1 mL were 

removed from the mixing system over time and filtered into microcentrifuge tubes 

through 0.45-m cellulose-acetate syringe filters. A quantity of 0.35 mL filtrate from 

blank samples collected prior to AuNP dosing and from each sampling point were 

analyzed by UV-Vis spectroscopy in a 96-well microplate (details of UV-Vis analysis 

provided in Section 3.7) at the conclusion of the batch test (for tests < 1 hour) or after 

each sample was collected (for tests > 1 hour). For batch tests lasting more than 1 day, a 

control sol was mixed concurrently with the AuNP-spiked sol, and samples of the 

control and AuNP-spiked systems were collected at each time point. The control filtrate 

was used for background subtraction at each time point to correct for fluctuating levels 
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of organic carbon that interfered with measurement of AuNP absorbance. The UV-Vis 

absorbance spectra for each time point were inspected for an elevated baseline at 

wavelengths far from those corresponding to AuNP absorbance (typically 800–900 nm). 

Those samples exhibiting an elevated baseline were considered to be contaminated (e.g., 

by dust, soil breakthrough) or affected by damage to the microplate (e.g., scratches), 

which was verified by close inspection, and these samples were thrown out. Less than 

5% of total samples were excluded due to elevated baselines. 

AuNP removal curves were generated by plotting the UV-Vis absorbance at the 

mean peak-absorbance wavelength from all time points (see Section 3.7 for explanation 

of wavelength selection) against time. Removal curves at the early stages of 

heteroaggregation (i.e., the attachment phase) were then linearized assuming pseudo-

first-order kinetics, with the slope of the line providing the heteroaggregation rate 

constant (B, s-1)(see Figure 2-8 for example removal and attachment curves and 

Section 4.2.2.2-Unadjusted systems, for selection criteria used in identifying time points 

in the attachment phase).   

 Favorable attachment systems 

Adjustments to batch systems to achieve favorable attachment of AuNPs to soils 

are informed by x-DLVO theory (see Table 2-1 for suggested adjustments). In this work, 

the favorable-attachment system comprises soil with surface-bound organics removed 

(i.e., bleached soil), 10 mM KNO3, and either bPEI-Au or PVP-Au, depending on the soil 
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system. Batch tests for favorable-attachment systems were carried out using the same 

methods as for unadjusted systems, with one exception. The positively charged bPEI-Au 

NPs were retained by the cellulose acetate filters; therefore, polyvinylidene fluoride 

(PVDF) syringe filters primed with 1 mL bPEI polymer in ultrapure water (500 mg/L) 

were used to filter these samples for UV-Vis analysis.  

Optimal soil-to-NP ratios for favorable attachment ranged from approximately 

1:10-03 to 1:10-02. In most cases, the soil concentration needed to be lowered relative to 

those utilized in the unadjusted systems. However, heteroaggregation theory predicts 

that B should scale linearly with soil concentration, and this has been observed in 

batch tests conducted in both simplified systems (Geitner et al., 2017) and in the LUFA 

2.2 reference system (Figure 4-5). As a result, the rate constants for favorable-attachment 

conditions for each soil – where  is unity, leaving only B – could be multiplied by the 

soil concentration ratio between unadjusted and favorable-attachment systems and used 

to normalize B’s for unfavorable conditions in each soil, resulting in the 

dimensionless parameter  (see Equation 4-3).  

 Homoaggregation 

To evaluate the potential effect of homoaggregation on total removal of AuNPs 

during the attachment phase, batch tests were conducting using the same conditions and 

procedure as those described for the unadjusted and favorable-attachment systems, but 

soil was omitted. As described in Section 4.2.2.2, homoaggregation removal curves were 
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visually compared to those of total removal. If no removal or negligible removal 

occurred as a result of homoaggregation, heteroaggregation was assumed to dominate 

removal kinetics. If homoaggregation in the absence of soil collectors resulted in a 

visible removal trend, multiple lines of evidence were examined to determine if 

homoaggregation might reasonably affect total removal rates. 

4.3.2.4 Predicting  and identifying critical system parameters 

We used a Spearman correlation matrix to identify potential relationships 

between NP-soil ’s and system characteristics and to reduce redundant (i.e., highly-

correlated) features, or variables that are predictive of the target variable, NP-soil . To 

determine whether a subset of influential system characteristics could be used to predict 

NP-soil ’s across all systems, we selected a random forest classifier (RFC) pipeline (i.e., 

a series of algorithms)—a more complex and powerful version of a decision tree – to 

identify important features in the determination of  through machine learning. One 

distinct advantage of this approach is its interpretability; the steps for selecting features 

were designed to preserve the original variable names and data, allowing comparison of 

the relative importance of each variable in the optimized RFC pipeline. 

All data processing and modeling was coded in Python with the aid of the Scikit-

learn package. The dataset selected for the pipeline included ’s and system 

characteristics from 50 NP-soil batch systems, 30 of which were the unadjusted systems 

of Cit-Au, GA-Au, and PVP-Au with unbleached soil in soil extracts, while the 
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remaining 20 were PVP-Au and bPEI-Au with unbleached soil with 10-mM KNO3. These 

additional 20 systems increased the distribution of  values and increased the size of the 

training dataset to develop a more robust model. Features that were included in the 

analysis are provided in Table 4-6.  

Table 4-6. Features evaluated for model inclusion to predict particle attachment efficiency 

Feature Description Units Data type 

alpha () NP-soil attachment efficiency none Numerical or 

ordinal 

coatingENM NP surface treatment, either citrate, GA, PVP, or bPEI none Categorical 

medium Soil-specific soil extract or 10 mM KNO3 none Categorical 

hydroDiamZA Z-average hydrodynamic diameter at the beginning of the 

attachment phase, as determined by DLS in medium 

nm Numerical 

phENM pH of medium, after addition of NPs none Numerical 

sizeENM Primary particle size, as determined by TEM nm Numerical 

EPM Electrophoretic mobility m cm V-1 s-1 Numerical 

stabilityENM Stability of NPs in medium, based on percent difference 

from dh of NP in ultrapure water at the end of the 

attachment window. Stable > 15% change; Moderately 

stable = 15% - 75% change; Unstable > 75% change 

none Ordinal 

conductivity Electrical conductivity of the medium S/cm Numerical 

OCconc Organic carbon concentration medium mg/L Numerical 

OCsoil Percent of soil that is organic carbon percent Numerical 

oxAl Oxalate-extractable aluminum Mg/L Numerical 

oxFe Oxalate-extractable iron Mg/L Numerical 

xK Exchangeable potassium meq/100 g Numerical 

xNa Exchangeable sodium meq/100 g Numerical 

xCa Exchangeable calcium meq/100 g Numerical 

xMg Exchangeable magnesium meq/100 g Numerical 

CEC Cation exchange capacity (sum of exchangeable cations) none Numerical 

percentClay Percent of the soil <0.002 mm Percent Numerical 

percentSilt Percent of the soil 0.002 – 0.05 mm Percent Numerical 

percentSand Percent of the soil > 0.05 mm percent Numerical 

NP = nanoparticle, GA = gum Arabic, PVP = polyvinylpyrrolidone, bPEI = branched polyethylenimine, KNO3 = 

potassium nitrate, DLS = dynamic light scattering, and TEM = transmission electron microscopy 
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The RFC predicts a class of  (low at < 0.01; mid-range at 0.01–0.10; and high at 

0.10–1.00) instead of a numeric estimate. While a regressor model is preferable to the 

RFC model used here, we are restricted by the limited size of the training dataset until  

more data can be acquired and model accuracy and precision can be improved. 

 Feature reduction 

Feature reduction is a frequently implemented machine-learning technique that 

involves reducing the number of potential predictive variables to improve model 

efficiency and decrease computational requirements. Feature reduction is particularly 

important for smaller data sets, as having a high feature-to-sample size ratio can impair 

model performance. Here, we used a Spearman’s rank-order correlation to identify 

redundant features for elimination. This test was selected due to its ability to 

accommodate non-parametric data, as some of the features were categorical (Table 4-6) 

and many of the numerical and ordinal feature data were not normally distributed. 

Moreover, the Spearman correlation does not assume that correlations are linear, but 

instead recognizes all monotonic correlations.  

The test for feature redundancy was performed with leave-one-out cross 

validation (CV), a standard machine-learning strategy used to optimize algorithm 

settings and reduce the potential for overfitting. Briefly, CV randomly splits data 

samples into k groups, or folds, then runs the algorithm or pipeline k times, each time 

holding out a different data fold for validation and using the rest for training. The model 
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is then evaluated based on the average performance score across k iterations. The “leave-

one-out” approach takes this one step further by setting k equal to the smallest class size, 

which was 11, in this case. For very large data sets, the number of folds may be as small 

as 1. 

The threshold for eliminating features was any correlation coefficient () greater 

than ± 0.85, where ± 1.00 indicates a perfect correlation. While this simple feature-

reduction strategy is not as efficient at reducing data redundancy as popular techniques 

like principle component analysis, it has the advantage that features are still easily 

identifiable, or interpretable, after elimination. 

 Model training 

We constructed a pipeline for training the RFC using leave-one-out CV and 

balanced accuracy (accounting for differences in sample sizes among the low, mid-

range, and high  classes) to score performance. The pipeline first normalized the data 

on a scale of 0 to 1 to reduce potential bias between inconsistent unit scales, then 

optimized two algorithm parameters: (1) the number of estimators and (2) the depth of 

decision trees. Model evaluation was then performed using the same test data set as the 

training data set. With a large enough data set, a blind test set is reserved and evaluated 

only after model training. However, due to the small dataset available to us for this 

analysis, we were unable to sufficiently train the model without using the complete 

dataset. To reduce some of the inherent performance optimism from data reuse, we also 
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applied leave-one-out CV during the evaluation procedure and repeated this for 100 

total trials. Thus, while results could be overly optimistic of real-world performance, 

they should be somewhat offset with the added application of a comparatively strict, or 

pessimistic, form of CV.  

Lastly, the use of an RFC allowed us to easily compare each feature’s 

contribution, or importance, in the algorithm’s decision making process. Feature 

importance, which provides similar results to a sensitivity analysis, was determined 

using a built-in function that performs Gini importance, also known as mean decrease 

impurity. 

4.3.3 Results and discussion 

4.3.3.1 Soil characteristics 

Based on the USDA soil classification system, five of the ten ultrafine soils have a 

sandy loam texture (Mesocosm, Sandhills, LUFA 2.2, LUFA 2.3, and LUFA A5M), two 

are loam soils (Topsoil and LUFA 2.4), one is loamy fine sand (LUFA 2.1), one clay loam 

(Fill), and one clay (LUFA 6S). The distribution of these soils in the USDA soil texture 

pyramid is provided in Figure 4-6 at red dots. The characteristics of the ultrafine soils 

and soil extracts used in batch tests are provided in Table 4-7 and Table 4-8, respectively. 
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Figure 4-6. USDA Classification of soil texture for ultrafine preparation of soils used in this 

study (shown in red) 

 

 



 

 

 

 
Table 4-7. Ultrafine soil characteristics 

Soil % Sand / Silt / Clay % OM / OC 

Ox-ext. Al / Fe 

(mg/L) 

Exchangeable 

K / Na / Ca / Mg  

(meq/100 g) CEC 

Median diameter (𝝁m) / rel. span 

UB in SE 

UB in 

KNO3 Bl in KNO3 

Mesocosm 58 / 24 / 18 1.47 / 0.85 815 / 1470 0.17 / 0.22 / 4.92 / 1.71 7.02 45 / 6.32 47 / 5.16 60 / 6.06 

Sandhills 68 / 22 / 10 2.25 / 1.30 1120 / 1060 0.19 / 0.01 / 1.50 / 0.37 2.06 81 / 3.18 89 / 3.23 101 / 2.53 

Fill 44 / 26 / 30 0.32 / 0.19 980 / 910 0.16 / 0.14 / 3.76 / 1.27 5.34 30 / 5.21 35 / 7.93 67 / 10.9 

Topsoil 52 / 32 / 16 2.43 / 1.41 615 / 1380 0.24 / 0.38 / 3.46 / 2.2 6.27 51 / 7.46 44 / 6.48 56 / 10.3 

LUFA 2.1 80 / 12 / 8 1.46 / 0.85 525 / 1165 0.19 / 0.04 / 1.36 / 0.36 1.94 137 / 2.01 122 / 2.05 118 / 2.27 

LUFA 2.2 74 / 14 / 12 3.39 / 1.97 490 / 3050 0.17 / 0.09 / 6.19 / 0.80 7.25 132 / 1.94 118 / 2.20 102 / 3.14 

LUFA 2.3 58 / 30 / 12 1.40 / 0.81 620 / 2090 0.50 / 0.02 / 4.30 / 0.91 5.74 78 / 4.67 45 / 4.68 55 / 6.08 

LUFA 2.4 50 / 28 / 22 2.58 / 1.50 930 / 1100 0.16 / 0.02 / 25.82 / 1.11 27.11 61 / 2.55 41 / 5.71 53 / 9.31 

LUFA A5M 56 / 28 / 16 1.95 / 1.13 520 / 1310 0.71 / 0.01 / 18.84 / 0.60 20.16 48 / 3.62 43 / 3.69 35 / 4.26 

LUFA 6S 30 / 30 / 40 3.45 / 2.00 1090 / 2445 1.08 / 0.03 / 20.2 / 3.04 24.35 32 / 4.09 31 / 4.14 25 / 6.49 

Bolded values are maximum values for all soils, and bolded italicized values are minimum values for all soils. % Sand/%Silt/%Clay based on USDA 

textural classification of percent of soil <0.002 mm / 0.002 – 0.05 mm / >0.05 mm, OM = Organic matter, OC = organic carbon, Ox-ext. Al/FE = oxalate-

extractable aluminum and iron, K = potassium, NA = sodium, Ca = calcium, Mg = magnesium, CEC = cation exchange capacity, median diameter = D50 

in suspension measured by laser diffraction, rel. span = relative span ([D90-D10]/D50), UB = unbleached soil, SE = soil extract, Bl = bleached soil, KNO3 = 

potassium nitrate 
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Table 4-8. Soil extract characteristics 

Soil Extract 
Standard 

pH 

Electrical conductivity 

(𝝁S/cm) 

Total organic 

carbon (mg/L) 

OC-soil extract/OC-

soil 

Mesocosm 5.36 394.3 46.75 1.10E-04 

Sandhills 4.30 658.7 18.64 2.87E-05 

Fill 4.50 300 7.66 8.06E-05 

Topsoil 4.72 336.6 110.05 1.57E-04 

LUFA 2.1 4.85 280.3 20.35 4.82E-05 

LUFA 2.2 5.65 521.75 27.65 2.81E-05 

LUFA 2.3 6.70 363.55 33.75 8.33E-05 

LUFA 2.4 7.67 349.45 80.21 1.07E-04 

LUFA A5M 7.95 407.7 47.44 8.40E-05 

LUFA 6S 7.67 550.8 83.36 8.34E-05 

Bolded values are maximum values for all soils, and bolded italicized values are minimum values for 

all soils. Soil extracts were prepared by mixing 2:1 (mL:g dry weight) 10% Hoagland nutrient medium 

pH 7 and air-dried soils. OC-soil extract is % of soil that is released to PW as organic carbon, and OC-

soil is the percent of dry soil that is organic carbon (from Table 4-7). 

 

4.3.3.2 Nanoparticle characteristics 

The primary particle sizes of Cit-Au, GA-Au, and PAH-Au were 12.45  1.49, 

12.75  1.64, and 12.40  1.93 nm, respectively, as measured by transmission electron 

microscopy, and the primary particle size of bPEI-Au was 9.73  1.23 nm. The 

characteristics of Cit-Au, GA-Au, and PAH-Au in soil extracts and PVP-Au and bPEI-Au 

in 10 mM KNO3 are provided in Table 4-9 and Table 4-10, respectively. 
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Table 4-9. Gold nanoparticle characteristics in soil extracts 

Soil NP dh (nm) pH 

EPM  

(m cm V-1 s-

1) 

𝜻-potential 

(mV) Stability 

Mesocosm Cit-Au 64.41 5.29 -1.54 -19.69 Moderate 

GA-Au 82.82 5.37 -1.41 -18.01 Stable 

PVP-Au 65.67 5.50 -1.12 -14.38 Moderate 

Sandhills Cit-Au 252.13 4.41 -1.25 -15.93 Unstable 

GA-Au 83.34 4.29 -0.95 -12.14 Stable 

PVP-Au 40.00 4.34 -0.29 -3.63 Stable 

Fill Cit-Au 20.82 4.95 -1.42 -18.06 Moderate 

GA-Au 121.03 4.54 -1.25 -16.00 Stable 

PVP-Au 38.54 4.67 -1.05 -13.40 Stable 

Topsoil Cit-Au 32.11 4.69 -1.33 -16.96 Moderate 

GA-Au 102.97 4.74 -0.90 -11.54 Stable 

PVP-Au 37.01 4.69 -0.69 -8.75 Stable 

LUFA 2.1 Cit-Au 23.57 5.20 -1.66 -21.17 Stable 

GA-Au 90.51 5.23 -0.83 -10.60 Stable 

PVP-Au 37.25 5.18 -0.89 -11.41 Stable 

LUFA 2.2 Cit-Au 231.10 5.84 -0.79 -10.13 Unstable 

GA-Au 119.60 5.62 -1.01 -12.94 Stable 

PVP-Au 37.55 5.71 -0.70 -8.89 Stable 

LUFA 2.3 Cit-Au 31.67 6.51 -1.12 -14.24 Moderate 

GA-Au 88.67 6.84 -1.24 -15.79 Stable 

PVP-Au 38.07 6.56 -0.97 -12.43 Stable 

LUFA 2.4 Cit-Au 288.20 7.30 -1.46 -18.62 Unstable 

GA-Au 97.29 7.67 -1.58 -20.20 Stable 

PVP-Au 37.75 7.67 -0.79 -10.10 Stable 

LUFA 

A5M 
Cit-Au 106.07 7.31 -1.24 -15.80 Moderate 

GA-Au 88.24 7.70 -1.09 -13.85 Stable 

PVP-Au 36.34 7.70 -1.02 -13.07 Stable 
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Table 4-9. Gold nanoparticle characteristics in soil extracts 

Soil NP dh (nm) pH 

EPM  

(m cm V-1 s-

1) 

𝜻-potential 

(mV) Stability 

LUFA 6S Cit-Au 424.53 7.32 -0.34 -4.37 Unstable 

GA-Au 105.03 7.68 -1.01 -12.86 Stable 

PVP-Au 42.94 7.68 -0.55 -6.99 Stable 

NP = nanoparticle, Cit-Au = citrate-stabilized gold NPs, GA-Au = gum-arabic-stabilized gold NPs, 

PVP-Au = polyvinylpyrrolidone-stabilized gold NPs, dh = z-average hydrodynamic diameter 

calculated at the beginning of the attachment phase, and EPM = electrophoretic mobility. Stability was 

determined by evaluating the hydrodynamic radius over the duration of the attachment phase; if the 

dh increased relative to the dh in ultrapure over time by >75%, 15-74%, or by <15 %, the system was 

deemed unstable, moderately stable, or stable, respectively. 

 

 

Table 4-10. Gold nanoparticle characteristics in 10 mM potassium nitrate (KNO3) 

Soil pH dh (nm) 

EPM  

(m cm V-1 s-1) 

𝜻-potential 

(mV) Stability 

PVP-Au 4.31 35.74 -0.33 -4.15 Stable 

5.25 36.70 -0.47 -5.94 Stable 

5.88 36.95 -0.47 -5.95 Stable 

6.83 36.11 -0.48 -6.11 Stable 

7.37 38.70 -0.77 -9.88 Stable 

8.75 40.17 -0.99 -12.60 Stable 

bPEI-Au 5.55 27.7 1.95 + 24.83 Stable 

6.15 26.34 2.25 + 28.63 Stable 

6.34 26.13 2.07 + 26.37 Stable 

6.71 25.73 2.10 + 26.73 Stable 

6.84 26.47 2.10 + 26.83 Stable 

7.99 26.32 1.40 + 17.90 Stable 

PVP-Au = polyvinylpyrrolidone-stabilized gold nanoparticles, bPEI-Au = branched polyethylenimine-

stabilized gold nanoparticles, dh = z-average hydrodynamic diameter calculated at the beginning of the 

attachment phase, and EPM = electrophoretic mobility. Stability was determined by evaluating the 

hydrodynamic radius over the duration of the attachment phase; if the dh increased relative to the dh in 

ultrapure water over time by >75%, 15-74%, or by <15 %, the system was deemed unstable, moderately 

stable, or stable, respectively. 
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Based on analysis of hydrodynamic diameters (dh) over time, all AuNPs other 

than Cit-Au were relatively stable in soil extracts or 10 mM KNO3 for the duration of the 

attachment phase. Cit-Au exhibited an increase in dh relative to that observed in 

ultrapure water in all soil extracts but LUFA 2.1. Of the four surface treatments, citrate is 

the only coating that provides stabilization only through electrostatic repulsion (see 

Section 4.2.3.1). The triprotic citric acid molecule imparts minimal electrostatic repulsion 

at low pH (isoelectric point around pH 2) and is increasingly repelled by negatively 

charged NP surfaces as pH increases past the acid dissociation constants (pKa) of 3.13, 

4.76, and 6.39 (Shinohara et al., 2018). As a result, Cit-Au is more susceptible than GA-

Au, PVP-Au, and bPEI-Au to destabilization over a wide range of conditions (El Badawy 

et al., 2012; Nason et al., 2012; Surette and Nason, 2019). However, the dh in three of those 

systems (LUFA 2.4, A5M, and 6S) was larger at the beginning of the attachment phase 

than at the end (by as much as 25%), suggesting a combination of rapid aggregation and 

re-stabilization, likely due to associations with NOM. Nason et al. (2012) observed dh 

increases of up to 30 nm for 12-nm Cit-Au in the presence of several NOM isolates at 

moderate ionic strength that could not be attributed to homoaggregation. The authors 

report that the surface coverage of Cit-Au with NOM took place over 3 – 5 minutes, 

suggesting that some homoaggregation could occur simultaneously with NOM 

adsorption. These three soil extracts have the highest pH values and contain the most 
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exchangeable calcium (Table 4-8). As a result, the effects of surface coating displacement 

and divalent cation bridging are likely most pronounced in LUFA 2.4, A5M, and 6S 

(Shinohara et al., 2018; Surette and Nason, 2019).  

The presence of polymeric coatings increased the dh and influenced the 

electrophoretic mobilities of AuNPs to varying degrees, depending on the polymer. GA 

provides a very thick surface coating to AuNPs, but the thickness of the coating changed 

with solution conditions, as reflected in the range of dh for GA-Au in soil extracts (82.82 

– 121.03 nm; average 97.95  13.97 nm). PVP provided a thinner surface coating, the 

thickness of which was somewhat affected by solution conditions in soil extracts (dh 

range 36.34 – 65.7 ; average 41.11  8.83 nm) but not to pH changes in 10 mM KNO3 (dh 

range 35.14 – 40.17 ; average 37.40  1.70 nm). bPEI provided the thinnest coating and 

was unaffected by changing pH in 10 mM KNO3 (dh range 25.73 – 27.7; average 25.50  

0.67 nm). While the Henry equation with the Smoluchowski approximation is not well-

suited to determining accurate zeta potentials for small NPs (i.e., those with diameters 

smaller than the Debye length) with “soft” surfaces (e.g., polymer-coated NPs) (Lowry et 

al., 2016), the electrophoretic mobilities do confirm the net negative charge of the Cit-Au, 

GA-Au, and PVP-Au in all suspensions and the net positive charge of bPEI in 10 mM 

KNO3 over the range of pH relevant to this work. 
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4.3.3.3 Effect of homoaggregation on removal in batch tests 

Based on DLS measurements of dh, destabilization of Cit-Au was expected occur 

in all soil extracts but LUFA 2.1 and for PVP-Au in Mesocosm soil extract, possibly 

resulting in a significant contribution of homoaggregation to the overall removal of 

AuNPs from soil extracts. However, heteroaggregation and deposition have widely been 

suggested to dominate over homoaggregation – by orders of magnitude – in soil pore 

waters and other media where the collector to NP concentration ratio is relatively high 

(Cornelis et al., 2012; Meesters et al., 2014; Praetorius et al., 2014), and we previously 

showed that homoaggregation had a negligible effect on  determined for the LUFA 2.2 

reference soil. Nonetheless, we cannot yet say that homoaggregation of NPs will not 

influence AuNP removal over the range of soils utilized in this study. 

To assess the potential impact of homoaggregation on total AuNP removal in 

batch tests with soil, we compared DLS measurements with results of batch tests 

conducted without soil. If no removal – or very low removal relative to that in batch 

tests with soil – was observed, the contribution of homoaggregation to overall removal 

was assumed to be negligible. If substantial removal was observed in batch tests without 

soil, we repeated the approach utilized for LUFA 2.2 in Section 4.2.3.3-Effect of 

homoaggregation (see Figure 4-5) using rate constants (Bs) from batch tests over a 

range of soil concentrations. The criteria for determining if homoaggregation was 

negligible in these systems was as follows: (1) Bs at two or more soil concentrations 
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differed by at least one order-of-magnitude, (2) the relationship between B and soil 

concentration was positive and linear (with r2 >0.90), (3) the y-intercept fell within a 

range of 0.000  0.005 (indicative of a trend where a soil concentration of zero leads to 

zero removal). Without B from multiple soil concentrations, we were unable to say 

with confidence that homoaggregation did not affect the measured removal rate in batch 

tests with soils. The findings for all affected systems are provided in Table 4-11.  

Table 4-11. Gold nanoparticle homoaggregation impact on overall removal in batch tests 

System DLS instability 
Homoagg. 

batch removal 

B vs B 
Removal due to 

homoagg. OOM diff. r2 y-int 

M:Cit-Au Moderate Negligible -- -- -- Negligible 

M:PVP-Au Moderate Negligible 1 1.00 (2 pts) -3.7E-03 Negligible 

SH:Cit-Au High High -- -- -- Likely. Rapid 

removal at 10 

g/L soil 

F:Cit-Au Moderate Negligible -- -- -- Negligible 

TS:Cit-Au Moderate Negligible -- -- -- Negligible 

2.2:Cit-Au High High 1 0.99 (3 pts) -1.3E-03 Negligible 

2.3:Cit-Au Moderate High 6 0.99 (3 pts) -2.0E-06 Negligible 

2.4:Cit-Au High, then stable Moderate 1 1.00 (2 pts) 1.7E-03 Negligible 

A5M:Cit-Au Moderate, then 

stable 

High 0 1.00 (2 pts) 4.9E-03 Likely. Removal 

equivalent at  10 

and 100 g/L soil  

6S:Cit-Au High, then stable Low 2 0.99 (3 pts) -2.4E-03 Negligible 

M= mesocosm soil, SH = Sandhills soil, F = Fill soil, TS = Topsoil, Cit-Au = citrate-stabilized gold 

nanoparticles (AuNPs), PVP-Au = polyvinylpyrrolidone-stabilized AuNPs, DLS = dynamic light 

scattering, homoagg. = homoaggregation, OOM diff = order-or-magnitude difference, B = 

heteroaggregation rate constant, B = soil collector concentration, r2 = coefficient of determination, and y-

int = y-intercept. 

 

The contribution of AuNP homoaggregation to overall removal in batch tests 

with soil was considered negligible in all systems but Cit-Au in Sandhills and LUFA 
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A5M systems. The combination of high instability of Cit-Au in Sandhills soil extract, 

characterized by the change in dh from 252.1 to 391.2 nm over the 5-minute attachment 

phase (compared to 28.9–27.6 nm in ultrapure water) and rapid removal in batch tests 

without soil on par with that observed in batch tests with 10 g/L soil meant that the 

contribution of homoaggregation to overall removal could not be ruled out for this 

system. We were unable to capture the attachment phase at higher soil concentrations, 

so we could not determine if B scales linearly with increasing soil concentration. The 

potential dominance of homoaggregation over heteroaggregation in this system could 

be feasible based several properties of the soil system that set it apart from the other 

soils. First, Sandhills soil extract has the lowest pH and highest conductivity – which is 

proportional to ionic strength – of all soil extracts, and the electrostatic double layer 

(EDL) around Cit-Au in this system would provide little-to-no barrier to homo- or 

heteroaggregation. Additionally, Sandhills soil has one of the two lowest ratios of 

organic carbon in soil extract to soil organic carbon, suggesting heteroaggregation with 

soil colloids might be inhibited by a strongly sorbed layer of natural organic matter 

(NOM), masking charge heterogeneity and providing steric hindrance to attachment. If 

NOM bridging and hydrophobic interactions between Cit-Au NPs are favored over 

attachment of Cit-Au decorated by NOM to the NOM-coated surfaces of soil colloids, 

homoaggregation might reasonably be expected to dominate over heteroaggregation in 

this system. 
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Cit-Au was moderately unstable in LUFA A5M soil extract at the beginning of 

the attachment phase, as characterized by a dh of 106.7 nm, but the dh had stabilized at 

around 86 nm by the end of the 2–4-min attachment phase. Nonetheless, removal in 

batch tests without soil was on par with those observed with soil concentrations of both 

10 and 100 g/L, providing strong evidence that homoaggregation drives removal in 

batch tests with soil in this system. The discrepancy between the DLS measurements and 

the batch test results is interesting, as we can think of no reason why 85–100-nm Cit-Au 

should be removed by the 0.45-m filter in the batch tests. Moreover, batch tests and 

DLS measurements were conducted multiple times using different batches of LUFA 

A5M soil extract, and the same discrepancy was consistently observed. In contrast to the 

Sandhills soil, LUFA A5M characteristics that might reasonably promote 

homoaggregation over heteroaggregation are not easily identifiable. This soil extract 

does have the highest pH (7.90), which is close to the highest isoelectric point of the 

amorphous hydrous ferric oxides that form the surface coatings of many soils and is 

higher than the pH range in which some common clays exhibit positive charges 

(Cornelis et al., 2012), suggesting that favorable attachment sites for heteroaggregation 

could be limited in this soil relative to those of some other soils. However, by this logic, 

favorable attachment sites should also be limited in LUFA 2.4, 6S, and possibly 2.3, and 

heteroaggregation was observed to dominate over homoaggregation in those systems. 

The unique behavior of Cit-Au in LUFA A5M could be due to the specific clay 
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mineralogy of the soil (Fang et al., 2009; Cornelis et al., 2012) or the NOM composition 

(Stankus et al., 2010; Nason et al., 2012; Louie et al., 2016) in this soil extract, but these 

features were not characterized. 

4.3.3.4 Favorable attachment 

One of the potential limitations identified in Section 4.2.3.4 of determining  

using a batch test functional assay is that “favorable attachment” can be somewhat 

subjective, and we do not have a method for establishing whether every collision truly 

results in attachment. We attempted to address this concern for these systems by 

developing a method to compare rate constants for favorable attachment (𝛼𝑓𝑎𝑣𝛽𝐵) across 

soils. In theory, 𝛼𝑓𝑎𝑣  is unity and transport processes affecting  are expected to vary 

little among these systems, leaving the soil number concentration, B, as the only 

changing variable among systems. To enable comparisons of 𝛼𝑓𝑎𝑣𝛽𝐵 across soil systems, 

we first determined 𝛼𝑓𝑎𝑣𝛽𝐵 at soil mass concentrations of 100 g/L using the linear 

proportionality between 𝛼𝛽𝐵 and B for those systems where favorable-attachment batch 

tests were conducted at lower soil concentrations. We assumed that the smallest size 

fraction of soils controls the number concentration of soil particles in a given mass of 

soil, so we normalized the clay content of each soil by that of the soil with the lowest 

clay content, creating a number-concentration normalization factor, and divided 𝛼𝑓𝑎𝑣𝛽𝐵 

at B = 100 g/L by this factor to determine the range of concentration-normalized 

favorable heteroaggregation rate coefficients (𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚) across soils.  
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There is no single approach for determining 𝛼𝑓𝑎𝑣𝛽𝐵 in batch tests, but two 

common approaches are to assume that the highest 𝛼𝛽𝐵 determined in a set of 

unadjusted systems represents 𝛼𝑓𝑎𝑣𝛽𝐵 (i.e., Approach 1) or to use a NP with surface 

charge opposite to that of collectors to achieve electrostatic attraction between surfaces 

(i.e., Approach 2), inducing conditions of favorable attachment. We evaluated the effect 

of both of these approaches as well an additional approach involving soil bleaching and 

use of a positively charged AuNP on the range of 𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚 determined across soils. 

Using Approach 1, we selected the highest values of 𝛼𝛽𝐵 determined in 

unadjusted systems – those for PVP-Au – and we calculated 𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚values that 

ranged from 0.90E-02 to 9.62E-02, a distribution spanning more than one order of 

magnitude for all soils. Many of the studies that use Approach 1 conduct batch tests in 

simplified systems where few barriers to attachment are present. However, this 

approach is likely not appropriate for soils, where electrostatic and steric repulsion 

cannot easily be overcome. When the soil extract was replaced by 10 mM KNO3 – 

removing NOM and increasing ionic strength – Approach 2 was employed, using 

positively charged bPEI-Au and PVP-Au for comparison. Changing the solution 

medium and using positively or neutrally charged AuNPs increased 𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚values 

by up to 277% for all but Fill and LUFA 2.2 soil, which exhibited decreases of 

approximately 20% relative to 𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚determined in soil extract. The positively 

charged bPEI-Au typically led to values of 𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚 that were either equivalent to or 
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higher than those determined using PVP-Au in KNO3. The one exception was for LUFA 

2.4, for which 𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚 for PVP-Au was twice as high as that determined using bPEI-

Au. The 𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚values determined using either bPEI-Au or PVP-Au in 10 mM 

KNO3 ranged from 0.20E-01 to 1.97E-01, representing an increase overall in 

𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚  relative to those determined using PVP-Au in soil extracts, but still retaining 

a distribution over one order of magnitude. 

Finally, PVP-Au and bPEI-Au were used to determine 𝛼𝑓𝑎𝑣𝛽𝐵 in KNO3 with soils 

bleached to remove surface-bound organic matter. For all soils but LUFA 6S, bPEI-Au 

resulted in the highest value of 𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚. For LUFA 6S, the value of 

𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚  determined using PVP-Au was approximately 1.15 time higher than that for 

bPEI-Au. The effect on the range and magnitude of 𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚 determined after soil 

bleaching was profound; the range narrowed to 1.20E-01–2.8E-01 and 

𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚.values increased by 21–839% relative to those determined using PVP-Au or 

bPEI-Au in 10 mM KNO3 with unbleached soils. The narrow range of 𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚 

determined using this approach indicates that near-favorable attachment has been 

achieved for the range of systems tested. Notably, the highest increases in 𝛼𝑓𝑎𝑣𝛽𝐵𝑁𝑜𝑟𝑚 

relative to those determined using the previous approach were observed for the soils 

with the lowest ratio of organic carbon in soil extract to soil organic carbon (i.e., 

Sandhills, LUFA 2.1, and LUFA 2.2), suggesting that assumed values of 𝛼𝑓𝑎𝑣𝛽𝐵 from 
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systems in which surface-bound organic matter is not removed will produce 𝛼’s for 

unadjusted systems that are artificially high.  

4.3.3.5 Particle attachment efficiencies () for AuNPs with 10 soils  

Particle attachment efficiencies for Cit-Au, GA-Au, and PVP-Au with 10 soils in 

soil extracts spanned four orders of magnitude, and favorable attachment was achieved 

with bPEI-Au or PVP-Au with bleached soil in 10 mM KNO3 (Figure 4-7).  

 Trends by surface treatment 

The trend relating to surface treatment observed for batch tests with reference 

soil LUFA 2.2 (Section 4.2.3.3) was also observed here, with GA-Au < Cit-Au < PVP-Au 

 

 

Figure 4-7. Particle attachment efficiencies for 12-nm gum-arabic-stabilized gold 

nanoparticles (GA-Au NPs      ), Citrate-stabilized AuNPs (Cit-Au      ), and 

polyvinylpyrrolidone-stabilized AuNPs (PVP-Au      ) in soil extracts. *removal due to 

homoaggregation in soil-free controls 
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for ’s within all but one soil. The  for Cit-Au was slightly higher than that of PVP-Au 

with Sandhills soil, but a significant contribution of homoaggregation to overall removal 

is likely for Cit-Au in Sandhills soil (see Table 4-11). 

As discussed in Section 4.2.3.3, this relatively consistent surface-treatment trend 

across studies (Hendren et al., 2013; Barton et al., 2014; Geitner et al., 2017; Espinasse et 

al., 2018) is not well-understood, but we posit that the large molecular weight and the 

polyelectrolyte character of the GA coating impart substantial electrosteric stabilization 

against aggregation, while the smaller uncharged PVP coating provides enough distance 

between the charged NP surface and the outer edge of the polymer to decrease the 

electrostatic barrier at the point of contact (i.e., the polymer layer) but not to impart 

sufficient steric stabilization against attachment to soil surfaces (Lin and Wiesner, 

2012b). The intermediate values observed for Cit-Au are consistent with the behavior of 

a NP that is heavily influenced by the solution chemistry, resulting in relative stability in 

some systems (i.e., behavior more like GA-Au) and relative instability in others (i.e., 

behavior more like PVP-Au).  

Although the  trend within soils clearly indicates that surface coating is a driver 

of NP mobility in these systems, the trend in  across soils is not consistent for the three 

surface treatments, suggesting that the influence of the changing system characteristics 

manifests differently for each coating. To identify specific system characteristics driving 

the behavior of each type of AuNP across soils, Spearman correlation coefficients () 
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were determined for potential relationships between NP-soil ’s for Cit-Au, GA-Au, and 

PVP-Au, respectively, and measured characteristics of the systems. In addition to the 

characterization data described in Table 4-6, the 10th, 50th, and 90th percentile volume-

weighted diameters for unbleached soil particles in soil extracts were compared against 

 data distributions of Cit-Au, GA-Au, and PVP-Au in soil extracts.  

Spearman correlation coefficients revealed potential relationships between ’s 

and characteristics of the AuNPs, soil extracts, and soils that were specific to each AuNP 

surface treatment but contained some commonalities. The attachment efficiency of Cit-

Au to soil surfaces was primarily related to NP stability ( = -0.86) over the duration of 

the attachment phase (i.e. 1 – unstable, 2 – moderately stable, or 3 – stable in soil extract 

relative to that in ultrapure water), which was negatively correlated ( < -0.7) with dh at 

the beginning of the attachment phase, electrical conductivity of the soil extract, and the 

total soil organic carbon (SOC). The negative correlation between stability and SOC 

accounts for the observed increase in the relatively high but stable dh measurements for 

Cit-Au in some soil extracts. While this finding further supports our conclusions in 

Section 4.2.3.3 that Cit-Au will be highly influenced by solution chemistry, we also 

identified a potential negative correlation with soil D90 in soil extract ( = -0.68), 

suggesting that a size distribution favoring smaller soil particles increases NP-soil 

attachment efficiency. The correlation of measures of NP mobility with soil texture – and 

with the smaller clay fraction of soils, in particular –has been regularly reported in the 
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literature (Fang et al., 2009; Cornelis et al., 2012; Cornelis et al., 2013; Wang et al., 2015). 

The D90 was not correlated to any other characteristics identified by the Spearman rank 

correlation as potentially related to , which could be due to the lack of statistical power 

provided by the small data set or could indicate that the physicochemical properties 

favoring attachment of NPs to smaller soil grains were not captured by our 

measurements. For example, the shape distribution, surface porosity and roughness, 

fractal dimension of water-dispersible colloids, charge density and heterogeneity, SOC 

composition and conformation, and mineralogy were among the characteristics of the 

soil that were not considered in this evaluation and that might help elucidate the 

connection between D90 and . 

In contrast to the somewhat general NP and soil characteristics identified as 

potential drivers of  in soils with Cit-Au, the Spearman rank correlation resulted in 

correlations between  and two specific system properties for GA-Au in soils: pH of the 

soil extract ( = -0.73) and oxalate-extracted aluminum (ox-Al,  = 0.55) in soils. More 

than half of the GA-Au ’s with soil were among the lowest of all systems and fell 

within a relatively narrow distribution (on the order of 10-05). These six low ’s were 

determined over a pH range of 5.23 to 7.68 and an ox-Al range between 490 and 1090; 

such consistently low  values over these relatively wide ranges of pH and ox-Al does 

not intuitively imply a large effect on  from those system characteristics. However, the 

correlations appear to be greatly influenced by the two systems with the highest  
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values (1.93E-02 and 3.08E-02 for Sandhills and Fill soils, respectively), which 

correspond to the systems with the lowest pH values (4.29 and 4.54) and high ox-Al 

content (1120 and 980 mg/L). Gum arabic contains many functional groups that can be 

associated with either the protein “backbone” or the hydrophilic polysaccharide fraction 

of this complex macromolecule. Grein-Iankovski (2018) recently determined three acid 

dissociation constants (pKa) for Acacia gum, with pKa’s between 3 and 4 and between 

3.9 and 4.2 corresponding to the carboxylic acid functional groups associated with the 

polysaccharide fraction and protein fraction, respectively, and a pKa of approximately 

6.5 corresponding to the amine group of the protein fraction. As pH values descend 

below 5, the carboxylate groups on the polysaccharide moieties become more 

protonated and uncharged while the amine groups on the polypeptide fraction become 

more positively charged, leading to strong interactions of the polypeptide backbone 

with the negatively charged AuNP surface. At the same time, intramolecular 

interactions between negatively charged carboxylic acid and positively charged amine 

groups can lead to contraction of the macromolecule closer to pH 5, while a lack of 

charge on both the polysaccharide and polypeptide moieties would result in complete 

collapse of the macromolecule closer to pH 3 (Davantès et al., 2019). As a result, the steric 

hindrance that so effectively prevents GA-Au attachment to soils at higher pH is 

expected to be largely absent below pH ~5. The lack of correlation between  and dh that 

might be expected as a result of macromolecular coating collapse is perhaps due to the 
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association of organic matter with these surfaces at different OC:soil ratios and the 

potential presence of nanoscale colloids below 0.45 um present in the extracts of soils 

with high clay contents.  

Of the many physicochemical properties of soils that have been evaluated for 

their effect on NP transport in natural soils, ox-Al has been the most consistently 

reported feature correlated to NP mobility (Tavares et al., 2015; Wang et al., 2015) 

(Cornelis et al., 2012). Ox-Al and Fe can comprise poorly crystalline aluminosilicate 

particles, ferrihydrite particles , and Al- and Fe-humus complexes, typically at sizes < 2 

m (Jiang et al., 2014). These small metal-oxide particles contribute to the high fractal 

dimension of water-dispersible clays (e.g., colloids suspended in soil pores) through 

their interaction with clay platelets. In addition, natural metal oxide homo- and 

heteroaggregates can deposit onto larger surfaces, increasing the surface area, surface 

roughness, and porosity of these larger collectors. The positive charges of these small 

particles leads to charge heterogeneity on water dispersible clays and pore surfaces in 

soils, suggesting that higher concentrations of ox-Al and ox-Fe in soils could result in 

local conditions of electrostatic attraction between negatively charged NPs and the 

positively charged Al and Fe patches. Given that Sandhills and Fill soils have the highest 

and third-highest concentrations of ox-Al of all soils evaluated, it appears that the 

combination of the pH-induced macromolecular coating collapse with the availability of 

positively charged sites on soils could drive attachment under these conditions. The soil 
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with the second-highest concentration of ox-Al (LUFA 6S) exhibited low attachment 

efficiency with Ga-Au (5.00 E-05), but this soil has a high pH and the highest amount of 

SOC of any soil, suggesting that attachment between GA-Au and 6S was inhibited by 

strong steric hindrance conferred by both the relaxed state of the GA polymer at this pH 

(Davantès et al., 2019) and the tightly adsorbed SOC in this system. 

The result of the Spearman rank correlation analysis for PVP-Au  across soils 

indicated that the attachment of PVP-Au is potentially controlled by soil size, with the 

highest correlation between  and the median soil diameter in soil extract (D50,  = -0.72). 

The D50 was also correlated with most other measurements relating to soil texture, 

including the percent clay ( = -0.89), percent sand ( = 0.85), the D10 ( = 0.96), and the 

relative span ([D90-D10]/D50,  = -0.7), which provides a measure of the width of the 

particle size distribution in soils. In addition, the D50 was correlated with exchangeable 

Mg ( = -0.75). As discussed previously, the specific properties contributing to this more 

favorable attachment with smaller particles is not clear from these data, but it is possible 

that some underlying patterns are not well resolved in this small data set and some 

important characteristics might not have been measured in our systems. In addition to 

the D50, the electrophoretic mobility (EPM) of the PVP-Au in soil extracts was identified 

as a potential driver of PVP-Au attachment to soils ( = -0.58), with higher ’s associated 

with lower EPM.  
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 Trends by soil origin 

Previous studies have revealed a potential trend in ’s for regional soils resulting 

in a relatively narrow distribution of  for a single NP type in soils from a single country 

(Fang et al., 2009; Cornelis et al., 2013). The same trend was observed here for GA-Au 

and Cit-Au ’s with domestic and German soils. The range of GA-Au and Cit-Au ’s for 

soils from each origin was relatively narrow – approximately 1 to 2 orders of magnitude 

– but the distributions were distinct. GA-Au and Cit-Au ’s spanned approximately 10-04 

– 10-02 and 10-03 – 10-02  with domestic soils, while ’s spanned 10-05 – 10-04 and 10-04 – 10-02 

for GA-Au and Cit-Au, respectively with German soils. In contrast, the range of PVP-Au 

 values was equivalent for domestic and German soils, ranging from 10-02 to 10-01, 

which is consistent with ’s determined by Cornelis et al. (2013) for PVP-stabilized 

AgNPs with Australian soils. These results suggest that utilizing a single soil from a 

region of interest could suffice for determining ’s representative of other soils in that 

region, in cases where order-of magnitude-level accuracy is acceptable.  

 Machine learning to identify influential features 

Aside from that of surface coating, identifying clear trends in  based on NP and 

soil or soil extract properties is challenging, given the many dynamic, interrelated 

characteristics inherent to these systems. In the examination of potential drivers of  for 

soils with AuNPs with different surface treatments, we observed several potential 

relationships that seemed to be obscured by a few outlier systems. These deviations 
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from trends were likely the result of the dominance of other characteristics on the 

behavior of NPs or collectors in these systems. In a complex, heterogeneous system like 

soil, one would expect the interaction among soil properties to result in a net effect on 

NP behavior, and these interactions are difficult to capture by simple feature regression 

with the target feature . In other words, we do not expect NP-soil ’s to correlate 

perfectly with a single system property. But finding a subset of system properties that 

could largely explain the behavior of NPs in soil systems requires a large dataset and an 

appropriate statistical approach based on the properties of that dataset. With the aid of 

machine-learning, a sufficiently large dataset analyzed with an optimized set of 

algorithms can be used to distinguish potential underlying trends and to identify 

parameters driving  across all systems.  

The Spearman correlation matrix is presented as a color map in Figure 4-8, where 

red signifies positive correlations and blue negative correlations. The color saturation 

indicates the strength of the correlation, with vivid colors corresponding to stronger 

correlations. In addition to identifying redundant features, the matrix can provide a 

sense of the relative strength of feature correlation with . Feature reduction by 

Spearman correlation revealed five redundant feature pairs: (1) medium and 

conductivity, (2) medium and organic carbon concentration in soil extract, (3) NP size 

and NP coating, (4) cation exchange capacity and exchangeable calcium, and (5) and 
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percent sand and percent clay. Only one feature correlated strongly with  – that of 

surface coating ( = 0.75) – but the medium ( = –0.56) and three medium characteristics 

– electrophoretic mobility ( = 0.6), electrical conductivity ( = 0.51), and organic carbon 

in soil extracts ( = –0.49) – and the hydrodynamic radius of AuNPs in the medium at 

 
 

Figure 4-8. Spearman correlation matrix between features. The higher the color saturation, the 

stronger the correlation between features, with positive and negative correlations represented 

with shades of red and blue, respectively. The target feature, nanoparticle-soil attachment 

efficiency (alpha), is included for comparison. 
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the beginning of the attachment phase ( = –0.46) demonstrated potential associations 

with . All other correlation coefficients between features and  were lower than  0.26. 

Medium was eliminated, as it was strongly correlated with the greatest number of 

features, as was percent sand, which was made redundant by summation of the three 

soil texture groups (clay, silt, and sand) to 100. We also opted to eliminate NP size due to 

the negligible difference in the size range of the pristine particles, which ranged from 

9.73 to 12.75 nm. Lastly, CEC is the sum of the exchangeable cation concentrations in 

soil, so the strong correlation with calcium cations was expected. It was unclear which 

features – the respective cation concentrations or the CEC – would provide a more 

meaningful result, so models for both dataset scenarios were tested. Overall, the 

findings of the Spearman correlation are intuitive, bordering on trivial, which might be 

the result of the small dataset or an example of the trade-off between variable 

transparency and feature-reduction efficiency that must be considered when choosing 

an appropriate model.  

The RFC model trained using the reduced feature set with CEC performed at 

79.6% balanced accuracy during model evaluation, marginally outperforming its 

counterpart trained with individual exchangeable cation concentrations (78.0%), as well 

as the model with no feature reduction (76.2%). An example confusion matrix, which 

provides a visualization of algorithm performance, is provided in Figure 4-9 to illustrate 

the success of the models in predicting low, mid-range, and high ’s from the test set  



 

 

190 

after accounting for the imbalance between class sizes. All models could generally 

predict low (top left) and high (bottom right) ’s with a high degree of accuracy, but 

model performance suffered for the 11 systems with ’s between 0.01 and 0.10. All but 

one of the 11 ’s within this range was determined for AuNPs with soils in soil extracts. 

Given that this group represents one third of all NP-soil ’s determined in soil extracts – 

and only about one fifth of all ’s, including those for systems where KNO3 replaced soil 

extracts – this finding suggests that the model had the most difficulty predicting ’s in 

the more complex conditions of soil extract, as might be expected. Additionally, 6 of the 

 
 

 

Figure 4-9. Example of random-forest-classifier performance results from a single trial. Cells 

in the confusion matrix are normalized to show the fraction of samples the model predicted 

for each  bin (<0.01 = low, 0.01–0.1 = mid-range, and  0.1–1.00 = high) on the x-axis over the 

actual total on the y-axis. 
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11 systems with ’s between 0.01 and 0.1 are Cit-Au in soil extract, indicating that while 

surface treatment might generally be a predictor of  in these systems,  for NPs with  

weakly bound coatings like citrate might be more difficult to predict, particularly  in 

complex systems. 

The relative feature importance, determined after running the best-performing 

RFC model 100 times, is shown in Figure 4-10. As expected, based on the observed 

trends in NP-soil ’s in Figure 4-7 and the results of the Spearman correlation  

 

 
 

Figure 4-10. Bar graph of the comparative decision weight for each feature in predicting 

nanoparticle-soil attachment efficiencies in a random-forest classifier. Error bars were 

calculated based on 100 model trials. 
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(Figure 4-8), the NP surface treatment (coatingENM) carries the most decision weight 

(about 19%) in the RFC pipeline for predicting . These surface treatments were selected 

based on the hypothesis that changes in NP surface chemistry – as conferred by 

engineered coatings – can drive changes in NP-soil ’s, even in complex systems. These 

findings support that hypothesis. Interestingly, the next five most important features for 

predicting  in these systems pertain to the solution chemistry (hydrodynamic diameter 

in solution, electrophoretic mobility of NPs in solution, organic carbon concentration in 

solution, solution conductivity, and solution pH) as opposed to soil physicochemical 

properties. This finding runs counter to those based on Spearman correlations between 

system characteristics and ’s specific to AuNPs with different surface treatments and is 

somewhat of a departure from trends reported by others that have evaluated the effects 

of system characteristics on NP mobility in natural soils.  

For example, Cornelis et al. (2013) identified a statistically significant association 

between collector diameter and  for PVP-Ag NPs in Australian soils; collector diameter 

was also correlated with the ox-Al concentration, and when collector diameter was 

removed during stepwise backward linear regression, a positive correlation of  with 

the ox-Al concentration accounted for 22% of the variation in . We also found potential 

correlations between ’s for Cit-Au and PVP-Au and soil diameters (D90 and D50, 

respectively) and ’s for GA-Au and ox-Al in our analysis of trends by surface coating, 

Cornelis et al. (2013) additionally identified a negative correlation with total carbon 



 

 

193 

concentration that explained 11% of the variance. In a separate study, Cornelis et al. 

(2012) identified granulometric clay content as the primary driver of PVP-Ag retention 

after mixing with Australian soils for 24 hours. However, the measurement of 

suspended NPs after 24 hours likely only captures the plateau exhibited as a function of 

the balance between attachment and breakage due to shear forces exerted on the system 

by mixing; thus, the connection between this steady state in batch tests and NP transport 

phenomena in porous media is not clear. The finding that higher granulometric clay 

content leads to increased removal of PVP-Ag can perhaps be explained simply as an 

effect of increasing the number or surface area concentration of collectors (i.e., increasing 

B in Equation 2-1) in systems with the highest fraction of the smallest collectors. 

Tavares et al. (2015) used principal component analysis (PCA) to identify 

parameters accounting for variance in Ag and Au concentrations in pore waters of intact 

Portuguese soils one day after dosing with AgNPs and AuNPs. The authors concluded 

that the pH-dependent release of Al and manganese (Mn) and the dissolution of iron 

(Fe) from soil surfaces drove Ag behavior (particularly dissolution) in soil pore waters, 

while pH-mediated release of Mn and heteroaggregation of AuNPs with Fe-containing 

natural colloids primarily controlled the concentrations of Au in pore waters. 

Regardless, the authors did not identify any statistically significant correlations between 

Ag or Au in pore waters and organic carbon content, clay content, or ox-Al or Fe, but 

they note that they did not measure dissolved organic carbon in pore waters, which 
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could be an important parameter controlling NP transformations and fate, particularly 

for Ag (Unrine et al., 2012a). 

Wang et al. (2015) identified positive correlations of PVP-Ag mobility with pH, 

cation exchange capacity, and soil organic matter content and negative correlations with 

Fe-oxide concentration and specific surface area of 3 Chinese topsoils using PCA. Fang 

et al. (2009) also used PCA to determine relationships between characteristics of a dilute 

sol (1:20 soil:DI water) of 12 Chinese soils with concentrations of titanium-dioxide (TiO2) 

NPs after 24 hours of mixing and 10 days of settling. As with Cornelis et al. (2012), the 

theoretical basis for a link between NP concentrations retained in the medium at a single 

time point and overall mobility of NPs in soils was not provided. And, as with  Cornelis 

et al. (2012), Fang et al. (2009) identified a positive correlation between suspended NPs 

and granulometric clay content. The results of PCA indicate that 86% of the variance in 

suspended TiO2 concentration was explained by two components, which the authors 

suggest were likely heavily weighted by ionic strength and dissolved organic carbon. 

They identified a positive correlation with dissolved organic carbon and a negative 

correlation with ionic strength, solution pH, and TiO2 zeta potential in solution.   

The range of characteristics linked to NP mobility and the lack of consistency in 

findings highlights the challenge of identifying a generalizable set of key parameters 

driving NP mobility in natural soils. This is in part due to the use of different metrics 

and methods in assessing NP mobility, with relationships being explored between 
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system characteristics and (1)  in column studies by Cornelis et al. (2013), (2) retention 

coefficients in batch tests by Cornelis et al. (2012), (3) soil pore water concentrations one 

day after dosing intact soil pots by Tavares et al. (2015), (4) effluent mass recoveries from 

column studies by Wang et al. (2015), and (5) suspended concentrations in batch tests 

after a 10-day settling period by Fang et al. (2009). Additionally, the NPs used in these 

studies exhibit a range of transformation behavior in these systems, with the mobility of 

AgNPs, in particular, potentially more affected by dissolution and complexation 

processes than AuNPs and TiO2-NPs, for example. As a result, NP-specific properties 

not consistently measured (e.g., dissolution rate) or assessed against a mobility target 

feature could also explain some of this variation.  

All of these studies used statistical procedures like stepwise multiple linear 

regression or PCA to reduce the dimensionality of the large and often confusing datasets 

characteristic of complex systems (Fang et al., 2009; Cornelis et al., 2012; Cornelis et al., 

2013; Tavares et al., 2015; Wang et al., 2015). While each approach can potentially provide 

insight into properties and relationships in systems that influence NP behavior, each 

also has drawbacks and limitations, which we will not cover here in detail. However, 

some of the limitations of these methods preclude their use in this analysis and constrain 

their use to specific applications. For example, multiple linear regression relies on the 

assumptions of data normality and linearity between independent and dependent 

variables, two conditions that are largely unmet by our dataset. And even when these 
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conditions are met, this approach has been criticized as biased towards high r2 values 

and low p-values, leading to identification of many “false” patterns and obscuring 

“true” patterns (Harrell Jr, 2015). While PCA does not require normality of residuals, 

this approach applies orthogonal data transformations to reduce variable redundancy, 

presenting “components” that explain a percentage of the variance in the data. This 

black box approach can result in outputs that are difficult to interpret, as the relationship 

between measured variables and principle components is masked by the transformation. 

The Spearman’s rank-order algorithm and RFC pipeline used here can 

accommodate non-normally distributed data, non-linear correlations, non-parametric 

data, and – most importantly – preserves variable information throughout the process, 

such that the importance of each variable to the decisions informing  prediction by the 

model can be determined. However, this approach also has significant limitations and 

deficiencies. First,  the necessity of validating the model with the same data used in the 

training set inevitably leads to bias. This limitation could be overcome in the future with 

the generation of more data. The use of a conservative feature-elimination threshold 

may have also harmed predictive performance. Based on our findings, we believe that 

lowering the feature-elimination threshold to remove more features prior to applying 

the RCF could be completed without sacrificing predictivity. But for the purpose of 

optimizing a highly predictive model for , more efficient feature-reduction strategies 

should be considered in future work.  
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Second, the results of the Spearman rank correlation and RFC pipeline suggest 

that solution chemistry dominates in our systems, and the physicochemical properties of 

the soil collectors are of secondary – if any – importance to the attachment of NPs to soil 

surfaces. These results conflict with those obtained through evaluation of the behavior of 

the AuNPs with different surface treatments in these systems, as discussed in Section 

4.3.3.5-Trends by surface treatment, where soil collector size distributions and ox-Al are 

also potentially correlated with . Due to the small size of the data set, the RFC pipeline 

might not yet be able to differentiate trends related to specific surface coatings. 

The lack of very strong correlations between  and soil features might also 

suggest that we are not measuring the right characteristics. Given that ’s from column 

studies in simplified systems typically underpredict those in natural soil systems in 

column studies, other processes and characteristics important to NP mobility might not 

be captured by the batch test assay and characterization approach taken here. For 

example, the phenomenon of straining, which is particularly relevant to mobility of 

aggregated NPs in intact soils will not be captured in a functional assay for  

(Peijnenburg et al., 2016). However, additional soil characteristics such as surface area 

(Wang et al., 2015), NOM composition and conformation (Nason et al., 2012; Surette and 

Nason, 2019), or additional ion concentrations (Tavares et al., 2015) could be measured 

and might reveal associations that are as powerful – or more powerful – than the 

associations observed here with components of solution chemistry. 
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As we discover new dimensions of these systems to probe for their influence on 

, the machine-learning model can learn from new datasets and update algorithms 

automatically, which sets our approach apart from other commonly used statistical 

approaches. While we have not yet compared the performance of our model to that of 

similar non-machine-learning approaches, this approach revealed potential for 

predicting NP-soil ’s from system characteristics that was both interpretable and 

adaptable to new data. 
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4.4 Evaluating particle attachment efficiency as a predictor of 
gold nanoparticle mobility and bioavailability to plants in 
four natural soils 

Contributors: Amalia Turner, Ethan Hicks, Nicholas Rogers, Hannah Varga, and Mark Wiesner 

4.4.1 Introduction 

Soils are both sinks for engineered nanomaterials (ENMs) released to the 

environment in waste streams and sites of intentional application of ENMs incorporated 

into agrichemicals (Giese et al., 2018; Lowry et al., 2019). ENMs in soils can be suspended 

in pore waters, either as single particles or as homo- or heteroaggregates (see Section 

2.3). These ENMs and aggregates can also deposit onto pore surfaces, get caught in pore 

throats (i.e., strained), or interact with biota, limiting their transport. Estimates of 

penetration depths of ENMs applied to the surface of natural soils range from 

centimeters (Cornelis et al., 2013; Tavares et al., 2015) to meters (Quevedo and Tufenkji, 

2012), depending on the affinity of ENMs for surfaces and conditions affecting 

advection.  

ENMs entering the soil compartment will inevitably interact with plants, 

particularly in the case of ENMs in agrichemicals. Plant roots can present a large amount 

of surface area with which NPs can interact, into which they can diffuse, and upon 

which they can deposit (Schwab et al., 2015). Plant root hairs, which form near root tips, 

drastically increase the surface area of the root system. Root hairs are epidermal cells 

that extend out into the soil matrix, presenting a thin cell wall through which the 
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majority of water and nutrients taken up by the plant enter through osmosis (Schwab et 

al., 2015). While the primary uptake pathway for ENMs into plants is not yet clear, 

evidence suggests that ENMs can follow the paths taken by water into the plant (Schwab 

et al., 2015), suggesting that ENM concentrations in soil pore waters could represent the 

most bioavailable fraction to plants. 

The uptake of nanoparticles (NPs) by plants was shown to be linearly 

proportional to exposure concentration in plants exposed to copper NPs in agar (Lee et 

al., 2008), and we observed the same linear dependence for Au uptake by B. napus 

seedlings grown in mesocosm soil and exposed to 2.5, 5, and 10 mg Au/kg soil (dry 

weight) 12-nm citrate-stabilized gold NPs (Cit-Au) for 2 weeks (Appendix C). As a 

result, the Au concentration accumulated by B. napus grown in soils treated with AuNPs 

can reasonably be assumed to reflect the relative availability of AuNPs in different soils, 

as determined by the particle attachment efficiency of the AuNPs for those soils.  

The purpose of the work presented in this section is to determine whether trends 

in attachment efficiency () of nanoparticles (NPs) with four soils are predictive of 

inverse trends in soil pore water concentrations and plant accumulation of NPs from 

those soils. Section 4.1 provided the foundation for exploring potential links between  

and NP mobility and bioavailability to plants in porous media by demonstrating a 

correlation between gold nanoparticle (AuNP) and ceria nanoparticle (CeO2-NP) ’s 

with glass beads determined using a batch test functional assay and accumulation of Au 
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and CeO2 by Brassica napus seedlings grown under conditions similar to those of batch 

tests. Section 4.2 extended the functional assay for  to complex soil systems and 

determined a range of NP-soil ’s for AuNPs with different coatings and a reference 

soil, identifying a trend relating  to the surface treatment of the AuNPs. Finally, Section 

4.3 expanded the matrix of systems for which NP-soil ’s were determined, revealing 

that the trend observed in Section 4.2 for AuNP surface treatments extended to nearly all 

of the investigated systems. In these systems, the ’s for 12-nm polyvinylpyrrolidone-

stabilized AuNPs (PVP-Au) were consistently orders of magnitude higher than those of 

gum-arabic-stabilized AuNPs (GA-Au). We hypothesize that plants grown in any of 

these soils spiked with PVP-Au should accumulate less Au than plants grown in the 

same soil spiked with GA-Au. We also hypothesize that trends in  across soils will be 

reflected in plant accumulation, with Au concentrations lower in plants grown in high- 

systems and higher in plants grown in low- systems, regardless of the surface 

treatment of AuNPs. We tested these hypotheses by growing B. napus in the four 

domestic soils evaluated in Section 4.3 – Mesocosm, Fill, Sandhills, and Topsoil – and 

collecting pore water and harvesting plant tissues at several time points after dosing 

soils with 10 mg/kg PVP-Au and GA-Au.  

Plant-particle interactions could also play a role in NP accumulation in these 

systems that would obscure a link between  and bioavailability. For example, while the 

primary particle diameters of PVP-Au and GA-Au are both approximately 12-nm, the 



 

 

202 

hydrodynamic diameters of these particles in soil extracts differ dramatically, with PVP-

Au ranging from ~37-66 nm and GA-Au ~82-121 nm in domestic soil extracts. Size 

exclusion limits imposed by plant anatomical barriers could therefore favor uptake and 

translocation of PVP-Au over GA-Au if these engineered coatings remain on the AuNPs. 

To determine the effect of particle surface treatment on the ability of B. napus seedlings 

to take up and translocate AuNPs, accumulation of AuNPs by plants from hydroponic 

media are also investigated. 

Finally, the rhizosphere is typically more acidic than bulk soil due to microbial 

processes and presence of plant mucilage and exudates, which could accelerate 

degradation of the GA and PVP coatings on AuNPs or lead to the release of dissolved 

Au complexes near the root surface. AuNPs have been observed to dissolve in the 

rhizosphere, and the source and identity of such a powerful oxidizing agents remains 

unknown (Taylor et al., 2014). Avellan et al.(2018) observed significant AuNP dissolution 

by a biofilm associated with the aquatic macrophyte Egeria densa growing in wetland 

mesocosms constructed using the same mesocosm soil used here. The mesocosm soil 

itself is created by combining the three other soils used here, suggesting that microbes 

capable of facilitating AuNP dissolution could be present in one or all of these soils and 

could dissolve AuNPs under the right conditions. As a result, dissolved gold in soil pore 

waters was also measured to assess the effect of dissolution on soil pore water 

concentrations over time.  
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4.4.2 Materials and methods 

4.4.2.1 Gold nanoparticles 

The synthesis of the 12-nm GA-Au and PVP-Au NPs used in this study is 

described in Section 3.1.1.2, and the characterization methods and results for these 

particles are described in detail in Sections 3.1.2 and 4.2.3.1, respectively. 

4.4.2.2 Soils 

The methods for collection and handling of the Mesocosm (M), Sandhills (S), Fill 

(F), and Topsoil (T) are described in Section 3.2.2.1, and the characterization methods 

and results for these soils are provided in detail in Sections 3.2.2.2and Table 4-7, 

respectively. Water holding capacities and porosities were determined for plant 

accumulation studies, as described in Section 3.2.2.2. 

4.4.2.3 Plants 

Brassica napus L. (cultivar dwarf essex rape) seeds were purchased from Ernst 

Seeds (Meadville, PA) in August 2018. B. napus seedlings approximately 2-days post-

emergence were grown in both soil and hydroponic media for a total of 2 or 4 weeks. A 

detailed description of plant germination and seedling selection procedure are provided 

in Section 3.4.   
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4.4.2.4 Experimental setup 

AuNP fate in soils and hydroponic systems both with and without B. napus 

seedlings was determined using plastic blackform seedling pots (2.5” x 2.5” x 3.5”) lined 

with two plastic sandwich baggies. All pots were filled one week prior to dosing with 

AuNPs (or H/10 adjusted to pH 7 for controls) and were kept in one of two Model M-13 

Reach-In Growth Chambers (Environmental Growth Chambers, Chagrin Falls, OH) with 

light/dark cycle of 16/8 hours and photosynthetically active radiation level of 250–450 

μmol m-2 s-1. All pots were individually weighed twice daily, H/10 added to maintain 

pots at 60% of water holding capacity (WHC) of the soils or at a volume of 200 mL for 

hydroponic systems, and randomly distributed back in the growth chambers. 

AuNP fate was evaluated in four systems: (1) Plants + soil + H/10, (2) Soil + H/10, 

(3) Plants + H/10, and (4) H/10. These systems, the measurements taken from each 

system, the time points at which measurements were taken, and the analysis informed 

by each measurement are provided in Table 4-12.  

Table 4-12. Exposure systems and measurements specific to each system 

System Contents Measurement Time post-

exposure 

Analysis 

1 Plants, soil, 

H/10 

Root biomass, [Au]Roots 

Shoot biomass, [Au]Shoots 

Mass Au on pot liner 

7 & 21 days 

7 & 21 days 

7 & 21 days 

 

Plant growth, plant accumulation 

of Au, Au uptake rates, Au 

vertical translocation, & Au mass 

balance. Note: [Au] in pore water 

not assessed to avoid depleting NP 

concentration available to plants 
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 System 1 

A quantity of 200 g (d.w.) soil S, T, F, or M, sieved to < 2 mm, was mixed with 25 

mL H/10 adjusted to pH 7 until a crumbly consistency was achieved. The wetted soil 

was then added to a lined pot, and a 1-mL pipet tip was used to make 16 evenly spaced 

holes in the soil mixture to a depth of 2 cm, to which 16 seedlings were added and the 

roots gently covered. Soil was lightly pressed down to secure seedlings, after which an 

additional quantity of H/10 was applied to the soil surface to bring each pot up to 60% of 

the WHC for each soil type. The setup for System 1 is shown in Figure 4-11.  

System Contents Measurement Time post-

exposure 

Analysis 

2 Soil, H/10 [Au]Total-pore water 

[Au]Dissolved-pore water 

Mass Au on pot liner 

1, 2, 3, 7, 21 days 

7 & 21 days 

Removal from pore water 

(provides theoretical link between  

and plant accumulation), Au 

speciation & Au Mass balance. 

 

3 Plants, 

H/10 

[Au]Total-H/10-filtered 

[Au]Dissolved-H/10-filtered 

[Au]H/10-unfiltered 

Root biomass, [Au]Roots 

Shoot biomass, [Au]Shoots 

Mass Au on pot liner 

1, 2, 3, 7, 21 days 

7 & 21 days 

7 & 21 days 

7 & 21 days 

7 & 21 days 

Impact of plant on Au recovery 

in hydroponic media, Au 

speciation, impact of pore water 

samplers on Au recovery, plant 

growth, maximum plant 

accumulation of Au in absence of 

competing collectors, & Au mass 

balance 

 

4 H/10 [Au]Total-H/10-filtered 

[Au]Dissolved-H/10-filtered 

[Au]H/10-unfiltered 

Mass Au on pot liner 

1, 2, 3, 7, 21 days 

7 & 21 days 

Impact of hydroponic media on 

Au recovery, Au speciation, 

impact of pore water samplers on 

Au recovery, Au mass balance 

H/10 = 10% Hoagland nutrient medium, Au = gold  
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Figure 4-11. System 1 experimental setup with 16 Brassica napus seedlings (A) just after 

planting and (B) 1 week post-exposure (2 weeks post-emergence) in lined pots with soil and 

10% Hoagland nutrient medium 

 

One week after planting, AuNPs in H/10 were evenly distributed over the soil 

surface by pipet at a nominal concentration of 10 mg AuNP/kg soil (d.w.), 

corresponding to starting pore water concentrations of 42.7, 34.9, 31.1, and 37.9 mg/L for 

soils S, T, F, and M, respectively, at 60% of the WHC. Pots were dosed over the course of 

1 hour to allow the AuNP suspension to penetrate the soil and to avoid prolonged 

contact with aboveground plant tissues (i.e., shoots). Control pots were “dosed” with an 

equivalent quantity of H/10. Replicates consisted of 8 AuNP-dosed pots for each 

AuNP/soil combination except Soil M, for which there was a limited quantity. Replicates 

for controls consisted of 6 pots for each soil type, except Soil M. A total of 6 replicates 

were prepared for each AuNP in Soil M and 4 replicates for the controls. Plants were 

counted and half of the pots harvested at 1 and 3 weeks after dosing, respectively, using 
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the following protocol: (1) Aboveground tissues were removed at the soil surface with 

scissors, washed carefully in dilute dish soap solution to remove any incidental soil and 

AuNP contamination, and rinsed 3x in DI water baths. (2) Soil was removed from the 

root mass by spraying with DI water over a plastic mesh screen, and organic debris 

caught in the root mass after rinsing was removed by forceps. (3) Above and 

belowground tissues were separately bagged in size 1 paper bags, folded shut, and dried 

at 60 °C for 48 hrs. (4) The plastic baggies lining the pots were rinsed with the DI water 

sprayer then sealed. 

 System 2  

Pots were prepared and dosed following the same protocol as for System 1, with 

a few exceptions. A Rhizon Flex pore water sampler with 5-cm hydrophilic membrane 

and 0.6 µm pore size (see Section 3.3.4 for more details), was buried horizontally under 

¼ of the wetted soil (approximately 1.5 cm below the soil surface), with the plastic 

tubing terminating in a luer lock extending out of the soil along the interior of the pot 

and secured by tape to the exterior of the pot (Figure 4-12). Replicates of 6 AuNP-dosed 

pots and 3 controls were prepared for each AuNP/soil combination except Soil M. A 

total of 4 replicates were prepared for each AuNP in Soil M and 2 replicates for the 

controls. Pore water samples were taken on Days 1, 2, 3, 7, and 21 by attaching a 3-mL 

luer-lock syringe to the Rhizon samplers to form a vacuum (Figure 4-12b). 
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Figure 4-12. System 2 experimental setup, with Rhizon Flex pore water samplers buried 

approximately 1.5 cm below the soil surface, (A) with the plastic tubing extending up the 

interior edge of the pot and secured to the exterior of the pot for (B) pore water extraction 

using a 3-mL luer-lock syringe. 

 

To avoid AuNP depletion, half of the AuNP-dosed replicates were sampled on 

Days 1, 3, and 21 and the other half on Days 2 and 7. All control replicates were sampled 

at each time point. The syringes were capped after filling and stored at 4 °C until 

analysis. Half of the AuNP-dosed replicates were harvested after 1 and 3 weeks, 

respectively, and all controls were harvested after 3 weeks. The harvest protocol 

consisted of collecting an additional quantity of 5–15 mL pore water by Rhizon sampler 

and one soil core per pot by plastic straw with 10-mm diameter. These samples were 

stored at -80 °C to arrest any processes leading to the dissolution of AuNPs in pore 

water extracts and to preserve microbial DNA for future characterization of the 

microbial community in soils (soil cores were not analyzed as part of this work). Plastic 

liners were rinsed and stored for analysis, as with System 1. 
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 System 3  

Hydroponic plant pots were prepared by suspending a 1-mL pipet rack trimmed to a 

2.3” square over 200 mL H/10. The roots of 16 seedlings were threaded through the grid 

into the H/10, while the shoot was secured above the grid with a piece of foam (Figure 4-

13). As with System 1, AuNPs in H/10 were dosed into the hydroponic system one week 

after planting at a final concentration of 10 mg AuNP/L H/10. Replicates of 8 AuNP-

dosed pots were prepared for each AuNP along with 6 controls. Rhizon samplers were 

used to take 3-mL samples of the hydroponic medium on the same schedule as for 

System 2, alternating replicate groups to avoid AuNP depletion. Pots were harvested at 

1 and 3 weeks post-exposure following the same plant and pore water collection and 

harvesting protocols as for Systems 1 and 2, with one exception. To determine whether 

Rhizon samplers were excluding any AuNPs from collection, additional 3-mL samples 

 
 

Figure 4-13. System 3 experimental setup, with (A) aerial portions of 16 Brassica napus 

seedlings secured over a pipet grid with foam and (B) roots extended into  10% Hoagland 

nutrient medium 
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of hydroponic media were taken directly from the pots without using the Rhizon 

samplers. Plastic liners were rinsed and stored for analysis, as described for System 1. 

 System 4  

Replicates of 6 AuNP-dosed pots were prepared for each AuNP along with 3 

controls using the same set-up as for System 3, only without plants (Figure 4-14). 

Dosing, hydroponic sampling, and plastic liner 

rinsing followed the same schedule as for System 3. 

4.4.2.5 ICP-MS analysis 

Detailed sample preparation methods are 

provided for soil pore water extracts, plant tissues, 

and pot liners in Sections 3.3.4.2, 3.4.2.2, and 3.5, 

respectively. Briefly, Samples of soil pore water and 

hydroponic media collected for analysis of total Au 

were dried, digested in 5.3 mL aqua regia, 

concentrated to approximately 0.3 mL, and diluted to a volume of 6 mL in ultrapure 

water. Diluted digestates were then prepared for ICP-MS at a ratio of 1:3 with 3% acid 

matrix spiked with 209Bi and 192Ir internal standard. Samples of soil pore water and 

hydroponic media collected for analysis of dissolved Au were thawed and the dissolved 

fraction separated from the particulate fraction using centrifugal filters with a 3 kDa cut-

 
 

Figure 4-14. System 4 

experimental setup, with pipet 

grid securing Rhizon Flex 

sampler over 10% Hoagland 

nutrient medium 
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off. The filtrate was then acidified and diluted 3:1 for ICP-MS analysis in 3% acid matrix 

spiked with internal standard. 

Plant root and shoot tissues were ashed at 550 C, digested in 5.3 mL aqua regia, 

concentrated to 0.3 mL, and diluted to a volume of 3 mL with ultrapure water. Diluted 

digestates were then prepared 1:12.3 for ICP-MS analysis in 3% acid matrix spiked with 

internal standard. Pot liners were swabbed with light duty tissues wetted with 10% HCl 

which were then dried and prepared for ICP-MS analysis following the same protocol as 

for plant tissues.  

All samples were analyzed using an Agilent 7900 ICP-MS system. A detailed 

approach for analyzing all samples using ICP-MS is provided in Section 3.6. In brief, 

frequent rinsing with either 4% acid or 3% acid with 2% L-cysteine was conducted to 

reduce memory effects of Au in ICP-MS measurements. QA/QC included two method 

blanks (ultrapure water) processed along with every 33 samples; second-source 

calibration verification samples analyzed at intervals throughout each analytical run; 

analysis of matrix effects for Au standard spiked into diluted control digestates of each 

soil pore water extract, hydroponic media, plant roots, plant shoots, and bag swabs; and 

AuNP spike recoveries for both GA-Au and PVP-Au spiked onto control samples of 

each soil pore water extract, hydroponic media, plant roots, plant shoots, and bag swabs 

prior to sample preparation. The mass Au recovered for method blanks from each 

digestion was subtracted from samples digested concurrently.  
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4.4.2.6  Nanoparticle attachment efficiencies () with soils 

The method for determining NP-soil ’s using batch tests is described in detail in 

Appendix A, and ’s for 12-nm GA-Au and PVP-Au with Soils M, S, F, and T were 

determined for previous work (Figure 4-7). 

4.4.3 Results and discussion 

4.4.3.1 Soil and soil extract characteristics 

We used two sandy loam soils (Soils M and S), one clay loam soil (Soil F), and 

one loam soil (Soil T) in this study comparing NP-soil attachment efficiency to plant 

accumulation. These soils exhibit a range of characteristics, which are provided in detail 

in Table 4-7 of Section 4.3.2.2. Abridged sets of characteristics relevant to this analysis are 

provided for soils in Table 4-13 and soil extracts used in batch tests in Table 4-14. 

Additional characteristics determined for fine soil and for pore water extracted from 

pots during plant accumulation tests are also provided in Tables Table 4-13 and Table 

4-14, respectively. 

The pH values measured in batch test soil extracts following the addition of GA-

Au and PVP-Au were typically lower than those measured in pore waters extracted 

from soil pots 7 days after dosing with AuNPs. Soil S was the exception, with pH values 

that were slightly lower in pots compared to those in batch tests for both GA-Au and 

PVP-Au. Pore water was only extracted from soil pots without plants to avoid AuNP 

depletion due to sampling, so we do not know how the plants influenced pH in soils;  



 

 

213 

Table 4-14. Soil extract and pore water characteristics from attachment efficiency 

batch tests and soil pot experiments at 7 days, respectively 

Soil 

pH – SE 

(GA/PVP) 

pH – 7-days 

(GA/PVP) 

EC-SE 

(𝝁S/cm) 

TOC-SE 

(mg/L) 

OC-SE / 

OC-SOM 

Loss rate – 7 days 

(GA /PVP) (g/d) 

Mesocosm (M) 5.3 / 5.50 6.15 / 6.22 394.3 46.75 1.10E-04 1.57 / 1.03 

Sandhills (S) 4.29 /4.34 4.14 / 4.20 658.7 18.64 2.87E-05 0.97 / 0.94 

Fill (F) 4.54 / 4.67 4.67 / 4.74 300 7.66 8.06E-05 0.79 / 0.76 

Topsoil (T) 4.74 / 4.69 5.78 / 6.07 336.6 110.05 1.57E-04 0.56 / 0.60 

All characteristics are for soil extracts prepared from mixtures of 2:1 (v:w) 10% Hoagland’s nutrient 

medium at pH 7 with air-dried fine soil (sieved to < 2 mm) unless denoted by “7 days”, which indicates 

that measurements were taken for pore waters in soil pots at 7 days. Bolded values are maximum values 

for all soils, and bolded italicized values are minimum values for all soils. SE = soil extract, GA = gum 

Arabic stabilized gold nanoparticles (AuNPs), PVP = polyvinylpyrrolidone-stabilized AuNPs.EC = 

electrical conductivity, TOC = total organic carbon, OC-SE is % of soil that is released to pore water as 

organic carbon, OC-SOM is the percent of dry soil that is organic carbon (from Table 4-7), and loss rate is 

the mass lost from pots by evaporation and evapotranspiration over time. 

Table 4-13. Characteristics of soils used in attachment efficiency batch tests and 

plant accumulation studies 

Soil 

% Sand / 

Silt / Clay % OM / OC 

Ox-Al / Fe 

(mg/L) 

WHC-

(FS) 

Porosity

(FS) CEC 

D50 (𝝁m) / 

rel. span 

Mesocosm (M) 58 / 24 / 18 1.47 / 0.85 815 / 1470 0.355 0.43 7.02 45 / 6.32 

Sandhills (S) 68 / 22 / 10 2.25 / 1.30 1120 / 1060 0.328 0.39 2.06 81 / 3.18 

Fill (F) 44 / 26 / 30 0.32 / 0.19 980 / 910 0.450 0.45 5.34 30 / 5.21 

Topsoil (T) 52 / 32 / 16 2.43 / 1.41 615 / 1380 0.401 0.41 6.27 51 / 7.46 

All characteristics are for ultrafine (sieved to < 0.298 mm) soil unless denoted by FS, which stands for 

fine soil (sieved to < 2 mm). Bolded values are maximum values for all soils, and bolded italicized values 

are minimum values for all soils. % Sand/%Silt/%Clay based on USDA textural classification of percent 

of soil <0.002 mm / 0.002 – 0.05 mm / >0.05 mm, OM = Organic matter, OC = organic carbon, Ox-Al/Fe = 

oxalate-extractable aluminum and iron, WHC = water holding capacity, CEC = cation exchange capacity, 

D50 = median diameter in suspension measured by laser diffraction, and rel. span = relative span ([D90-

D10]/D50). 
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however, we assume that  the acidity of the rhizosphere likely resulted in lower pH 

values for pore waters in the presence of plants, given the confined space. 

4.4.3.2 Gold nanoparticle characteristics in soil extracts and nutrient medium 

The primary particle sizes of GA-Au, and PAH-Au were 12.75  1.64, and 12.40  

1.93 nm, respectively, as measured by transmission electron microscopy. The 

characteristics of GA-Au and PVP-Au, as measured in the batch test soil extracts are 

provided in Table 4-15. 

Table 4-15. Characteristics of gold nanoparticles in batch test soil extracts 

Soil NP dh (nm) pH 

EPM  

(m cm V-1 s-

1) 

𝜻-potential 

(mV) Stability 

Mesocosm (M) GA-Au 82.82 5.37 -1.41 -18.01 Stable 

 PVP-Au 65.67 5.50 -1.12 -14.38 Moderate 

Sandhills (S) GA-Au 83.34 4.29 -0.95 -12.14 Stable 

 PVP-Au 40.00 4.34 -0.29 -3.63 Stable 

Fill (F) GA-Au 121.03 4.54 -1.25 -16.00 Stable 

 PVP-Au 38.54 4.67 -1.05 -13.40 Stable 

Topsoil (T) GA-Au 102.97 4.74 -0.90 -11.54 Stable 

 PVP-Au 37.01 4.69 -0.69 -8.75 Stable 

NP = nanoparticle, GA-Au = gum-arabic-stabilized gold NPs, PVP-Au = polyvinylpyrrolidone-

stabilized gold NPs, dh = z-average hydrodynamic diameter calculated at the beginning of the 

attachment phase, and EPM = electrophoretic mobility. Stability was determined by evaluating 

the hydrodynamic radius over the duration of the attachment phase; if the dh increased relative 

to the dh in ultrapure over time by >75%, 15-74%, or by <15 %, the system was deemed unstable, 

moderately stable, or stable, respectively. 
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4.4.3.3 Effects of sample collection, preparation, and analysis methods on gold 
recoveries 

 Matrix effects 

Dissolved gold spike recoveries from ICP-MS samples containing aqueous 

control sample digestates ranged from 100.7% (mesocosm pore water) to 107.1% 

(hydroponic medium without plants), with a median recovery of 105.2% for all systems. 

Spike recoveries from ICP-MS samples containing pooled control root, shoot, and bag 

swab digestates were 87.0, 83.1, and 89.1%, respectively. The matrix appears to slightly 

enhance the Au signal for aqueous samples and suppress the signal for solid samples, 

particularly for the aboveground portion of plants. 

 AuNP spike recoveries 

Gold recoveries for GA-Au spiked into control aqueous samples ranged from 

88.8% (fill soil pore water) to 103.7% (topsoil pore water), with a median recovery of 

97.7% for all systems. GA-Au spike recoveries from samples of pooled control root, 

shoot, and bag swabs were 101.7, 101.5, and 113.0%, respectively.  

Gold recoveries for PVP-Au spiked into aqueous control samples ranged from 

71.5% (sandhills soil pore water) to 87.7% (hydroponic, no plants), with a median 

recovery of 81.1% for all systems. PVP-Au spike recoveries from samples of pooled 

control root, shoot, and bag swabs were 98.6, 98.4, and 104.1%, respectively. 

Overall, Au recoveries from AuNP spikes were acceptable, but lower recoveries 

were observed for aqueous samples spiked with PVP-Au than for other samples. It is 
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possible that these samples were particularly susceptible to precipitate formation during 

the sample-drying or digestate-concentration steps that led to incomplete digestion. 

Additionally, it is interesting that percent recoveries for Au in solid samples were high 

despite the matrix interference noted in the previous section. 

 Rhizon samplers  

Gold recoveries after collection by Rhizon sampler were approximately 98% and 93% of 

“unfiltered” samples collected directly from hydroponic GA-Au and PVP-Au systems, 

respectively, at the 7-day sampling point in pots both with and without plants (Figure 4-

15). Recoveries in the pots without plants dropped to about 42% and 51% of unfiltered 

samples for GA-Au and PVP-Au, respectively, at 21 days, while recoveries for both GA-

Au and PVP-Au from pots with plants only dropped to 80%. These results suggest that 

most suspended AuNPs remained smaller than 0.6 m for the first 7 days, regardless of 

AuNP surface treatment and presence or absence of plants. However, at 21 days, the 

plants appeared to provide relative stability of suspended AuNPs against 

homoaggregation that was absent in pots without plants, as evidenced by the much 

lower recoveries from samples collected using Rhizon filters from the pots without 

plants. 
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4.4.3.4 Effect of plants on hydroponic systems 

To prevent AuNP depletion from sample extraction, pore water samples were 

taken only from soil pots without plants. To explore the potential effect of plants on 

exposure conditions and AuNP stability, samples were taken from hydroponic systems 

both with and without plants at 7 and 21 days. Plants had a similar effect on pH in Au-

treated systems, regardless of the AuNP, but differences were observed in the pH and 

appearance of systems with and without plants at both Days 7 and 21. In hydroponic 

 
 

Figure 4-15. Gold concentrations in hydroponic media over time, with comparisons of 

systems with and without plants when samples were collected directly (UF) or when they 

were filtered through the membrane of a Rhizon sampler with a pore size of 0.6 m. H= 

hydroponic, GA = gum-arabic-stabilized gold nanoparticles, PVP= polyvinylpyrrolidone-

stabilized gold nanoparticles. Values are means  1 standard deviation. 
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systems with plants, the pH dropped from approximately pH 7 at Day 0 to pH 5.4 at 

Day 7, to pH 4.8 at Day 21, which is consistent with the well-known acidifying effect of 

the rhizosphere (Schwab et al., 2015). In systems with no plants, an initial drop was 

observed from pH 7 at Day 0 to pH 5.8 at Day 7, but the pH increased to over pH 8 by 

Day 21. Moreover, the nutrient medium in pots without plants grew cloudy over time, 

with brown flocs and green film visible in most replicates, while the nutrient medium in 

the pots with plants remained clean. 

The presence of plants enhanced the removal of GA-Au and restricted removal of 

PVP-Au in hydroponic media. Au concentrations in GA-Au systems with plants were 

reduced by about 10% and 20% relative to those in the absence of plants at 7 and 21 

days, respectively (Figure 4-15), while Au concentrations in PVP-Au systems with plants 

were approximately 130% and 150% of those measured in systems without plants at 7 

and 21 days. Based on the observation of a pink tint on roots only in GA-Au systems, it’s 

possible that the additional removal is a combination of AuNP uptake by plants and 

association of the GA coating with plant root mucilage and exudates. Those same 

exudates might also serve to stabilize PVP-Au against homoaggregation and attachment 

to the walls of the pot, thereby increasing PVP-Au concentrations relative to those in the 

pots without plants.  

The dissolved fraction of Au (Audiss) measured in nutrient medium exposed to 

GA-Au and PVP-Au was low overall, but the presence of plants reduced Audiss in 
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hydroponic systems by two orders of magnitude (from about 1.2% to 0.01% of the total 

Au concentration in pore waters), suggesting that plants either stabilize AuNPs against 

dissolution or preferentially take up Audiss species, depleting them from the medium at a 

faster rate than they are produced. 

4.4.3.5 Gold removal from hydroponic media 

Aqueous concentrations in hydroponic systems without plants were measured 

on Days 1, 2, 3, 7, and 21 (Figure 4-15). After one day, gold concentrations in the nutrient 

medium for GA-Au- and PVP-Au-dosed systems were 117.7% and 65.2%, respectively, 

of the nominal concentration at the time of dosing, suggesting that GA-Au remained in 

suspension, while PVP-Au rapidly homoaggregated and sedimented out or attached to 

the walls of the pots (see Appendix D for mass balance and Au partitioning among pot 

compartments). Increased exclusion of PVP-Au from the Rhizon samplers and reduced 

recoveries following sample preparation are also expected to contribute to the lower 

gold concentrations measured in aqueous samples from PVP-Au systems.  

Gold concentrations from both the GA-Au and PVP-Au systems without plants 

followed qualitatively the same trend over time, with a slight increase in concentration 

at Day 2, followed by a steady decrease for the remainder of the experiment. At Day 7, 

99.7% and 50.5% of the nominal dose remained in the GA-Au and PVP-Au systems, 

respectively, and at 21 days, the amounts remaining were reduced to 15.9% and 5.0% of 

the initial concentration. It is unclear what is driving the disappearance of gold from 
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suspension, as the experimental data can be fitted equally well to both models of first- 

and second-order kinetics. Losses due to homoaggregation are characterized by second-

order kinetics and losses upon attachment to walls by pseudo-first-order kinetics.  

As previously discussed, the presence of plants resulted in a decrease in aqueous 

gold concentrations in systems with GA-Au and an increase in those with PVP-Au, 

relative to systems without plants. After 7 days, 90.5 and 67.8% of the initial nominal 

concentration remained in suspension for the GA-Au and PVP-Au systems, respectively, 

and after 21 days, these concentrations had dropped to 12.8 and 15.2%. Given that the 

addition of soil to this system will increase available surface area by orders of 

magnitude, it is likely that [Au] in soil pore waters will be quite low after 7 days, with 

minimal change in [Au] from the perspective of the plant between 7 and 21 days.  

4.4.3.6 Gold accumulation by plants in hydroponic media 

In the absence of soil (i.e., in the hydroponic systems), AuNP treatments did not 

affect growth of the plants over 21 days relative to controls (see Figure 4-20, later). At 

Day 7, 3.76% and 5.41% of Au of the nominal GA-Au and PVP-Au doses, respectively, 

were associated with plant tissues, with approximately 95% and 99% of the Au detected 

in plants associated with the root system.  

At day 21, the roots of all GA-Au-treated plants in hydroponic systems appeared 

pink or purple prior to rinsing, presumably due to coverage by AuNPs. However, the 

tint disappeared after rinsing, suggesting that most GA-Au was only loosely adhered to 
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the root surface or associated with the viscous mucilage and exudate coating produced 

by roots for protection and nutrient capture. As a result, the mass of Au measured in 

root tissue samples for GA-Au accounts for only those AuNPs either strongly attached 

to the root surface or taken up by the plant.  

The percent of the nominal Au in hydroponic plants at Day 21 had increased 4.3- 

and 3.4-fold for GA-Au and PVP-Au, respectively, suggesting that the mass transfer rate 

from the nutrient medium to plants increased over time. The root biomass available for 

NPs to interact with directly increased during that time along with the 

evapotranspiration rate, which is proportional to plant biomass. Given these factors, an 

increase in mass transfer rates would be expected to follow an upward trend with 

growth, provided the concentrations in hydroponic media are not substantially 

depleted. Of the Au detected in the plant, 78% and 71% was associated with plant roots 

for GA-Au and PVP-Au, respectively, suggesting upward translocation of an average of 

approximately one quarter of plant-associated Au to shoots after 21 days. 

4.4.3.7 Particle attachment efficiencies for gold nanoparticles with soils 

The qualitative trend in soil-NP attachment efficiencies determined by batch test 

was T-GA < M-GA < S-GA < F-GA < S-PVP < T-PVP < M-PVP ≈ F-PVP, with ’s 

spanning approximately 3 orders of magnitude (10-04 –10-01) (Figure 4-16). However, only 

’s for T-GA and M-GA were statistically significantly different from all other systems at 

a 5% significance level, as determined by t-test using log-transformed data. Attachment  
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efficiencies for the remainder of the systems were grouped more closely, with few 

statistically significant differences among systems.  

4.4.3.8 Trends in gold concentrations in soil pore waters compared to trends in 
attachment efficiency  

We hypothesized that AuNP removal rates would increase with increasing attachment 

efficiency. Broadly speaking, based on ’s alone, GA-Au should remain in soil pore 

waters longer than PVP-Au; this trend was generally observed in measured 

concentrations in soil pore water extracts, with a few notable exceptions; however, 

statistically significant differences among systems were difficult to determine due to 

high variability. Qualitatively, the percent of the nominal dose remaining at Day 1 was 

highest in soil extracts from T-GA (16.9%) and M-GA (4.6%), as predicted by trends in , 

 

 

Figure 4-16. Mean attachment efficiencies for gum arabic and polyvinylpyrrolidone 

stabilized gold nanoparticles (GA-Au and PVP-Au, respectively) with topsoil (T), 

mesocosm soil (M), sandhills soil (S), and fill soil (F). Error bars indicate +/- standard 

deviation. 
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and 3-4 orders of magnitude lower in S-GA, F-GA, and S-PVP, among which the percent 

remaining was very low and roughly equivalent (~0.002–0.006%)(Figure 4-17). Gold was 

not detected in T-PVP and M-PVP soil extracts on Day 1. Interestingly, gold was 

detected in F-PVP soil extracts at roughly 0.03% of the nominal dose, and the gold 

concentration remained stable over the course of the first week, suggesting that a small 

fraction of the PVP-Au added to the system had stabilized against deposition to pore 

walls. A likely explanation for this observation is that PVP-Au rapidly attached to  

 
 

Figure 4-17. Percent of initial nominal gold concentration in soil extracts at 1, 2, 3, 7, and 21 

days for topsoil (T), mesocosm soil (m), sandhills soil (S), and fill soil (F) dosed with Au 

nanoparticles stabilized with gum Arabic (GA-Au) or polyvinylpyrrolidone (PVP). *below 

limit of detection. Error bars represent +/- standard deviation. Unidirectional error bars 

indicate standard deviations larger than the mean. All controls but those for Soil S on Day 1 

and Soil F on day 7 were below detection, and the two measured concentrations were more 

than 1 order of magnitude lower than those measured in the AuNP-treated systems. (Note 

the logarithmic scale of the y-axis, which could obscure comparisons by eye.) 
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 mobile colloids in pore waters, and fill soil contains a higher relative concentration of 

those colloids sufficiently small to pass through the porous membrane of the Rhizon 

samplers. Fill soil has the highest clay content of the soils tested, which further supports 

this conclusion. Additionally, gold was detected in F-GA soil extracts at all time points, 

but at concentrations lower than those measured in F-PVP, suggesting that GA-Au also 

associated with mobile colloids in this soil, but due to the lower attachment efficiency of 

GA-Au for fill soil as compared to that of PVP-Au, the amount of GA-Au stabilized 

against deposition over time was comparatively lower than that of PVP-Au. 

For the first few days after dosing, the removal of gold from T-GA and M-GA at 

the depth of the pore water sampler follows first-order removal kinetics, with rate 

constants of 1.83 and 2.73 day-1, respectively. While removal occurred too quickly in the 

remaining GA-Au systems to accurately capture kinetics, rate constants were estimated 

from the nominal GA-Au concentration at the time of dosing and the Au concentration 

remaining at Day 1 (Figure 4-18). Removal due to deposition to the surface at a known 

depth can be approximated by consideration as heteroaggregation in a batch test 

(Section 2.2.2), with the collision frequency, , determined by the dominant transport 

mechanisms bringing NPs to the collector surface and “B”, or the amount of collector 

surface with which a NP can interact, estimated by the volume fraction of intact soil that 

is not void space. Rate constants were normalized by 1−soil porosity to account for  
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differences in B among soils, and normalized rate constants were plotted against  to 

determine if AuNP removal from pore waters correlated with NP-soil attachment 

efficiency (Figure 4-19). Provided the dominant physical mechanisms driving 

attachment do not change across systems, the normalized rate constant should be 

proportional to , with a slope of . Normalized GA-Au removal rates from pore water 

scaled linearly with , as predicted, with Topsoil, Mesocosm soil, and Fill soil producing 

an especially strong trend (Figure 4-19), suggesting that attachment efficiency could be 

used to predict NP removal trends from pore waters under certain conditions. 

 
 

Figure 4-18. Pseudo-first-order-removal kinetics of gum-arabic-stabilized gold nanoparticles 

(GA-Au) from pore water (PW) extracts in topsoil (T), mesocosm soil (M), and fill soil (F) over 

21 days, and linear regression of the natural log of the ratio of the initial concentration of GA-

Au ([Auinitial]and measured [Au] over the first 1–3 days after dosing. The slope of the 

regression lines are pseudo first-order rate constants for GA-Au from PW extracts at a depth 

of approximately 1.5 cm. The removal curve and two-point regression shown for F-GA 

illustrate the near-complete removal of Au from PW by Day 1 and the rate constant estimated 

from the nominal [Au] at Day 0 and measured [Au] at Day 1. 
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Changes in the kinetics of gold removal were observed in some systems, starting 

with the Day 7 samples. Gold concentrations in T-GA and M-GA at Day 7 began to show 

evidence of a plateau, deviating somewhat from the strong first-order decay observed at 

earlier time points. The gold concentration returned to that of Day 1 in F-GA, and Au 

was detected for the first time in M-PVP, albeit at a very low concentration just above 

the limit of detection, translating to approximately 1E-05 % of the nominal dose (Figure 

4-17). At Day 21, a general trend in Au rebound was observed, with Au detected in 

seven of the eight systems, for which gold concentrations were higher than those 

measured at Day 7 and Day 1 in six and five of the systems, respectively. A similar trend 

was observed by Whitley et al. (2013) for PVP-Ag in natural sandy loam soil, with Ag 

 

 

Figure 4-19. Correlation between attachment efficiency and pseudo-first-order kinetic rate 

constants normalized by 1−soil porosity. Rate constants are for removal at the level of the 

pore water sampler of gum-arabic-stabilized gold nanoparticles (GA-Au) in topsoil (T), 

mesocosm soil (M), sandhills soil (S), and fill soil (F).  

 



 

 

227 

concentrations first decreasing over the course of 1 week, after which concentrations 

were observed to have increased by 2 months and again by 6 months. The authors note 

that dissolution was low in these systems, indicating that Ag in pore water remained in 

NP form. They postulated that PVP-Ag re-mobilized as a result of slow interactions with 

DOM that increased the net negative charge of the NPs, presumably driving up the 

repulsive forces between NPs and soil surfaces, and ultimately causing detachment. 

While this is a reasonable explanation for most of the systems evaluated here, it does not 

adequately explain the rebound in gold for GA-Au in Soil F pore water, given that the 

organic carbon content in that soil is quite low (7.66 mg/L).  

Another potential source of these Au rebounds in some soil pore waters is the 

contribution of Audiss. While concentrations of Audiss were low in soil pore water extracts 

– on the order of parts per trillion – these concentrations increased between Days 7 and 

21 by between 42% and 97%, which contributed variably to the low measured 

concentrations of total Au in pore waters at Days 7 and 21. The percent of Au as Audiss 

measured in pore water extracted from some systems was negligible at both Days 7 and 

21(< 1% for GA-Au in Soils T and S and <2 % for PVP-Au in Soil F). However, Audiss 

accounts for a significant fraction of the small Au concentrations measured in pore 

waters extracted from Soils M and F dosed with GA-Au (25% and 9 % at Day 7 and 4% 

and 26 % at Day 21, respectively) and from Soils T and M dosed with PVP-Au (13 % for 

in soil M at Day 7 and 37 % and 12 % in soils M and T, respectively at Day 21.) While the 
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phenomenon of AuNP dissolution is important to note, its contribution to Au 

partitioning in this system overall is likely negligible, as the total Au measured in pore 

water extracts at Days 7 and 21 were below 1.5 percent of the nominal Au dose for all 

systems, of which Audiss was only a fraction.   

To better illustrate the speed at which AuNPs were removed from the soil pore 

water at the level of the pore water samplers due to attachment to soil surfaces, half-

lives were determined using Equation 2-17 describing the time-variable solution to the 

modified Smoluchowski equation. For GA-Au, the heteroaggregation rate constant, B, 

was assumed to be represented by the rate constants provided in Figure 4-18, and rate 

constants were approximated for PVP-Au based on the correlation equation between  

and GA-Au removal rate constants in Figure 4-19. The estimated half-lives for GA-Au at 

the level of the pore water samplers were approximately 9 and 6 hours in Soils T and M, 

respectively, and about 1.5 hours in Soils S and F. Half-lives for PVP-Au were on the 

scale of minutes, with half of the nominal PVP-Au dose removed from pore waters 

approximately 33 and 12 minutes after dosing for Soils S and T, respectively, and about 

6 minutes after dosing for Soils M and F. 

4.4.3.9 Effect of soil and gold-nanoparticle exposure on plant growth 

Plants in control pots did not grow uniformly across soils, with biomass 

production in Soil M >> Soil S = Soil F > Soil T (Figure 4-20). The reason for this disparity 

in growth is unclear but could be related to a combination of compaction and  



 

 

229 

waterlogging in Soils F and T , which is discussed in Section 0. While differences in plant 

health and biomass production will inevitably affect the comparison of Au  

accumulation across soils, the comparison between GA-Au and PVP-Au within soils 

should not be affected. Given that the NP-soil  for PVP-Au was higher than that of GA-

Au in every soil, the within-soil comparison can still provide insight into whether  

trends could be predictive of plant accumulation trends. 

In contrast to the hydroponic-exposure system (Section 4.4.3.6), plant growth was 

significantly affected by exposure to 10 mg /kg AuNPs in all soils (Figure 4-20). Plants in 

Soil T and Soil F were statistically significantly smaller than controls at 7 days when 

 
 

Figure 4-20. Total plant biomass (dry weight) for Brassica napus seedlings grown for 1 and 3 

weeks in hydroponic systems with 10% Hoaglands nutrient medium or in soil pots 

containing Topsoil, Mesocosm soil, Sandhills soil, or Fill soil. 
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exposed to AuNPs, regardless of the AuNP surface treatment, and at 21 days for all 

exposures but that of GA-Au in Soil F. No difference was observed between the plant 

biomass of GA-Au- and PVP-Au-exposed plants in these two soils. Statistically 

significant reductions in growth relative to controls and GA-Au were observed in plants 

exposed to PVP-Au in Soils M and S at Day 7 and for Soil M at Day 21. Finally, GA-Au 

exposure to plants in Soil S resulted in an increase in plant biomass production relative 

to controls by Day 21. While exposures to 10 mg/L AuNPs in hydroponic media have 

been reported to affect nutrient uptake and lead to irreversible reductions in root 

biomass in some plants (Feichtmeier et al., 2015), we did not observe any reduction in 

plant biomass production in hydroponic systems with AuNP. However, pore water 

concentrations at the time of dosing would have been much higher than 10 mg/L – or 

even the 31–43 mg/L concentration averaged over the total volume of pore water – near 

the soil surface (i.e., in the unsaturated zone) at dosing. Plants exhibiting reduced 

biomass production in response to unfavorable conditions prior to AuNP dosing would 

likely be more susceptible to toxicity when exposed to high local AuNP concentrations, 

as the root mass in smaller plants is closer to the surface and defensive barriers 

preventing AuNP uptake could be compromised under stress (Schwab et al., 2015). 

4.4.3.10 Trends in gold concentrations in plant tissues compared to trends in 
attachment efficiency 

The Au accumulated by plants in all soil systems represented only a minor 

fraction of the total Au dose (Table 4-16), ranging from 0.14 % to 1.36 % of the nominal  
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Table 4-16. Percent of gold dose in whole plants, roots, and shoots harvested at 7 and 21 days after exposure to 12-nm GA-Au 

and PVP-Au in nutrient medium or soil 

 Whole plant Root Shoot 
TF 

([Au]shoot:[Au]plant) 

System 
7 days 21 days 7 days 21 days 7 days 21 days 7 days 21 days 

H-GA 3.76  1.915 16.26  3.976 3.60  1.91 12.66  3.69 0.158  0.151 3.60  1.477 0.06 0.01 

H-PVP 5.41  4.588 18.41  6.369 5.36  4.59 13.05  3.75 0.045  0.039 5.36  5.146 0.01 0.02 

T-GA 1.36  1.003 2.38  0.759 1.30  1.00 1.08  0.32 0.060  0.009 1.30  0.687 0.05 0.06 

T-PVP 0.43  0.157 0.89  0.196 0.38  0.15 0.51  0.15 0.053  0.048 0.38  0.125 0.16 0.08 

M-GA 0.34  0.101 0.53  0.076 0.23  0.02 0.30  0.06 0.108  0.100 0.23  0.047 0.41 0.24 

M-PVP 0.20  0.032 0.39  0.125 0.12  0.03 0.26  0.07 0.077  0.007 0.12  0.101 0.51 0.52 

S-GA 0.26  0.118 0.65  0.230 0.25  0.12 0.40  0.13 0.009  0.003 0.25  0.191 0.05 0.46 

S-PVP 0.14  0.041 0.57  0.297 0.12  0.03 0.45  0.28 0.024  0.024 0.12  0.111 0.21 0.17 

F-GA 0.90  0.370 1.65  0.433 0.80  0.37 0.85  0.38 0.097  0.026 0.80  0.209 0.16 0.12 

F-PVP 0.27  0.058 0.47  0.172 0.21  0.06 0.26  0.06 0.065  0.016 0.21  0.161 0.33 0.24 

H = hydroponic, GA = gum arabic stabilized gold nanoparticles (GA-Au), PVP = PVP-stabilized gold nanoparticles (PVP-Au), T = Topsoil, M = Mesocosm 

soil, S = Sandhills soil, F = Fill soil 
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dose at Day 7 and from 0.38 % to 2.38 % at Day 21. We hypothesized that AuNP 

accumulation by plants would decrease with increasing attachment efficiency. The 

observation that GA-Au was generally removed from soil pore waters more slowly than 

PVP-Au suggest that the within-soil comparison between GA-Au and PVP-Au 

accumulation by plants should reflect this difference in bioavailable AuNP 

concentrations over time. Within soils, plants accumulated more GA-Au than PVP-Au in 

every soil system, whether determined on the basis of Au concentration associated with 

plants (Figure 4-21) or mass Au (Figure 4-22), and this trend was consistent over time. 

However, due to high variability, these qualitative differences are seldom statistically 

significant. Across soils, it is clear that plants producing less biomass (i.e., those in Soils 

T and F; Figure 4-20) accumulated the most Au overall on a concentration basis; while  

 
 

Figure 4-21. Gold accumulation (mg Au/kg biomass d.w.) by Brassica napus seedlings 

following GA-AuNP and PVP-AuNP exposure at 10 mg Au/kg soil d.w in Topsoil (T), 

Mesocosm soil (M), Sandhills soil (S), and Fills soil (F) for 7 and 21 days. 
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the same trend holds for GA-Au on a mass basis, only plants in Soil T accumulated more 

PVP-Au on a mass basis than plants in other PVP-Au-dosed soils. There is little 

agreement between trends – qualitative or quantitatively – in NP-soil  and Au 

accumulation by plants across systems (Figure 4-23). The exception is for plants  

grown in Soil T dosed with GA-Au, which had the lowest  and exhibited the highest 

plant accumulation of Au. 

 
 

Figure 4-22. Gold mass (mg) associated with Brassica napus seedlings following GA-AuNP 

and PVP-AuNP exposure at 10 mg Au/kg soil d.w  in Topsoil (T), Mesocosm soil (M), 

Sandhills soil (S), and Fills soil (F) for 7 and 21 days. 

 



 

 

234 

4.4.3.11 System properties and experimental design factors possibly driving gold 
accumulation by plants 

We believe that the stunted growth observed in plants in Soils T and F could be 

due to the effect of soil compaction and waterlogging and that those conditions led to 

inconsistencies in local AuNP concentrations to which roots were exposed. Pots used for 

this experiment did not have drainage, and the root systems for plants grown in these 

two soils were primarily located in the top half of the soil pots or even protruding from 

the soil surface, in the case of Soil F. Additionally, the lack of drainage means that water 

transport could only occur by evaporation from the soil surface, evapotranspiration by 

plants, perturbations due to daily watering, and capillary transport in narrow pore 

 
 

Figure 4-23. Percent of the nominal GA-AuNP or PVP-AuNP dose versus AuNP attachment 

efficiency with Topsoil (T), Mesocosm soil (M), Fill soil (F), and Sandhills soil (S) 
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spaces. To investigate the waterlogging hypothesis, we used the measured porosities of 

the soils to calculate the pore volume of each soil and determined the percentage of the 

void space occupied by the nutrient medium at 60 % water holding capacity. The 

percent saturation was lowest for Soils M (80 %)and S (87 %) and highest for Soils F (92 

%) and T (93 %), suggesting that the very high capacity of Soils F and T to retain water 

against gravity translated to a higher level of saturation of void space at 60 % WHC 

relative to Soils M and S. The confinement within soil pots likely led to compaction due 

to swelling and pressure exerted by weight of the soil, resulting in higher soil saturation 

than would be predicted based on WHC, which was determined in the relatively flexible 

cone of a filter where expansion could have occurred freely. These two soils might have 

been more susceptible to compaction due to high clay content (Soil F) and high organic 

matter content (Soil T)(see Section 4.4.3.1). 

Using the percent saturation of void space at 60 % WHC and the water loss rates 

between plant waterings, we determined the depth range of the unsaturated zone near 

the surface of the pots at the time of dosing and throughout the experiment, based on 

the area of the pot and assuming perfect permeability. This calculation provides an 

estimate of the penetration depth of AuNPs based only on flow through the unsaturated 

zone. At the time of dosing, the unsaturated zone extended to 0.7 cm below the soil 

surface for Soil T, 0.9 cm for Soils S and F, and 1.7 cm for Soil M. Over the first 7 days 

after dosing, the 90th percentile depth of the unsaturated zone ranged from 1.2 cm (Soil 
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T) to 1.8 cm (soil S) in soils without plants and from 1.1 cm (Soil T) to 2.81 cm (Soil M, 

GA-Au) for soils with plants. In the case of Soil M, the type of AuNP dosed into the soil 

affected the water loss rates due to differing plant biomass, with the depth of the 

unsaturated zone extending about 0.5 cm lower for GA-Au than for PVP-Au in Soil M. 

The depth of the unsaturated zone did not increase over time for the pots without soils, 

and the 90th percentile depth increased by no more than 0.5 cm in all soils with plants 

over 8 to 21 days after dosing, with the discrepancy in water loss between Soil M with 

GA-Au and PVP-Au persisting but stabilizing at a difference of about 0.3 cm. 

In general, the estimated depth of the unsaturated zone in all pots remained at or 

above the level of the Rhizon samplers for Soils T and F and below the level of the 

Rhizon samplers for Soils M and S. The range of nutrient medium displacement due to 

differences in water loss among systems could lead to significantly different vertical 

distribution of AuNPs in pots. Theory predicts that the dominant mechanism of 

transport for NPs is diffusion. Without the obstacle of collector grains, a back-of-the-

envelope calculation using the solution to Fick’s second law that states that diffusion 

time is equal to the square of the distance over twice the diffusion coefficient (calculated 

using the Stokes-Einstein equation), it would take a 12-nm AuNP about 31 days to 

diffuse 1 cm (based on a diffusion coefficient of 3.63E-11 m2/s). This suggests that 

diffusion is negligible in soil pots over 21 days, and the only process significantly 

contributing to AuNP vertical transport in soil pots is evapotranspiration. 
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Pairwise comparisons of the measured characteristics in soil pots with GA-Au 

and PVP-Au accumulation by plants revealed a potential negative correlation between 

root biomass and Au mass in plants. Interestingly, the mass of accumulated Au in plants 

correlated extremely well with root biomass for exposures to both GA-Au and PVP-Au 

in all soils but Soil S, with linear correlation coefficients changing from 0.789 and 0.539 to 

1.000 and 0.963 for GA-Au and PVP-Au, respectively, when Soil S was excluded from 

the regression. While limited conclusions can be drawn from such a small sample size (n 

= 4 soils), the departure of the Sandhills systems from trends might indicate that some 

feature(s) of this soil limits the bioavailability of Au regardless of root production. 

Putting all of these findings together, waterlogging in soils F and T (determined 

by the high percent saturation of void space) led to stunted plant growth in these soils 

(Figure 4-20), shallow AuNP penetration (determined by the depth of the unsaturated 

zone), and higher relative AuNPs concentrations in contact with stunted plant roots 

concentrated near the surface (Figure 4-24). Au accumulation trends for plants in Soils F 

and T can qualitatively be predicted by trends in . In contrast, the conditions in Soils S 

and M promote lower percent saturation of void space and higher water loss rates, 

leading to increased biomass relative to that in Soils T and F. An increase in biomass 

production leads to increasingly higher water-loss rates causing extension of the 

unsaturated zone. In these soils, the root mass quickly concentrates at the bottom of the 

pot. As a result, the vertical transport of AuNPs by water-level fluctuation – though 
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increased relative to the other soils – does not extend down to the level of the 

concentrated root mass (Figure 4-24). Moreover, AuNP transport through unsaturated  

1A  Topsoil 2A  Fill* 3A  Mesocosm 4A  Sandhills 

    

1B 2B 3B 4B 

 
Root mass near 

surface 

 

 
Root mass on 

surface, protruding 

 

 
Few small roots, 

root mass on bottom 

 

 
Some roots, root 

mass on bottom 

 

 

Figure 4-24. Estimated dose penetration zones (Part A, in pink) for gold nanoparticles 

(AuNPs) added to (1) Topsoil, (2) Fill soils, (3) Mesocosm soil, and (4) Sandhills soil. Part B 

shows the relative density of roots 7-days post-exposure in the unsaturated zone where 

AuNPs are expected to be most concentrated. *No pictures of the soil without pot liner were 

available for Fill soil, but root canbe observed protruding from the surface, which was not 

observed in other soils. 
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porous media can lead to increased straining and a higher removal rate (Fang et al., 

2013). As a result, only a small portion of the root systems in Soils M and S had access to 

the AuNP dose, resulting in limited Au accumulation. This explanation clarifies why Au 

concentrations measured in pore waters generally followed expected trends while 

accumulation in plants did not:  the level of the Rhizon samplers in soils without plants  

were typically within or near the dose penetration zones while plant roots in Soils M 

and S had limited access to that zone. A Rhizon sampler at the bottom of the pot might 

have better captured Au concentrations to which plant roots in these two soils were 

exposed. Tavares et al. (2015) conducted a similar study to ours, measuring AuNP 

concentrations in unsaturated soil pore waters from 8 Portuguese soils in undrained 

pots. The authors did not grow plants in these soils, but Rhizon samplers were buried at 

depths of 3 and 6 centimeters below the surface of soils at 60% WHC, and the soils were 

dosed with AuNPs at concentrations of 3.5, 8.5, and 16 mg/L (4.3 mg/kg). One day after 

dosing, they detected Au concentrations in pore waters from 3 of 8 soils in the high-dose 

group when extracted at 3 cm; no Au was detected in samples extracted at 6 cm in any 

soil.  
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5.  Conclusions 

The overarching hypothesis of this work is that trends in soil-nanoparticle (NP) 

attachment efficiencies (’s) can be used to predict trends in NP mobility in soils and 

bioavailability to plants in soils. We first explored the potential connection between  

and bioavailability to plants by developing a batch-test functional assay to determine ’s 

in well-defined model systems and comparing  trends to the accumulation of NPs by 

plants grown under conditions similar to those of the batch tests (Section 4.1). We then 

extended these methods to the determination of  for NPs with natural soils and 

identified trends related to system characteristics (Sections 4.2 and 4.3). Finally, we 

investigated whether NP removal kinetics in soil pore waters and NP accumulation by 

plants in natural soils varied as a function of  (Section 4.4).  

5.1 Key findings from Section 4.1 

The trend in ’s measured in batch tests using simplified systems of NPs with 

glass beads in nutrient medium with and without an amendment of HA was predictive 

– both qualitatively and quantitatively – of an inverse trend in plant accumulation in 

those simplified systems. In other words, high- systems resulted in low plant 

accumulation, while low- systems resulted in high plant accumulation. while low- 

systems resulted in high plant accumulation. While these results may be useful in 

interpreting results from more complex systems, these results must be viewed as 



 

 

241 

exploratory in that the work included only 1 replicate for each system in the plant 

accumulation study, thereby limiting the power of the observed trends in plant 

accumulation and the qualitative and quantitative relationship between  and plant 

accumulation. Also, the methodological issues discussed in Section 4.1.3.5 precluded 

analysis of valuable controls including hydroponic controls and Au in control plant 

tissues in the plant accumulation studies and homoaggregation controls for batch tests. 

Finally, the observed trends and correlation, if valid, are only applicable to these 

particular idealized systems. The model porous medium of glass beads did not change 

across these experiments. The role of changing soil conditions in more complex systems 

and the robustness of  in capturing these differences cannot be determined from these 

results. However, some additional tentative conclusions can be drawn from this work, 

which can be used to inform future experiments: 

- Changing the characteristics of the batch system can change ’s by orders of 

magnitude. While this conclusion might appear somewhat trivial, the proposed 

work is based on the assumption that α’s can vary dramatically with the 

characteristics of the system. These initial results support that assumption. 

- Certain NPs can be detected in suspension by UV-Vis spectroscopy, even in the 

presence of humic acid, suggesting that some NP concentrations can be obtained 

rapidly through UV-Vis with minimal sample preparation. 
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- Brassica napus seedlings readily accumulated AuNPs and CeO2-NPs (~60–690 mg/kg) 

when exposed to a maximum concentration of 10 mg/L in pore water, suggesting 

that these plants can be used to investigate NP accumulation from soils at relatively 

low exposure concentrations. 

- Very large changes in  might correspond to relatively small changes in plant 

accumulation of NPs, particularly as systems become more complex and multiple 

collector types compete for NP attachment. 

5.2 Key findings from Section 4.2 

The functional assay for determination of particle attachment efficiency for NPs 

with model collectors in well-defined systems was successfully optimized for use with 

natural soil systems. Using soil:NP ratios on the order of 10-05 to 10-04, we determined ’s 

for 12-nm AuNPs with the reference soil LUFA 2.2 that spanned four orders of 

magnitude, with  for GA-Au << Cit-Au < PVP-Au. This trend suggests that under 

certain conditions, engineered coatings on NPs released to the environment could 

significantly influence NP fate in complex media, contrary to the widely held 

assumption that macromolecular coatings will mask any effect of these original surface 

treatments.  

The surface-coating-dependent trend in NP affinity for LUFA 2.2 soil could not 

be predicted from the intrinsic properties of NPs. For example, the electrophoretic 

mobilities of GA-Au, Cit-Au, and PVP-Au were roughly equivalent and suggestive of 
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instability. Despite this, GA-Au exhibited high stability against heteroaggregation, while 

Cit-Au and PVP-Au rapidly aggregated. Although homoaggregation of Cit-Au was 

observed in soil extract, we demonstrated that the contribution of homoaggregation to 

overall removal in the batch test was likely negligible due to the linear relationship 

between soil concentration and heteroaggregation rate constants obtained at low, 

medium, and high soil concentrations. 

One area that required optimization for use of the functional assay protocol with 

natural soils was in producing conditions of favorable attachment. A heteroaggregation 

rate constant obtained under conditions of favorable attachment is needed for 

determination of  from rate constants in unfavorable attachment systems. A lengthy 

bleaching process to remove soil organic matter (SOM) was necessary to induce 

conditions of favorable attachment of AuNPs with LUFA 2.2. Bleaching increased the 

heteroaggregation rate constant, B, for the positively charged bPEI-AuNP with LUFA 

2.2 soil by nearly an order of magnitude (from 3.0E-02 to 2.6E-01). Unless this step is 

carried out, ’s will likely be significantly overestimated for NPs with this reference soil.  

We observed a phenomenon of “instantaneous removal” for PVP-Au with LUFA 

2.2, where rapid attachment of PVP-Au to soil at the instant of dosing led to kinetics of 

NP removal between t0 and t1 that differed from those captured by sampling during the 

remainder of the batch test. We hypothesized that this instantaneous removal could be 

the product of limited charge heterogeneity on soils leading to favorable attachment of 
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NPs to patches that are quickly saturated. Another potential explanation is attachment 

of NPs within secondary minima, but whether this mechanism of attachment is relevant 

for such small NPs is unclear.  

Several limitations of this functional assay were identified during the 

development of a standard method for use with soils: 

- Nanomaterials must be water-dispersible and separation from colloids and 

background feasible. 

- NPs must not undergo dissolution during the attachment phase.  

- The contribution of homoaggregation to overall removal in batch tests must 

be negligible.  

-  “Favorable attachment” is somewhat subjective, as it is not possible to 

quantitatively determine whether every collision indeed results in 

attachment.  

5.3 Key findings from Section 4.3 

The range of 𝛼’s for 12-nm GA-Au, Cit-Au, and PVP-Au with 10 natural soils in 

soil extracts spanned 4 orders of magnitude (from 10-04 to 10-01), which is within the 

range reported by others for a variety of ENMs with natural soils. Based on an 

evaluation of heteroaggregation rate constants generated for a range of conditions 

thought to induce favorable attachment, we determined that removal of surface-bound 

organics (e.g., through bleaching) on soils is a necessary step to creating conditions of 
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favorable attachment. Systems with low ratios of dissolved organic carbon to soil 

organic carbon (SOC) are particularly affected by the removal of SOC, exhibiting rate-

constant increases of up to 840 % after bleaching.  

The contribution of homoaggregation to overall removal in batch tests was ruled 

out for all but two systems, suggesting that while heteroaggregation will dominate over 

homoaggregation in most soil systems, homoaggregation in solids-dominated media 

might not be negligible under certain conditions. The systems in which 

homoaggregation appeared to influence removal – Cit-Au with Sandhills and LUFA 

A5M soils – have little in common, making it difficult to predict when homoaggregation 

might be expected to influence removal based on measured system characteristics. 

While a scenario can by imagined whereby homoaggregation dominates over 

heteroaggregation in the high-ionic-strength, high-soil-organic-matter Sandhills system, 

no such scenario can easily explain the behavior of Cit-Au in LUFA A5M soil. 

A clear trend relating to surface treatment was identified, with 𝛼 for GA-Au < 

Cit-Au < PVP-Au in nine of ten soils. The soil that did not adhere to this trend was the 

Sandhills soil, where the aforementioned contribution of homoaggregation to AuNP 

removal in batch tests led to an 𝛼 for Cit-Au that was slightly higher than (but not 

statistically significantly different) that of PVP-Au with this soil. A possible trend 

relating to the soil country-of-origin was also identified, with distinct 𝛼 distributions 

determined for Cit-Au and GA-Au with domestic and German soils, respectively; 
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however, 𝛼 distributions for PVP-Au with soils from the two locations were equivalent. 

These results and measurements of dh in soil extracts suggest that PVP-Au is not 

sensitive to changes in solution chemistry, while the attachment of GA-Au and 

particularly Cit-Au are more influenced by the changing characteristics among systems.  

Spearman correlation coefficients revealed potential relationships between  and 

characteristics of the AuNPs, soil extracts, and soils that helped to identify drivers of 

AuNP attachment to soil surfaces that were specific to the AuNP surface treatment. 

Attachment efficiencies for Cit-Au with soils was most related to the 90th percentile 

volume-weighted soil diameter in soil extracts (D90) – with lower values of D90 resulting 

in higher 𝛼’s – and to the category of NP stability over the duration of the attachment 

phase (i.e. 1 – unstable, 2 – moderately stable, or 3 – stable in soil extract relative to that 

in ultrapure water). Stability was negatively correlated with hydrodynamic diameter 

(dh) at the beginning of the attachment phase, electrical conductivity of the soil extract, 

and the total soil organic carbon (SOC). The negative correlation between stability and 

SOC accounts for observed increases in the relatively high but stable dh measurements 

for Cit-Au in some soil extracts. These findings are consistent with previous 

observations of Cit-Au exhibiting behavior that is variably dependent on the interaction 

of different components of solution chemistry. 

The attachment efficiency of GA-Au with soils was associated with soil extract 

pH and the oxalate-extracted aluminum (ox-Al) concentration in soils. These 
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relationships were primarily driven by the systems with the two highest ’s (on the 

order of 10-02), as the majority of ’s for GA-Au were very low (10-05) and narrowly 

distributed despite the wide range of system characteristics. The high- systems also 

had the lowest pH values, and we posit that pH-dependent conformational changes to 

the gum arabic polymer led to coating collapse at low pH, allowing the negative charge 

of the AuNP surface to interact with the positively charged natural metal oxides present 

on collector surfaces and in water-dispersible clays.  

PVP-Au attachment efficiency with soils was potentially controlled by the 

electrophoretic mobility (EPM) of PVP-Au in soil extracts and by soil size, with the 

highest (negative) correlation between  and the median soil diameter in soil extract 

(D50). The D50 was itself correlated with other measurements of soil texture and 

exchangeable magnesium. The correlation between parameters describing NP mobility 

and those of soil texture – and with the smaller clay fraction of soils, in particular –has 

been regularly reported in the literature, but the specific properties contributing to this 

more favorable attachment with smaller particles is not clear. While many have 

identified ox-Al content as a specific characteristic influencing this preferential 

attachment of NPs to smaller soil colloids, we only identified a potentially significant 

relationship between ox-Al and ’s for GA-Au despite finding associations between 

collector size and  for all surface-treatment groups. However, the relatively small size 
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of our dataset likely limited our ability to identify underlying patterns in these complex 

systems.  

Overall, Spearman’s rank-order correlations suggest that the attachment 

efficiency – and by extension the mobility and bioavailability – of AuNPs with soils is a 

function of both the effect of solution chemistry on AuNP properties and the 

physicochemical properties of the soil, but that the specific characteristics most 

influential to  differ with AuNP surface treatment. An analysis of the combined dataset 

for systems with all AuNP surface treatments, soils, and aqueous media generated for 

this work identified only one strong correlation of  with AuNP surface treatment and 

weaker associations with properties related to solution chemistry (i.e., medium type, 

electrical conductivity, organic carbon in soil extracts, and the dh and EPM of NPs in the 

medium). The random forest classifier (RFC) pipeline predicted  classes (low, 

intermediate, and high) from system characteristics with 79.6% balanced accuracy, but 

the model was most successful at predicting low and high ’s, with performance 

declining significantly for identification of systems with intermediate values of . The 

intermediate group represents one third of all NP-soil ’s determined in soil extracts and 

more than one half of the ’s for Cit-Au in soil extracts, indicating that while surface 

treatment might generally be a predictor of  trends in these complex systems, the 

magnitude of ’s for NPs most affected by changes in solution chemistry will likely be 

more difficult to predict. 
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The RFC model improved on standard approaches by increasing interpretability 

through preservation of variable identities during the feature-reduction process and 

quantification of the weight each variable carried in the decision process for predicting  

from system characteristics. Moreover, the Spearman’s rank-order correlations 

employed here for feature reduction enabled analysis of non-normally distributed data, 

non-linear correlations, and non-parametric data. However, the small dataset and 

necessity of validating the model with the same data used in the training set inevitably 

led to bias and limited the ability of the model to identify underlying patterns, a 

limitation that could be addressed by increasing the size of the data set. Additionally, 

the lack of very strong correlations between  and soil features might also suggest that 

we are not measuring the right characteristics, particularly those related to features of 

soil surfaces. 

Despite the limitations of the RFC model, the results of the feature-importance 

analysis suggest that for analyses that require only order-of-magnitude-level accuracy, 

certain system characteristics could potentially be removed or left unmeasured in future 

batch tests, allowing us to simplify the functional assay. For example, our results suggest 

that soil texture (i.e., percent sand, silt, clay), exchangeable cations, ox-Al and Fe, and 

percent organic matter in soil have little impact on the determination of high and low 

NP-soil ’s in these systems, which suggests that a system of glass beads or clay with 

adjustments of ionic strength and humic acid might reasonably approximate ’s in some 
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complex natural soil systems. In other words, the simplified approach from preliminary 

work described in Section 4.1.2.3 might be appropriate for the determination of  for 

AuNPs with the 10 natural soils used here.  

5.4 Key findings from Section 4.4 

Trends in particle attachment efficiencies for GA-Au and PVP-Au with Topsoil, 

Mesocosm soil, Sandhills soil, and Fill soil were generally predictive of trends in AuNP 

concentrations in pore water extract, with the removal of GA-Au occurring more slowly 

than PVP-Au. An exponential decay in Au concentrations in pore waters was captured 

in the systems with the two lowest ’s (GA-Au with Topsoil and Mesocosm soil) over 

the first 2 – 3 days after dosing, but removal occurred too quickly in all other systems to 

capture kinetics. Rate constants for GA-Au removal were estimated for Sandhills and 

Fill soils based on the nominal dose and the pore water concentrations measured on Day 

1. These rate constants and those determined for Topsoil and Mesocosm soil from the 

measured removal kinetics of GA-Au were plotted against ’s for these systems, 

revealing that  was a good predictor of GA-Au removal rate constants in these soils. 

While Au concentrations could be measured in most systems at all sampling 

points, a steady state was generally achieved by Day 3 or Day 7, with concentrations in 

pore waters remaining below approximately 10-02 % of the nominal dose in all systems 

but Topsoil with GA-Au, for which concentrations were generally two orders of 

magnitude higher. Rate constants were estimated for PVP-Au removal from pore water 
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using the correlation equation generated by the linear dependency of GA-Au rate 

constants on attachment efficiency. Using these rate constants, half-lives were 

determined for GA-Au and PVP-Au at the level of the pore water samplers 

(approximately 1.5 cm below the surface) that were on the order of hours for GA-Au and 

minutes for PVP-Au in all soils. While a pattern of remobilization of Au was measured 

at Days 7 and 21, these concentrations were extremely small and this process had a 

negligible impact on Au partitioning in the pots over the duration of the experiments.   

The Au accumulated by plants in all soil systems represented less than 1.5% and 

2.5% of the nominal dose at Days 7 and 21, respectively, suggesting that the bioavailable 

fraction of AuNPs in soil systems is very low, even for high- systems. The comparison 

of  trends with plant accumulation trends in these systems was complicated by the 

nonuniform growth of plants across soils, AuNP-mediated toxicity resulting in a 

reduction in plant biomass production relative to controls that sometimes differed with 

AuNP surface treatment, and matrix effects on inductively couple plasma-mass 

spectroscopy (ICP-MS) measurements of Au in plant tissue digestates. However, while 

there was little agreement between trends – qualitatively or quantitatively – in NP-soil  

and Au accumulation by plants across systems, plants accumulated more GA-Au than 

PVP-Au within each soil system, which is consistent with the general trend determined 

for attachment efficiencies. We believe the lack of a correlation between  and plant 

accumulation across systems could possibly be due to effects of compaction and 
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waterlogging in Topsoil and Fill soil that resulted in shallow root systems exposed to 

locally high concentrations of AuNPs in the shallow dose penetration zone near the 

surface of the soils, which is contrasted with deep penetration of roots in Mesocosm and 

Sandhills soils, where the root mass was concentrated below the dose penetration zone, 

resulting in locally low AuNP concentrations in the vicinity of the root system. These 

results suggest that the vertical penetration of AuNPs could be very low in saturated 

conditions due to a lack of advective transport and in unsaturated conditions over a 

range of NP-soil ’s (~10-03 – 10-01) due to interaction with soil colloids and pore walls.  

5.5 Future directions 

The key findings form the work contained in this dissertation present several 

opportunities for future work with both model systems and natural systems. For 

example, the finding from Section 4.3.3.5 that easily controlled elements of solution 

chemistry might be predictive of NP-soil attachment efficiencies below 0.01 and above 

0.1 could be explored using model systems designed to mimic the ionic strength and 

organic carbon content of the 10 soils evaluated in Section 4.3. Using a range of collectors 

(e.g., glass beads, clay, soil), we could determine whether these elements of solution 

chemistry produce ’s with these collectors that are within the range for the natural soil 

systems with soil extracts. In addition, conditions from each batch test can be used to 

further train our random forest classifier model through machine learning, which could 
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ultimately lead to the ability to make more quantitative predictions of attachment 

efficiencies based on a subset of system characteristics. 

The current lack of correlations identified between  and specific system 

characteristics could be a function of the small dataset evaluated here or deficiencies in 

the models chosen for our analysis. Additionally, it could indicate that more in-depth 

characterization of soils is needed to identify important underlying trends. 

Characterizing the soil mineralogy of various size fractions, natural organic matter 

composition, surface roughness and charge heterogeneity of collector grains could 

reveal important associations. As could characterization of the microbial communities 

associated with these particular soils.  

Based on a review of the existing literature, an understanding of the processes of 

instantaneous removal and breakage and the effect of these phenomena on 

heteroaggregation at relevant time scale is currently lacking. Characterizing the kinetics 

of these processes and the factors that influence them could help determine the relative 

importance of “fast” removal,  “slow” removal, and re-mobilization on NP mobility and 

bioavailability in soils. 

For continuing plant accumulation studies, adjustments need to be made to the 

experimental design to promote uniform growth across soils; failing that, we will need 

to develop a systematic approach for accounting for the effect of these differences on 

plant accumulation. Based on the findings from Section 4.4 that dose penetration is 
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likely limited to the scale of centimeters for systems with a range of  values, and given 

that unsaturated conditions are typically more representative of realistic exposure 

conditions, we believe that we could alter the experimental design of plant accumulation 

studies to allow for drainage in our soils. Avoiding the conditions that promote 

waterlogging could alleviate some of the inconsistencies observed among soil systems. 

We could also explore novel designs like the ISO-standardized Rhizotest that could 

allow us to use more environmentally relevant exposure concentrations and avoid the 

complications associated with extracting plant roots from soils (Layet et al., 2019). 

Future studies on plant accumulation will need to focus more on the effect of the 

roots on the soils and NPs. We know that the chemistry of the rhizosphere differs from 

that of the bulk soil, and we will need to characterize the properties of the rhizosphere in 

our systems. Furthermore, the root surface itself is a collector, and the relative affinity of 

NPs for soil and root surfaces will have implications on NP bioavailability to plants in 

soils.  

In conclusion, the functional assay developed for this dissertation work for the 

determination of particle attachment efficiencies of NPs with natural soils can continue 

to be extended to other complex media, providing more insight into the mechanisms 

driving NP transport in environmentally relevant systems. In addition, the ’s, system 

characterization data, pore water removal rate constants, plant accumulation rates, and 

root-to-shoot translocation factors, among other results generated from the attachment-
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efficiency batch tests and plant accumulation studies conducted here can be used to 

inform or parameterize models of NP fate in terrestrial systems. 
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Appendix A. Working standard method for a 

nanoparticle attachment efficiency functional assay 

using soils 

A method for determining the attachment efficiencies (α’s) of nanoparticles to 

soil particles in mixed systems. Note:  For water dispersible nanoparticles detectable by 

UV-Vis Spectroscopy. 

 

Materials 

Air-dried soils sieved to <0.298 mm (No. 50 sieve) (moisture content of soils must be 

known) 

Nanoparticle stock suspension 

Prepared soil extracts (see method) (pH of extracts must be known) 

 

Equipment (For 1 batch test) 

(1) 40-mL borosilicate glass scintillation vial with cap 

(1) vessel for disposing of water, nanoparticles, and soil waste 

(1) 19-mm cross-shaped magnetic stir bar  

(13) 1.5-mL centrifuge tubes 

(1) 1.5-mL centrifuge tube storage tray 

(1) 96-well Microplate (UV-transparent if absorbance expected below 350 nm) 

(1) 1–10-mL pipette and tips 

(1) 100–1000-uL pipette 

(12) tips for 100–1000-uL pipette, with end of tip cut off (wide tips) 

(13) regular tips for 100–1000-uL pipette 

(1) Magnetic stirring plate, preferably digitally controlled (with multiple positions, if 

doing multiple batch tests at the same time) 

(13) luer-lock syringes (Any volume between 2 and 10 mL) 
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(13) 25 mm syringe filters with 0.45 micron pore size (cellulose acetate, except for special 

cases)  

(1) Roll of laboratory tape 

(1) Timer 

Analytical instruments 

Electronic balance  

pH meter (recently calibrated) 

UV-Vis spectrophotometer with plate reader 

 

1. Prepare Materials and Supplies 

1.1  Weigh materials 

a. Tare glass vial 

 

b. Weigh desired amount of air-dried soil directly into tared glass vial (Note: 

Adjust for moisture content to achieve desired dry weight concentration. A good 

starting concentration for soil is 25 g/L. Account for blank sample volume 

extracted at beginning of study; add enough soil to achieve desired concentration 

in final volume + 1 mL). 

 

1.2  Equilibrate background (soil) collectors with soil extracts 

a. To the vial with the soil, add a volume of soil extract equal to the final volume 

plus 1 mL and minus that of the NP stock and any other amendments to be 

added (e.g., if final volume is 30 mL, add 31 mL minus the volume NP 

suspension. Consider starting with a NP concentration of 7–20 mg/L). Rinse 

down the inside of the vial with the soil extract to ensure no soil adheres to walls. 

 

b. Mix soil and extract for 10 minutes at the lowest speed necessary to prevent 

particle settling. 

 

c. After the 10-minute equilibration period, measure the pH of the soil suspension, 

and adjust the pH back to the pre-determined soil extract pH +/- 0.05. 
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1.3  Assemble syringes and arrange materials 

a. While the soil and soil extract mix, assemble the filters by attaching the syringe 

filters to the syringes and removing the stoppers. Place the syringes with filters 

and the stoppers in two separate containers 

 

b. Place 13 open 1.5-mL centrifuge tubes in a tray 

 

2. Batch test 

After adjusting the pH of the equilibrated soil-soil extract mixture, tape the base of the 

vial containing the soil suspension to the mixing plate to keep it steady, and allow the 

soil suspension to mix for 2 more minutes. 

a. Using a wide tip, remove a 1-mL aliquot from the vial (as it is mixing) into a 

prepared syringe, insert a stopper and filter the suspension into one of the 1.5 mL 

tubes, and close the tube. Set aside. 

 

b. Pause to read items 4–6 below before commencing the study for the first time. 

 

c. Add the desired amount of NPs directly to the pre-equilibrated soil suspension 

in the 40-mL vial. Start timer immediately. 

 

d. Take a 1-mL aliquot from the mixing suspension in the 40-mL vial using a wide 

tip (Note: Do note stop mixing while sampling), and filter into a 1.5-mL tube 

using a prepared syringe filter. (Close the tube after it is filled to avoid double 

filling and sample contamination.) Record the exact time that the sample was 

taken. 

 

e. Repeat step 2e, recording the exact time each aliquot is taken from the mixed 

system (a good sampling schedule to shoot for is 1, 2, 3, 4, 5, 6.5, 8, 10, 15, 20, 30, 

and 45 min, but this can be adjusted as needed. It is best to front-load 

measurements to capture the attachment window. Systems with very fast 

removal might require increased frequency of sampling and a shorter duration. 

For fast-removal systems, an example sampling schedule might be 3, 13, 23, 33, 

43, and 60 seconds, with only 6 aliquots taken after dosing.) 
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3. Analysis 

3.1  Preparing for UV-VIS analysis 

a. Background determination: Fill 2 wells of the UV-Vis microplate with 350 uL 

each of filtrate from the tube that was filled in step 2b. This will be used for 

background subtraction 

 

b. Load samples into UV-Vis microplate:  Pipette 350 uL from each tube using a 

regular tip and deposit into a well in the microplate (be careful to sample from 

the center of the tube and sample from the same depth each time). 

 

c. Calibration curve: While necessary to determine the LOD and LOQ, a calibration 

curve is not necessary for the determination of attachment efficiency. 

 

3.2  UV-VIS analysis 

a. Analyze the 96-well plate immediately after the conclusion of the mixing study 

(or sooner if expecting significant homoaggregation/settling or if the mixing 

study goes on for more than ~1 hr) using a UV-Vis with plate reader over a wide 

range of wavelengths (e.g., for gold, ideally use 350–1000 nm range with 1 nm 

resolution, or pare down based on instrument limitations) 

 

b. Subtract the pore water extract (background) absorbance spectrum (in a.u. or 

o.d.) from the spectrum for each sample (the instrument may do this for you) 

 

c. Identify the maximum absorbance peak at the wavelength of interest for the NP 

and a wavelength far from any absorbance peaks that can be used as a baseline 

(e.g.,  gold absorbance between 500 and 650 and use wavelength 900 as a 

baseline).  

 

d. Examine the absorbance values for each sample (including those for background) 

at the baseline wavelength (e.g.., 900 nm). If absorbance is substantially elevated 

relative to the other samples (compare background to background and 

background-corrected samples to other background-corrected samples), remove 

that data point from the analysis; the sample is likely contaminated with soil or 

dust, or the plate is scratched.  

 

3.3  Plotting data 
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a. All measurements are analyzed relative to the first data point (e.g., 1 minute or 3 

seconds). 

 

b. Plot “Absorbance” over “Time” to visually inspect the removal curve and 

determine whether any data points might be problematic (i.e., outliers due to 

some kind of contamination or error). Do not remove any data points without 

just cause, as they may be caused by natural heterogeneity or the dynamics of the 

system. 

 

c. Plot the natural log of the quantity of the initial absorbance over the absorbance 

at each time point [ln(absø/abs)] vs. time.  This plot should have a linear rise, 

often followed by a plateau. The linear portion is the attachment window. 

 

d. Find the slope of the linear portion of the plot to get αβB, the heteroaggregation 

rate constant (units are per time). Acceptance criteria for linearity is 3 or more 

consecutive points, starting with the first measured time point, with the highest 

R2 value. The R2 value should be greater than or equal to 0.85.  

 

e. To find attachment efficiencies, conduct a set of batch tests using the method 

described above but where the system is adjusted to be favorable to attachment 

(i.e., α=1, see Section 4). This must be done separately for each soil type, using 

the same mixing speed as the other batch tests for that system. When possible, 

the same soil mass concentration should also be used, but in many cases the soil 

concentration will need to be dropped for favorable attachment systems (see 

Section 6).  

 

f. Plot ln(absø/abs) over time, as with the unadjusted systems, and find the slope of 

the linear portion. This will give βB for that soil:NP system, which will be the 

same for all other systems in which the same soil, mixing speed, and NP of the 

same size and core material are used.  This βB will NOT be applicable to 

systems using other soils, mixing speeds, or NPs of other sizes or core 

compositions. By dividing the αβBs for the unadjusted systems of interest by the 

βB from the alpha=1(i.e., favorable attachment) system, α can be determined for 

the unadjusted systems. When reporting mean and standard deviation of alphas, 

error must be compounded for division of means.  

 

4. Adjusting the system to achieve favorable attachment (alpha=1) 

a. A system resulting in favorable attachment can only be used to determine 

attachment efficiencies for unadjusted systems when the same soil type, mixing 
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speed, and nanoparticle size and core composition are used for both the 

favorable attachment system and the unadjusted system. 

 

b. Systems can be adjusted using a combination of the following to achieve 

favorable attachment.  

 

• Increase ionic strength, but ensure that soil coagulation does not occur as 

a result 

 

• Change pH (Use pH near pH = pzc for NPs if it exists within pH range 

that won’t induce soil coagulation and if the concentration of soil >>> 

concentration of NPs). 

 

• Remove surface-bound organics with several long exposures to pH 8 

NaClO at room temperature using the method of Kaiser et al. (2002) or by 

another method that will not significantly alter particle size distribution 

and soil particle integrity.  

 

• Remove dissolved organics (e.g., by using milli-Q water or electrolyte 

solution in place of soil extracts).  

 

• Use a NP with a similar primary particle size and core composition to 

other particles but with a positively charged coating. Consider using 0.45-

um PVDF syringe filters primed with the positively charged polymer or 

other entity imparting a positive charge instead of the CA filters used in 

other batch tests.  

 

c. Conduct appropriate tests to ensure that the changes to the system are not 

significantly altering soil concentration or size distributions (i.e., inducing 

coagulation).  

 

d. Due to fast NP removal from alpha=1 adjusted systems, consider taking multiple 

aliquots within the first minute of the batch test to avoid missing the attachment 

window. 

 

5. Determine potential for homoaggregation 

a. Determine the potential for NP homoaggregation to significantly impact NP 

removal in the mixed system by conducting soil-free batch tests in the 

background media used in all unadjusted and adjusted systems (e.g., soil 
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extracts, salt solutions). 

 

b. Execute the protocols outlined in Sections 1 and 2, omitting the addition of soil. 

While the same conditions must be used as for the heteroaggregation tests, the 

homoaggregation batch tests need only be conducted for the duration of the 

heteroaggregation attachment window 

 

c. Visually compare the removal curves for homo and heteroaggregation. If no 

removal occurs due to homoaggregation or it is clear that removal due to 

heteroaggregation is much faster than that due to homoaggregation, the 

functional assay is likely appropriate for the system of interest. If removal due to 

homoaggregation appears significant during the attachment window, conduct 

the batch test at multiple soil:NP ratios and plot αβB against soil concentration. If 

the relationship between αβB and soil concentration is linear, homoaggregation 

is likely negligible. 

 

6. Troubleshooting 

6.1  Low signal or non-detect in UV-Vis: If the initial UV-Vis signal is very low., the 

attachment likely happened too quickly to adequately measure removal. In cases where 

rapid removal occurs, try the following adjustments: 

• Decrease the soil concentration. Note: soil concentration scales linearly with αβB. As 
a result, soil concentrations between unadjusted systems and those adjusted for 
favorable attachment do not have to be the same. However, the B terms will need to 
be the same between the two systems to calculate an α for the unadjusted system. 
So, if reducing the soil concentration for a favorable attachment system by 50% 
(relative to the unadjusted system)– say, from 50 g/L to 25 g/L – the resulting αβB 
for the favorable attachment system will need to be multiplied by a factor of 2 (or 
divided by 50%). 

 

• Increase the nanoparticle concentration. Increasing the NP concentration will not 

affect the rate of heteroaggregation but will provide a longer window in which to 

observe removal. However, high NP concentrations could lead to removal due to 

homoaggregation, which is difficult to disentangle from that of 

heteroaggregation. Moreover, if the NP-soil ratio is too high, attachment sites on 

collectors could rapidly fill up, resulting in an artificially low overall αβB. It is 

always best to aim for the highest concentration of soil and lowest NP 
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concentration in which removal can be observed. 

 

• Sample more quickly. Instead of waiting 1 minute before taking the first sample, 

the vial can be sampled right away and at shorter intervals thereafter. The 

shortest feasible interval between samples is 10 seconds if working alone. 

 

6.2  Little to no removal:  If little or no discernible removal occurs over the course of an 

hour, attachment is likely too slow to be measured under current conditions. In cases of 

very slow removal, try the following adjustments: 

• Increase the soil concentration. [See note on Decrease the soil concentration RE scaling 
αβB with soil concentration]. Note also that excessively high soil concentrations 
might be difficult to filter or could interfere with the UV-Vis signal 

 

• Increase mixing speed.  Note: the mixing speed between unadjusted systems and 

those adjusted for favorable attachment must be the same if using the latter to 

find α for the former. Moreover, excessively fast mixing could change soil 

structure, thus changing the number concentration of background particles and 

possibly altering the dominant transport processes within the system. 

 

• Decrease nanoparticle concentration.  Lowering the NP concentration will not affect 

the rate of heteroaggregation but will shorten the window in which to observe 

removal. However, low NP concentrations could introduce detection issues. This 

strategy is best employed in conjunction with an increase in soil concentration 

and/or increased mixing speed. 

 

• Run batch tests over long periods of time.  Very slow removal is easier to measure 

over longer periods of time. Sometimes it is necessary to run systems for one or 

more days, taking aliquots only every 3–12 hours. Note: increasing 

concentrations of dissolved organic carbon can obscure the NP signal in the UV-

Vis. For long mixing studies, run a control vial (identical system but without 

NPs) at the same time, taking aliquots from the control vial at each time point to 

use as real-time blanks for background subtraction. Analyze each time point 

separately; do not wait until the end of a long mixing study to analyze the entire 

plate as NPs could attach to plate walls or homoaggregate and settle out. 
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7. Recommended characterization  

Reporting a consistent set of system characteristics will enable inter-study comparisons 

and mechanism elucidation. A recommended set of characteristics to report is provided 

below for NPs, soil, and soil extracts. 

7.1  Nanomaterial characterization 

• Chemical composition 

• Surface treatment 

• Primary particle shape 

• Primary particle size 

• Hydrodynamic diameter in soil extract and any other aquatic milieu used in 

assay  

• Electrophoretic mobility in soil extract and any other aquatic milieu used in  

 

7.2  Soil characterization 

• USDA texture classification for soil sieved to 2 mm (Percent sand, silt, clay) 

• USDA texture classification for soil sieved to 0.295 mm (Percent sand, silt, clay) 

• Particle size distribution in soil extracts and any other aquatic milieu used in 

assay 

• Total organic carbon 

• Extractable cations 

• Oxalate-extractable Fe and Al 

 

7.3  Soil extract characterization 

• pH 

• Electrical conductivity 

• Dissolved organic carbon 
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Appendix B. Supplemental information for nanoparticle 

affinity for natural soils: Towards a standardized 

functional assay for particle attachment 

SI-1. Transmission electron microscopy (TEM) of gold nanoparticles (AuNPs) 

SI-1.1 Citrate stabilized AuNPs in LUFA 2.2 soil extract 

   
 

SI-1.2 Gum arabic stabilized AuNPs in LUFA 2.2 soil extract 

   
 

S1-1.3 Polyvinylpyrrolidone-stabilized AuNPs in LUFA 2.2 soil extract 
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S1-1.4 Branched polyethylenimine-stabilized AuNPs in 10 mM KNO3, pH 5.4 
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SI-5 Characteristics of LUFA 2.2 ultrafine soil and soil extract 

Ultrafine soil 

% Sand/Silt/Clay % OM/OC Ox-ext. 

Al/Fe (mg/L) 

Extractable 

K / Na / Ca / Mg 

(meq/100 g) 

CEC Median diameter (𝝁m) 

UB in SE UB in KNO3 B in KNO3 

74 / 14 / 12 3.39 / 1.97 490 / 3050 0.17 / 0.09 / 6.19 / 0.8 7.25 132 ± 1 118 ± 2 102 ± 2 

Soil extract 

Preparation pH Electrical conductivity (𝝁S/cm) Total organic carbon (mg/L) 

2:1 10% Hoagland medium:fine soil 5.65 521.8 27.7 ± 18.2 

OM = organic matter, OC = organic carbon, Ox-ext. K/Na/Ca/Mg = oxalate-extractable potassium / sodium / calcium / 

magnesium, CEC = cation exchange capacity, UB = unbleached, B = bleached, CA = cellulose acetate 
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SI-2. Removal and attachment plots 

SI-2.1 Citrate-stabilized gold nanoparticles (Cit-Au) with unbleached LUFA 2.2 soil in soil extract 

 

 
Replicate 1 
 
20 mg/L Cit-Au 
100 g/L soil 
 

𝜶𝜷𝚩 1.96E-02 s-1 

  
 
Replicate 2 
 
20 mg/L Cit-Au 
100 g/L soil 
 

𝜶𝜷𝚩 1.81E-02 s-1 
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Replicate 3 
 
20 mg/L Cit-Au 
100 g/L soil 
 

𝜶𝜷𝚩 8.29E-03 s-1 

  
 
Replicate 4 (B/2) 
 
20 mg/L Cit-Au 
50 g/L soil 
 
aBB/2: 5.57E-03 
 

𝜶𝜷𝚩 1.11E-02 s-1 
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Replicate 5 (B/4) 
 
20 mg/L Cit-Au 
25 g/L soil 
 
aBB/4: 3.08E-03  
 

𝜶𝜷𝚩 1.23E-02 s-1 

  

 
Replicate 6 (UV-Vis) 
 
20 mg/L Cit-Au 
100 g/L soil 
 

𝜶𝜷𝚩 1.12E-02 s-1 
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Replicate 6 (ICP-MS) 
 
20 mg/L Cit-Au 
100 g/L soil 
 

𝜶𝜷𝚩 1.33E-02 s-1 

  
 
Homo-aggregation 
 
20 mg/L Cit-Au 
0 g/L soil 

 

Cit-Au 𝜶𝜷𝚩 (s-1) 

R1 1.96E-02 

R2 1.81E-02 

R3 8.29E-03 

R4 1.11E-02 

R5 1.23E-02 

R6 1.12E-02 

Average 1.34E-02 

Standard 
deviation 

4.43E-03 
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SI-2.2 Gum arabic-stabilized gold nanoparticles (GA-Au) with unbleached LUFA 2.2 soil in soil extract 

 

 
Replicate 1 
 
7 mg/L GA-Au 
100 g/L soil 
 

𝜶𝜷𝚩 1.47E-05 s-1 

  
 
Replicate 2 
 
7 mg/L GA-Au 
100 g/L soil 
 

𝜶𝜷𝚩 3.83E-05 s-1 
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Replicate 3 
 
7 mg/L GA-Au 
100 g/L soil 
 

𝜶𝜷𝚩 3.68E-05 s-1 

  
 
Replicate 4 (UV-Vis) 
 
7 mg/L GA-Au 
100 g/L soil 
 

𝜶𝜷𝚩 7.37E-05 s-1 
 
 

  
 
Replicate 4: ICP-MS 
 
7 mg/L GA-Au 
100 g/L soil 
 

𝜶𝜷𝚩 6.62E-05 s-1 
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Homo-aggregation 
 
7 mg/L GA-Au 
0 g/L soil 

 

        GA-Au 𝜶𝜷𝚩 (s-1) 
 

R1 1.47E-05 

R2 3.83E-05 

R3 3.68E-05 

R4 7.37E-05 

Average 4.09E-05 

Standard 
deviation 

2.44E-05 

 

 

  



 

 

 

275 

 

SI-2.3 Polyvinylpyrrolidone-stabilized gold nanoparticles (PVP-Au) with unbleached LUFA 2.2 soil in soil extract 

 

 
Replicate 1 
 
20 mg/L PVP-Au 
100 g/L soil 
 

𝜶𝜷𝚩 5.06E-02 s-1 

  

 

 
Replicate 2 
 
20 mg/L PVP-Au 
100 g/L soil 
 

𝜶𝜷𝚩 6.20E-02 s-1 
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Replicate 3 
 
20 mg/L PVP-Au 
100 g/L soil 
 

𝜶𝜷𝚩 5.23E-02 s-1 

  

 

 
Replicate 4 (B/5) 
 
20 mg/L PVP-Au 
20 g/L soil 
 
aBB/5: 6.94E-03 
 

𝜶𝜷𝚩 3.47E-02 s-1 
 
 

  

 

 
Replicate 5 (UV-Vis) 
 
20 mg/L PVP-Au 
100 g/L soil 
 

𝜶𝜷𝚩 5.01E-02 s-1 
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Replicate 5 (ICP-MS) 
 
20 mg/L PVP-Au 
100 g/L soil 
 

𝜶𝜷𝚩 5.09E-02 s-1 

  

 

 
Homo-aggregation 
 
20 mg/L Cit-Au 
0 g/L soil 

 

        PVP-Au 𝜶𝜷𝚩 (s-1) 

R1 5.06E-02 

R2 6.20E-02 

R3 5.23E-02 

R4 3.47E-02 

R5 5.01E-02 

Average 4.99E-02 

Standard 
deviation 9.79E-03 
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SI-2.4 Branched polyethylenimine-stabilized gold nanoparticles (bPEI-Au) with unbleached (UB) LUFA 2.2 soil in 10 mM 

KNO3 

 
 
Replicate 1 (B/1.09) 
 
23 mg/L bPEI-Au 
100 g/L soil 
 

𝛼𝛽Β/1.09:  
4.34E-02 

 

𝜶𝜷𝚩 4.71E-02 s-1 

  

 

 
Replicate 2 
 
25 mg/L bPEI-Au 
100 g/L soil 
 

𝜶𝜷𝚩 1.06E-02 s-1 
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Replicate 3 
 
25 mg/L bPEI-Au 
100 g/L soil 
 

𝜶𝜷𝚩 3.35E-02 s-1 

  

 

 
Replicate 4 (UV-Vis)  
 
25 mg/L bPEI-Au 
100 g/L soil 
 

𝜶𝜷𝚩 2.97E-02 s-1 
 

  

 

 
Replicate 4 (ICP-MS) 
 
25 mg/L bPEI-Au 
100 g/L soil 
 

𝜶𝜷𝚩 3.45E-02 s-1 
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Homo-aggregation 
 
25 mg/L bPEI-Au 
0 g/L soil 

 

 bPEI-Au (UB) 𝜶𝜷𝚩 (s-1) 
 

R1 4.71E-02 

R2 1.06E-02 

R3 3.35E-02 

R4 2.97E-02 

Average 

 
3.02E-02 

Standard 
deviation 

1.51E-02 
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SI-2.5 Branched polyethylenimine-stabilized gold nanoparticles (bPEI-Au) with bleached (B) LUFA 2.2 soil in 10 mM KNO3 

 

 
Replicate 1 (B/4) 
 
25 mg/L bPEI-Au 
25 g/L soil 
 

𝛼𝛽Β/4: 7.38E-02 
 

𝜶𝜷𝚩 2.95E-01 s-1 

  
 
Replicate 2 (B/4) 
 
25 mg/L bPEI-Au 
25 g/L soil 
 

𝛼𝛽Β/4: 6.20E-02 
 

𝜶𝜷𝚩 2.48E-01 s-1 
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Replicate 3 (B/4) 
 
25 mg/L bPEI-Au 
25 g/L soil 
 

𝛼𝛽Β/4: 7.19E-02 
 

𝜶𝜷𝚩 2.88E-01 s-1 

  
 
Replicate 4 (B/4, UV-Vis) 
 
25 mg/L bPEI-Au 
25 g/L soil 
 

𝛼𝛽Β/4: 5.60E-02 
 

𝜶𝜷𝚩 2.24E-01 s-1 

  
 
Replicate 4 (B/4, ICP-MS)  
 
25 mg/L bPEI-Au 
25 g/L soil 
 

𝛼𝛽Β/4: 5.46E-02 
 

𝜶𝜷𝚩 2.18E-01 s-1 
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Homo-aggregation 
 
25 mg/L bPEI-Au 
0 g/L soil 

 

       bPEI-Au (B) 𝜶𝜷𝚩 (s-1) 
 

R1 2.95E-01 

R2 2.48E-01 

R3 2.88E-01 

R4 2.24E-01 

Average 2.64E-01 

Standard 
deviation 3.36E-02 
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SI-3. Wolfram Mathematica code for determination of theoretical collision 

frequency (𝜷) 

 

System-specific collision frequency kernels were calculated using the rectilinear 

model, considering contributions from velocity gradients and Brownian motion.(Han 

and Lawler, 1992) Differential settling was not included because the continuous mixing 

regime prevented particles from settling. The equations used in Wolfram Mathematica 

to determining collision frequencies are provided below, with general and system-

specific parameters provided in Tables S4.1 and S4.2, respectively. Calculated collision 

frequencies are provided in Table S4.3. 

Wolfram Mathematic code for determining collision frequencies from theory 
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Table SI-6.2. System-specific parameter values 

System r (m) Rsus (m) Bhet (g/L) 

Cit-Au 1.74E-07 6.60E-05 100 

GA-Au 5.05E-08 6.60E-05 100 

PVP-Au 1.90E-08 6.60E-05 100 

bPEI, UB 1.30E-08 5.90E-05 100 

bPEI, B 1.30E-08 5.10E-05 25 

 

 

  

 

 

 

 

Table SI-6.1. Model parameter values 

Name Description Value Unit 

Bhet Soil concentration System-specific kilogram/meter3 

𝛽het Collision freq. - heteroaggregation System-specific meter3/time*number 

𝛽ho Collision freq. - homoaggregation System-specific meter3/time*number 

Di Diameter of impeller 0.020 meters 

Dv Diameter of vessel 0.026 meters 

kB Boltzmann constant 1.38E-23 meter2*kilogram/second2*Kelvin 

 Dynamic viscosity of water 0.001 kilogram/meter*second 

r Radius of nanoparticle System-specific meters 

Rate Shear rate 35.14 1/second 

rho Density of water 997 kilogram/meter3 

Rsus Radius of soil particles System-specific meters 

T Temperature 300 Kelvin 

Table SI-6.3. Collision frequencies 

System 𝛽het 𝛽ho 

Cit-Au 4.74E-11 7.62E-35 

GA-Au 4.72E-11 7.62E-35 

PVP-Au 4.71E-11 9.92E-38 

bPEI, UB 3.37E-11 3.18E-38 

bPEI, B 2.17E-11 3.18E-38 
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Appendix C. Exposure concentration dependence of 

nanoparticle uptake by plants 

Brassica napus seedling germinated for 1 week were planted in air-dried 

terrestrial mesocosm soil (2013) sieved to < 2 mm wetted with 10% Hoagland nutrient 

medium. Plants were immediately spiked with 2.5, 5, and 10 mg Au/kg soil. Pots were 

lined to prevent drainage and place in growth chambers with 16/8-hr light/dark 

photoperiod for two weeks. Plants were lightly watered once daily with 10% Hoagland 

medium Plants were harvested, rinsed, and digested using established protocols before 

analyzing digestates of root and shoot tissues using inductively coupled plasma-mass 

spectrometry. 

After two weeks, B. napus seedlings had accumulated Au from exposure to Cit-

Au in a concentration-dependent manner (Figure C-1). Uptake and translocation of Au 

also occurred in a concentration-dependent manner, as evidenced by shoot 

concentrations. Total Au concentrations measured in plants exposed to 2.5, 5, and 10 

mg/kg were 0.47, 0.80, and 1.716 mg/kg, respectively (Figure C-2).  
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Figure C-1. Gold concentrations in belowground (root) and aboveground (shoot) portions of 

Brassica napus seedlings 2 week post exposure to 12-nm citrate-stabilized gold nanoparticles 

in mesocosm soil. 

 

Figure C-2 Gold concentrations in belowground (root) and aboveground (shoot) portions of 

Brassica napus seedlings 2 week post exposure to 12-nm citrate-stabilized gold nanoparticles 

in mesocosm soil. 
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Appendix D. Mass balance of gold in hydroponic and soil 

pots dosed with gold nanoparticles 

Partitioning of Au in hydroponic and soil pot compartments after dosing with 10 

mg/L gold nanoparticles (AuNPs) coated with either gum arabic (GA) or 

polyvinylpyrrolidone (PVP) in 10% Hoagland nutrient medium (H) or 10 mg Au/kg soil 

dry weight in Topsoil (T), Mesocosm soil (M), Sandhills soil (S), or Fill soil (F). 

Compartments analyzed by ICP-MS were dissolved Au in pore water extracts (PW-

dissolved), AuNPs in pore water extracts (PW-AuNP), dried plant biomass (Plant), and 

plastic baggies used as pot liners (Pot liner). Based on the mass balance, we assumed 

that all gold not accounted for in these compartments had either sedimented out of or 

rinsed off of roots in hydroponic media or attached to soil or attached to soil. 
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