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Understanding the aggregation behavior of engineered nanomaterials (ENMs) in 

aqueous environments is essential to understanding their fate, transport, and toxicity.  

Because naturally occurring colloids will likely be present at much higher 

concentrations than ENMs in environmental systems, heteroaggregation and 

attachment with these natural colloids could significantly influence ENM fate and 

impact on water bodies.  This study investigated the heteroaggregation and attachment 

between hematite (α-Fe2O3) and citrate-capped gold nanoparticles (Cit-AuNPs) in 1 

mM KCl.  The influence of Cit-AuNP concentration was investigated at pH 6 and pH 

8.  Attachment was quantified by separation of hematite and hematite-Cit-AuNP 

aggregates from free Cit-AuNPs via a novel technique utilizing track-etched 

membrane filtration; quantification of the free Cit-AuNPs allowed the calculation of a 

maximum adsorption capacity.  Aggregation of hematite induced by the addition of 

Cit-AuNPs was investigated using time-resolved dynamic light scattering.  

Heteroaggregate electrophoretic mobility was measured, and the corresponding zeta 

potential was calculated.  Evidence of enhanced aggregation and non-zero zeta 

potential corresponding to the maximum aggregation conditions suggested that an 

“electrostatic patch” model may explain the heteroaggregation mechanism.  In the 

absence of natural organic matter at the given conditions, Cit-AuNPs were completely 
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Heteroaggregation between Citrate-Stabilized Gold Nanoparticles and 

Hematite Colloids: Mechanisms and Quantification of Nanoparticle-Colloid 

Interactions 

Chapter 1: Introduction 

1.1 Motivation 

Much study has recently been devoted to the fate and transport of engineered 

nanomaterials (ENMs) in the environment [1-4] because of their widespread and 

increasing use in consumer products and industrial processes [5], and their potential for 

toxicity [6, 7].  A key component of understanding ENM fate and transport and 

environmental impact in aquatic systems is their aggregation state.  In a recent summary 

of this topic, Hotze et al. [8] describe how the aggregation state of ENMs could lead to 

rapid sedimentation or filtration by porous media or could lead to stabilization and long-

range transport of a particle suspension, depending on the conditions.  Aggregation state 

can also influence ENM reactivity and toxicity by altering the particle size distribution 

and available surface area [9].   

ENMs may interact with like particles (homoaggregation) or unlike particles 

(heteroaggregation).  Because ENM mass concentrations found in the environment would 

likely be much smaller than concentrations of naturally occurring colloids [10-12], the 

likelihood of heteroaggregation is much higher than homoaggregation of the ENMs [1, 3, 

13].  For this reason, the current study focused on heteroaggregation of ENMs with 

naturally occurring colloids. 

Gold nanoparticles (AuNPs) were chosen as a model platform for the 

investigation of nanoparticle aggregation.  Hematite (α-Fe2O3) was chosen as a naturally 

occurring colloid because of its ubiquitous abundance in the environment [14]. 

1.2 Problem Statement 

A few recent studies have investigated the heteroaggregation process of ENMs 

with naturally occurring colloids [15, 16], but the topic remains relatively uninvestigated.  

Praetorius et al. [2] outline and demonstrate a model for the environmental fate of ENMs, 

and one of the key input parameters is a pseudo-first-order rate constant for 
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heteroaggregation derived by multiplying the collision rate constant by the attachment 

efficiency (αhet-agg), a probability that two unlike colliding particles stick to each other.  If 

this αhet-agg is known, the system can be modeled and the environmental fate of ENMs can 

be better predicted.  Praetorius et al. demonstrated that attachment to naturally occurring 

colloids will likely result in relatively rapid sedimentation and high ENM concentrations 

in the sediment near the source.  Alternatively, a low attachment efficiency will result in 

greater transport of the ENMs downstream.  This information is very valuable if 

remediation of the ENMs is required.  However, to the author’s knowledge, there have 

been no published values of αhet-agg. 

Understanding the mechanism of the heteroaggregation process is also important 

in working toward building predictive models for the fate and transport of ENMs in the 

environment.  Two recent studies [15, 17] have proposed mechanisms for 

heteroaggregation with carbon nanotubes.  Proposed mechanisms were related to the 

aspect ratio of the nanotubes, either providing a bridging mechanism or a blocking 

mechanism depending on the conditions.  The mechanism of AuNP heteroaggregation 

with hematite is likely much different due to the roughly spherical shape of both 

particles, and this mechanism will be important to building an understanding of 

heteroaggregation processes. 

1.3 Objectives and Hypotheses 

 The goal of this study was to investigate the heteroaggregation of citrate-capped 

gold nanoparticles (Cit-AuNPs) with hematite as a model of probing heteroaggregation 

behavior of engineered nanomaterials with naturally occurring colloids in aquatic 

systems.  Two specific objectives contribute toward this goal: 

1) This study aimed to quantify the association of Cit-AuNPs with hematite as a model 

of probing whether ENMs released to the environment will remain free in suspension 

or will associate with naturally occurring colloids.  Based on theory described in 

Chapter 2, the attachment behavior was hypothesized to be dictated by electrostatic 
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forces; if there is no electrostatic repulsion or there is electrostatic attraction, the 

particles will likely attach to a high degree.   

a) A sub-objective is to develop appropriate procedures that allow for investigation 

of this phenomenon.   

2) In order to better understand the heteroaggregation process, this study aimed to 

develop a mechanistic understanding of heteroaggregation in systems containing Cit-

AuNPs and hematite.  The mechanism of destabilization of hematite in the presence 

of Cit-AuNPs was hypothesized to be charge neutralization by attachment of 

oppositely charged Cit-AuNPs. 

1.4 Approach 

The stated objectives were accomplished through the following steps.  First, 

particle types were chosen.  Gold nanoparticles (AuNPs) were selected as a model 

platform for several reasons: they do not dissolve; they can be readily produced with a 

wide range of capping agents [18-20]; Au is a trace material in the environment; and 

AuNPs exhibit surface plasmon resonance, facilitating their examination by ultraviolet-

visible spectroscopy [20, 21].  AuNPs are currently being widely produced for medical 

and imaging applications [22], and as of March 2011 were the 5
th

 most abundant 

nanomaterial reported in consumer products [5].  Although the gold core of AuNPs are 

not a major environmental concern due to the relatively inert nature of gold, this work 

aims to build an understanding of AuNP behavior in the environment based on the 

capping agent characteristics, which can be of toxic concern [23].  Previous work has 

shown that capping agent type dictates AuNP surface charge and has a significant 

influence on homoaggregation behavior [24]. 

Hematite (α-Fe2O3) was chosen as a naturally occurring colloid because of its 

ubiquitous abundance in the environment [14] and the availability of methods to easily 

synthesize colloids in a range of sizes and roughly spherical shapes [25]. 
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After particle types were chosen, laboratory procedures were developed to 

investigate heteroaggregation behavior.  Hematite synthesis was optimized to promote 

monodispersity and target the desired size to test the hypotheses. 

Quantification of the association of Cit-AuNPs with hematite was performed 

using a filtration method developed for this study.  Hematite colloids were synthesized to 

be large enough to easily separate from free Cit-AuNPs using track-etched membranes of 

a specific pore size.  Filtrate and retentate metal concentrations were quantified using 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), and 

heteroaggregate attachment efficiency was inferred from the results.  This will help 

inform future modeling efforts such as those outlined by Praetorius et al. [2] to predict the 

fate of nanomaterials in the environment. 

Heteroaggregation mechanisms were investigated using parallel techniques of 

time-resolved dynamic light scattering (TR-DLS) to quantify aggregation, surface 

coverage calculations from the association results, and zeta potential measurements of the 

heteroaggregates to probe surface charge characteristics.  From these measurements, a 

mechanism was proposed. 

The remainder of this study is divided as follows: Chapter 2 describes relevant 

particle interaction theory, reviews literature on nanomaterial fate and transport, and 

describes the few studies of heteroaggregation with nanomaterials.  Chapter 3 is a 

manuscript targeted for submission to Environmental Science and Technology that 

includes descriptions of the materials and methods of this study, presents the results, and 

discusses the results and conclusions drawn.  Chapter 3 also includes supporting 

information for the manuscript.  Chapter 4 summarizes conclusions and suggests 

directions for future work on this topic. 
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Chapter 2: Background 

2.1 Nanomaterials in the Environment 

 Nanotechnology is an emerging field that is exploding in popularity because of 

the unique properties of materials on the nanometer scale.  At this size, materials have 

such a large surface area relative to the particle volume that a significant number of the 

molecules making up the solid reside on the surface.  The highly reactive surfaces of 

nanomaterials have been exploited to improve many processes, including antibacterial 

use [26], remediation of environmental contaminants [27], and improvement of battery 

technologies [28], just to name a few.  Nanomaterials are also utilized for their small size 

in drug delivery and cancer therapeutics [22, 29]. 

 Nanomaterials, especially those specifically engineered to enhance desirable 

properties, can be of toxic concern in the environment [6, 7, 23].  These engineered 

nanomaterials are unique and xenobiotic [3], and major concerns have been raised about 

potentially unforeseen consequences of engineered nanomaterials as a workplace 

exposure and upon entering environmental systems [30].  Silver nanoparticles, for 

instance, have been shown to inhibit biological waste treatment systems [31].  For these 

reasons, nanoparticles entering the environment are a major concern and a significant 

field of investigation. 

 The study of nanomaterials in the environment is complicated by many factors, as 

reviewed by a number of articles [1-3, 8, 11, 12].  One of the major challenges is the wide 

variety in composition, shape, size, and coatings of engineered nanomaterials that are 

produced.  Each of these characteristics can drastically, and not always predictably [15], 

change the behavior of the material in the environment.  Another challenge is the range of 

solution chemistries encountered in environmental systems.  For example, variations in 

natural organic matter type and concentration can alter particle behavior [15, 32]. 
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2.2 Particle Interaction Theory 

 Particle interactions in aqueous systems are influenced by many factors.  First, the 

long-range transport of particles must be considered.  For particles in aqueous systems, 

the characteristic length for transport is typically two or more orders of magnitude greater 

than the size of the largest particles in the system [33].  Long-range transport can be 

influenced by thermal activity of the molecules, resulting in Brownian motion; gravity, 

resulting in differential sedimentation; or non-uniform fluid movement and the resulting 

fluid shear [33].  The Smoluchowski equation gives the rate of particle flocculation (or 

aggregation), and the rate is dependent on a collision frequency function (β) for each of 

the three long-range transport mechanisms.  In the current system, there is no fluid flow 

and therefore no fluid shear.  Because the particles of interest are so small, differential 

sedimentation is negligible.  This is demonstrated by the comparison of the collision 

frequency functions: βBrownian = 3 x 10
-11

 cm
3
/s, and βdifferential = 1 x 10

-15
 cm

3
/s (at 25° C 

and with particle sizes of 12 and 100 nm).  As can be seen, the collision frequency 

function for Brownian motion is more than four orders of magnitude larger than that of 

differential settling.  Therefore, Brownian motion is the only process of interest.  

Brownian motion is the random movement of particles due to the bombardment of 

molecules of the surrounding fluid [33].  The diffusion coefficient of this motion is 

inversely related to particle diameter, so smaller particles will undergo faster Brownian 

motion. 

 Once long-range transport brings two particles close to one another, short-range 

interactions of these particles become dominant.  Two types of forces that account for 

much of the observed behavior are electrostatic forces and London-van der Waals 

attractive forces.  These two types of forces are taken into account by the classical theory 

of particle stability described by Derjaguin-Landau-Verwey-Overbeek (DLVO) [34, 35].  

These forces are responsible for whether or not two particles attach once long-range 

forces bring them close to each other.  For this reason, they are described by an 
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attachment efficiency function, α.  This α value can be conceptualized as a probability of 

the particles sticking together, and varies between 0 and 1 [2]. 

2.3 Electrostatic Forces and Diffuse Layer  

 Many particles in aqueous systems have charged surfaces arising from chemical 

reactions at the surface, isomorphic replacements within the solid lattice structure, or 

adsorption of charged species on the particle surface [33, 36].  The surface charge of 

most oxides is due to acid-base reactions at the surface (i.e., gain or loss of protons or 

hydroxide ions) [36].  Many engineered nanomaterials are purposely coated in charged 

organic molecules [24], and natural organic matter (NOM) molecules present in 

environmental systems often coat particles in the system, making them negatively 

charged [33].  The surface charge of the particle creates an electrical potential field that 

dissipates as a function of distance from the particle surface.  The existence of this 

electrical potential field results in ions of the opposite charge (counter-ions) becoming 

bound to the particle surface in a thin layer, and the development of a thicker layer in 

which ions are not bound but counter-ions are present at a higher concentration than co-

ions.  This thicker layer is referred to as the diffuse layer. 

 If two particles of the same charge are approaching one another, the electrical 

potential fields will begin to interact once the particles come close enough together.  

Because the electrical potential fields are of the same charge, there is an electrostatic 

repulsion force.  If this repulsion is strong enough, the particles will not interact.  If 

particles of opposite charge are approaching one another, there will be an electrostatic 

attractive force [37].  The electrostatic interaction energy can be calculated and plotted as 

a function of separation distance for symmetric electrolytes and identical spheres [36]. 

2.4 London-van der Waals Forces 

 Attractive forces between particles known as London-van der Waals forces are 

present between any two particles and arise from the synching of the constantly shifting 
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electron clouds of the surface molecules of the two particles [33].  This force is only 

significant once the particles become very close, so it only affects particle interactions if 

there is little electrostatic repulsion between particles or the particles are approaching 

each other with enough kinetic energy to overcome the electrostatic energy barrier.  

Again, the energy of interaction for identical spheres can be plotted as a function of 

separation distance [33]. 

2.5 Methods of Destabilization 

 One method to destabilize charged particle suspensions and induce aggregation is 

to increase the ionic strength of the solution [33].  This increased availability of counter- 

ions in solution compresses the diffuse layer and decreases the length to which the 

electrical potential field extends.  This, therefore, decreases electrostatic repulsion and 

allows London-van der Waals forces to induce aggregation of the particles if the kinetic 

energy of the particles is sufficient.  The critical coagulation concentration (CCC) 

describes the concentration of ions above which the aggregation rate is no longer 

increasing because the electrostatic repulsion barrier has been effectively eliminated [38].  

At and above this ion concentration, the aggregation rate is limited only by diffusion of 

the particles (termed the diffusion-limited regime) [32].  At concentrations below the 

CCC where the electrostatic repulsion energy barrier has not been entirely eliminated, 

aggregation is in the reaction-limited regime where only particles with sufficient kinetic 

energy can overcome the energy barrier opposing particle collisions.   

 A second method of destabilization is charge neutralization by ion adsorption [33] 

and can be accomplished through the addition of oppositely charged ions that specifically 

interact with the surface or by pH adjustment (addition of protons or hydroxide ions).  

The pH at which the surface charge is zero is referred to as the zero point of charge 

(ZPC) [33].  Again, this neutralization decreases or eliminates the electrostatic repulsion 

between like charged particles and allows London-van der Waals attraction to induce 

aggregation. 
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 When charge neutralization by ion adsorption method is implemented in 

negatively charged particle suspensions with the use of large cationic polymers, as is 

common in conventional drinking water treatment, Gregory [39] and Kasper [40] 

independently suggested that a new mechanism of “electrostatic patch” aggregation is 

more appropriate than the charge neutralization concept.  This model explains the 

experimental observation of enhanced aggregation beyond simply eliminating the 

electrostatic repulsive force between particles.  When added at the right concentration, 

these cationic polymers create patches of positive charge on the particle surface, and 

these positively charged patches are attracted to uncoated, negatively charged patches of 

nearby particles.  This new attractive force enhances the rate of aggregation. 

2.6 Experimental Measurement of Aggregation 

 The most prevalent contemporary method of measuring aggregation is tracking 

the increase in hydrodynamic diameter with time using dynamic light scattering (DLS) 

[15, 17, 24].  DLS measures the fluctuations in laser light scattered by the suspension and 

relates the decay times of the fluctuations to the hydrodynamic diameter of the particles 

in solution [41].  DLS measurements can be automated to take readings at regular time 

steps, and this allows for the tracking of aggregate growth over time.  Initial aggregation 

rates are typically calculated from the initial time of mixing until the hydrodynamic 

diameter reaches 1.3 times the initial hydrodynamic diameter.  In this time period, 

doublet formation dominates aggregation behavior; at later times, the aggregation 

between clusters of particles becomes non-trivial [13]. 

2.7 Heteroaggregation Theory 

 Traditional electrostatic repulsive and van der Waals attractive forces are 

insufficient to describe interactions between two unlike particles [37].  Particles can 

differ in many ways including size, shape, material, and surface charge characteristics.  

Because of these differences, heteroaggregation is a much more complex phenomenon 

than homoaggregation.  Islam et al. derived an equation that allows for the calculation of 
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the van der Waals attractive force between two unlike particles [37].  However, the 

electrostatic interaction force is not easily derived, and a number of different theories and 

equations have been developed, including two prominent approaches [42, 43].   

 Hogg et al. [42] proposed linear approximations of the DLVO theory using the 

Debye-Huckel approximation.  This is only valid for particles that are not highly charged 

with surface potentials less than 25 mV.  The approximation results in an equation 

allowing the calculation of the electrostatic interaction energy between the two particles.  

The approach proposed by Hogg et al. is restricted to interactions between particles that 

have the same chemical make-up so that the surface ions are the same.  This restriction 

almost eliminates this method from applicability to any ENM-natural colloid interactions.  

The Hogg et al. approximation has been widely implemented with varying levels of 

agreement with experimental results [44, 45]. 

 Overbeek [43] developed non-linear methods for the calculation of the 

electrostatic interaction energy between unlike particles.  This involved integrations using 

the adaptive step-size Runge-Kutta 4 method.  This development should be more accurate 

than that approximated by Hogg et al.  However, both of these methods have been shown 

to significantly disagree with experimental results in the case of hematite 

heteroaggregation with glass beads [44].  It was suggested that this disagreement may 

stem from an incorrect assumption that surface charges are evenly distributed over the 

particle surfaces [44].  Since then, numerical equations have been developed [46, 47], but 

these are only valid for conditions where the radii of curvature is large compared to the 

Debye length of the electrolyte [37].  This is often not true for particle suspensions on the 

nanometer scale. 

2.8 Themes in Heteroaggregation Case Studies 

 Relatively few investigations have focused on the heteroaggregation of 

nanomaterials with other particles.  Themes from some pertinent studies and their 

findings are reviewed. 
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2.8.1 Shape 

 Shapes of nanomaterials involved in heteroaggregation have been shown to 

dictate the mechanisms of heteroaggregation.  Two recent studies have investigated 

carbon nanotube heteroaggregation with a spherical particle on the nano-scale. 

 Huynh et al. investigated the heteroaggregation of negatively charged multiwalled 

carbon nanotubes (CNTs) and positively charged hematite nanoparticles (HemNPs) [15].  

The authors first investigated homoaggregation of the particles by determining the CCC 

of each in NaCl.  After demonstrating that the HemNPs dominate the scattering intensity 

as measured by dynamic light scattering (DLS), Huynh et al. went on to show the 

heteroaggregation rate at varying mass ratios of CNT/HemNP under conditions where no 

homoaggregation occurred.  The heteroaggregation rate significantly exceeded the 

homoaggregation rate of HemNPs in the diffusion-limited regime.  The authors suggested 

a bridging mechanism at ratios near the optimal ratio, and a blocking mechanism at 

higher CNT/HemNP ratios.  These mechanisms were explained by the fact that the 

nanotubes were relatively long, and allowed for attachment of HemNPs at locations along 

the length of the nanotube without the HemNPs necessarily interacting with each other. 

 Afrooz et al. [17] also looked at heteroaggregation with negatively charged 

carbon nanotubes, although they were single-walled and modified with pluronic acid 

(PA-SWNTs).  In this study, the other particle type was negatively charged poly (acrylic 

acid) stabilized gold nanospheres (AuNS).  Because the two particle types were of the 

same charge, heteroaggregation was investigated by first demonstrating that the 

nanotubes were stable with respect to homoaggregation in high ionic strength solutions, 

and then observing aggregation behavior of the mixed systems at varying ionic strengths.  

In comparison to the homoaggregation of the AuNSs, the addition of the SWNTs 

increased stability at low salt concentrations, and enhanced aggregation at high salt 

concentrations.  This behavior was attributed to “obstruction to collision” and “facilitated 

enhanced attachment” mechanisms, respectively.  These mechanisms are somewhat due 

to the long, thin shape of the nanotubes in that they provide an extra surface for 
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aggregation under the reaction-limited regime, and they block the AuNSs from coming 

into contact with one another under the diffusion-limited regime.  The blocking is 

presumably due to the fact that the nanotubes are larger than the AuNSs and therefore 

have a slower diffusion coefficient, therefore decreasing aggregation rate in the diffusion-

limited regime.   

 The mechanisms proposed by Afrooz et al. are very similar to those proposed by 

the Huynh et al. study.  Perhaps this demonstrates the significant influence of particle 

shape on aggregation behavior despite investigating the phenomenon in much different 

ways. 

 Other heteroaggregation studies have focused on interactions in binary systems 

where both particle types were spherical but of different composition and size.  With 

monodisperse spherical particles, geometrical considerations are facilitated.  The 

following two investigations made use of this geometry in discussions. 

 Yates et al. varied the size ratio and dose of negatively charged silica particles to 

larger, positively charged alumina particle dispersions to investigate heteroaggregation at 

pH 5 [48].  The authors found the optimum silica dose for destabilization at each size 

ratio, and compared these results to calculations of “half surface coverage” as calculated 

by hexagonal close packing of silica spheres on the alumina.  At particle size ratios 

greater than 0.03, less than the calculated half surface coverage resulted in optimum 

destabilization.  The mechanism of destabilization was determined to be charge 

neutralization because the surface charge of the heteroaggregates was measured, and 

neutral surface charge corresponded with optimum destabilization. 

 A study by Cerbelaud et al. investigated the heteroaggregation of 400 nm, 

positively charged alumina particles and 25 nm, negatively charged silica particles [45].  

The particle mass ratio was varied, and adsorption was quantified.  In these respects, the 

study was very similar to the current study.  However, Cerbelaud et al. did not maintain a 

constant pH at the varying particle ratios, and as the ratio of silica to alumina increased, 

the pH increased as well, from pH 6.9 to pH 8.3.  This makes the results difficult to 
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interpret, since the surface charge of the particles change significantly and independently 

over this pH change. 

 Regardless of this pH change and corresponding surface charge change, 

Cerbelaud et al. determined a maximum saturation ratio of 200 silica particles that would 

coat each alumina particle.  At silica concentrations above this, excess silica would 

remain free in solution.  This coating ratio is 2.3 times fewer than could geometrically fit 

on each alumina particle.  From this, the authors concluded that “saturation may well be 

ruled by electrostatic repulsion among small particles.”  They then went on to calculate a 

charge number of each particle, and compared the number of particles that could adsorb 

assuming that each positive charge could adsorb one negative charge.  This calculation 

matched the experimental data at low silica to alumina ratios, but did not agree at high 

ratios. 

 The Yates et al. and Cerbelaud et al. studies demonstrate interesting geometrical 

considerations when working with spherical particles.  The “half surface coverage” 

concept resulting in maximum aggregation has important implications for the aggregation 

and subsequent settling behavior of particles, and this concept is explored in the current 

work.  Both of these investigations were focused more on materials processing than 

transport in the environment and were therefore investigating behavior at particle 

concentrations far exceeding those that would be seen in environmental systems.  Both 

contained particles on the order of 3% by weight, and aggregation behavior is dependent 

on particle concentration [13].  The current investigation is on the order of mg/L particle 

concentrations to simulate more realistic colloid concentrations in the environment. 

2.8.2 Enhanced Aggregation 

 Three recent heteroaggregation studies have reported aggregation rates exceeding 

the rate of homoaggregation in the diffusion-limited regime [15-17].  In two of these 

studies, enhanced aggregation was observed where particles were oppositely charged [15, 

16].  Huynh et al. [15] suggested, as explained above, that a bridging mechanism was 

responsible for the enhanced aggregation. 
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 The other investigation that observed enhanced aggregation looked at the 

heteroaggregation of Citrate-capped Ag nanoparticles and TiO2 nanoparticles with 

montmorillonite clay under varying ionic strength [16].  Investigations were made at pH 

4 and pH 8 because TiO2 was positively charged at pH 4 and negatively charged at pH 8.  

AgNPs had an overall negative charge at both pH values due to the citrate capping agent, 

similar to the AuNPs used in the current study.  Montmorillonite had an overall negative 

charge at both pH values, but the distribution of this charge is not homogeneous.  

Montmorillonite has a plate-like shape, and the faces are negatively charged at both pH 4 

and 8.  However, the edges are positively charged at pH 4 and negatively charged at pH 

8.  In mixed systems with AgNPs and montmorillonite, there was little change induced on 

the stability of the montmorillonite by the addition of AgNPs at pH 8.  But at pH 4, the 

CCC shifted to a lower value, and there was a region in which the attachment efficiency 

exceeded unity (termed an “extra fast coagulation region”).  This was explained by the 

electrostatically favorable interaction of the negatively charged AgNPs and the positively 

charged montmorillonite edge.  Behavior was similar with the TiO2 in that its presence at 

pH 4 shifted the CCC to a lower value, and there was an extra fast coagulation region due 

to the electrostatic attraction. 

 In the third study that observed enhanced aggregation [17], the materials were 

both negatively charged, and the enhanced aggregation was observed at high salt 

concentrations.  As described above, this behavior was explained by the extra surface 

area available for aggregation provided by the nanotubes as opposed to the 

homoaggregation case.  Because there was basically no electrostatic repulsion at these 

high salt concentrations, the nanotubes simply acted as additional material available for 

aggregation.  This is consistent with the explanation that aggregation rate is proportional 

to particle number [24]. 

 Enhanced aggregation is relevant in that it speeds the growth of larger aggregates 

and therefore increases the rate of settling.  Settling in the water column is one of the key 

predictors of the fate of particles in aqueous systems. 
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2.8.3 Actual River Water Samples 

 Instead of investigating particle behavior in simplified laboratory conditions, one 

study looked at nanomaterial behavior in actual river water samples.  Quik et al. 

investigated settling behavior when positively charged CeO2 nanoparticles were added to 

either unfiltered or 0.2 μm filtered river water [49].  The authors found that the unfiltered 

samples resulted in greater sedimentation of the CeO2 nanoparticles, and therefore 

attributed the increased sedimentation to heteroaggregation with the naturally occurring 

colloids.  They then fit the sedimentation behavior to a first order removal rate.  The 

challenge with this type of experimentation with an actual water sample is that different 

water bodies vary greatly in the concentration and type of natural colloids, organic 

matter, and ions, all of which can have a profound impact on the behavior of 

nanoparticles [32]. 

2.8.4 Summary of Heteroaggregation Case Studies 

 The review of the field of heteroaggregation revealed a void in quantification of 

association of engineered nanomaterials with naturally occurring colloids.  Studies have 

investigated heteroaggregation mechanisms with natural colloids [15] and sedimentation 

behavior of nanomaterials mixed with natural colloids [49], but suggestions of attachment 

efficiency with natural colloids have not been provided.  Investigating attachment to 

natural colloids has been suggested to be a dominant factor in the fate of engineered 

nanomaterials [2], and therefore is essential to working toward predictive modeling of the 

fate of these materials in the environment. 
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Chapter 3: Manuscript 

Heteroaggregation between Citrate-Stabilized Gold Nanoparticles and 

Hematite Colloids: Mechanisms and Quantification of Nanoparticle-Colloid 

Interactions 

3.1 Abstract 

 Understanding the aggregation behavior of engineered nanomaterials (ENMs) in 

aqueous environments is essential to understanding their fate, transport, and toxicity.  

Because naturally occurring colloids will likely be present at much higher concentrations 

than ENMs in environmental systems, heteroaggregation and attachment with these 

natural colloids could significantly influence ENM fate and impact on water bodies.  This 

study investigated the heteroaggregation and attachment between hematite (α-Fe2O3) and 

citrate-capped gold nanoparticles (Cit-AuNPs) in 1 mM KCl.  The influence of Cit-AuNP 

concentration was investigated at pH 6 and pH 8.  Attachment was quantified by 

separation of hematite and hematite-Cit-AuNP aggregates from free Cit-AuNPs via a 

novel technique utilizing track-etched membrane filtration; quantification of the free Cit-

AuNPs allowed the calculation of a maximum adsorption capacity.  Aggregation of 

hematite induced by the addition of Cit-AuNPs was investigated using time-resolved 

dynamic light scattering.  Heteroaggregate electrophoretic mobility was measured, and 

the corresponding zeta potential was calculated.  Evidence of enhanced aggregation and 

non-zero zeta potential corresponding to the maximum aggregation conditions suggested 

that an “electrostatic patch” model may explain the heteroaggregation mechanism.  In the 

absence of natural organic matter at the given conditions, Cit-AuNPs were completely 

associated with hematite at the low Cit-AuNP concentrations expected in environmental 

systems, indicating an attachment efficiency of unity.   



17 

 

 

3.2 Introduction 

 Much study has recently been devoted to the fate and transport of engineered 

nanomaterials (ENMs) in the environment [1-4] because of their widespread and 

increasing use in consumer products and industrial processes [5], and their potential for 

toxicity [6].  The aggregation state of ENMs can also influence ENM reactivity and 

toxicity [8, 9, 50], and is a key component of understanding ENM fate and transport in 

aquatic systems.  In a recent summary of the topic, Hotze et al.[8] describe how 

aggregation of ENMs could lead to rapid sedimentation or filtration by porous media, or 

stable ENMs could be transported over long distances.  Aggregation of ENMs is 

dependent on many factors, including capping agents, pH, ionic strength, ionic 

composition, and the presence, concentration, and type of natural organic matter (NOM) 

[8, 24, 32]. 

 ENMs may interact with like particles (homoaggregation) or unlike particles 

(heteroaggregation).  Because ENM mass concentrations found in the environment would 

likely be much smaller than concentrations of naturally occurring colloids [10-12], the 

likelihood of heteroaggregation between ENMs and natural colloids is much higher than 

homoaggregation of the ENMs with themselves [1, 3, 13].  Yet, only a few recent studies 

have investigated this heteroaggregation process with naturally occurring colloids [15, 

16, 49]. 

 These existing studies have examined heteroaggregation in binary systems 

containing montmorillonite clay and either TiO2 or Ag nanoparticles [16], hematite 

particles and carbon nanotubes [15], and CeO2 nanoparticles mixed with either filtered or 

unfiltered natural river water containing colloids [49].  The first two studies [15, 16] 

investigated heteroaggregation predominantly using dynamic light scattering to determine 

heteroaggregation mechanisms and behavior under either varying particle mass ratios or 

varying salt concentrations.  The other study [49] investigated settling behavior and 

found that at 1 mg/L CeO2, heteroaggregation with the natural colloids played a 
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significant role in the settling of the nanoparticles.  Direct measurement of the association 

of nanomaterials with natural colloids has not yet been performed. 

 Praetorius et al. [2] outline and demonstrate a model for the environmental fate of 

ENMs, and one of the key input parameters is a pseudo-first-order rate constant for 

heteroaggregation derived by multiplying the collision rate constant by the attachment 

efficiency (αhet-agg), a probability that two unlike colliding particles stick to each other.  If 

this αhet-agg is known, the system can be modeled and the environmental fate of ENMs can 

be better predicted.  However, to the authors’ knowledge, there have been no published 

values of αhet-agg.  The current investigation may be the first aiming to build an 

understanding of this αhet-agg value through experimental methods to quantify ENM 

attachment to naturally occurring colloids. 

 Gold nanoparticles (AuNPs) were chosen as a model platform for several reasons: 

they do not dissolve; they can be readily produced with a wide range of capping agents 

[18-20]; Au is a trace material in the environment; and AuNPs exhibit surface plasmon 

resonance, facilitating their examination by ultraviolet-visible spectroscopy [20, 21].  

AuNPs are currently being widely produced for medical and imaging applications [22], 

and as of March 2011 were the 5
th

 most abundant nanomaterial reported in consumer 

products [5].  Although the gold core of AuNPs are not a major environmental concern 

due to the relatively inert nature of gold, this work aims to build an understanding of 

AuNP behavior in the environment based on the capping agent characteristics, which can 

be of toxic concern [23].  Previous work has shown that capping agent type dictates 

AuNP surface charge and has a significant influence on homoaggregation behavior [24].  

We have also demonstrated the influences of natural organic matter type and 

concentration on the homoaggregation of citrate-capped AuNPs [32]. 

 Classic mechanisms of particle destabilization include charge neutralization by 

adsorption of oppositely charged ions and diffuse layer compression by increasing the 

ionic strength of the solution [33].  The current work is discussed in the context of these 

mechanisms.  Both mechanisms destabilize particle suspensions by decreasing or 
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eliminating the electrostatic repulsion force between particles; the charge neutralization 

method works by adsorption of counter-ions to the particle surface, while diffuse layer 

compression simply increases the availability of counter-ions in solution and these 

counter-ions compress the diffuse layer and decrease the length to which the electrical 

potential field extends. 

 This study aims to quantify the association of Citrate-capped AuNPs (Cit-AuNPs) 

with hematite (α-Fe2O3) as a model system for probing whether ENMs released to the 

environment will remain free in solution or will associate with naturally occurring 

colloids.  The mechanism of this heteroaggregation process is investigated using parallel 

techniques including time-resolved dynamic light scattering (TR-DLS) to quantify 

aggregation, a separation technique to quantify NP-colloid association and surface 

coverage, and zeta potential measurements of the heteroaggregates to probe surface 

charge characteristics. 

3.3 Materials and Methods 

3.3.1 Synthesis and Characterization of Hematite Colloids 

 Hematite colloids were synthesized following established procedures [25, 51].  

1.69 g of FeCl3·6H2O was added to 250 mL of hot (approximately 100° C) 0.002 M HCl 

to make a 0.025 M FeCl3 solution.  The stock solution was funneled into glass culture 

tubes, capped tightly, and placed in a 100° C oven for two weeks.  After cooling, 

individual samples were combined into larger (50 mL) polyethylene centrifuge tubes.  

The solutions were centrifuged at 2500 g for 20 minutes to settle all particles, and the 

supernatant was decanted.  Finally, the hematite colloids were re-suspended in distilled 

deionized (DDI) water with a resistivity of 18.2 MΩ·cm (ELGA PureLab Ultra).  The 

washing procedure was repeated until the conductivity of the supernatant was ≤5 µS/cm. 

 After ensuring that the stock solutions were nearly ion-free, gravimetric analysis 

was performed to determine the approximate mass concentrations of hematite.  A total 

solids analysis was performed in triplicate following Standard Method 2540 B [52].  
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Assuming that the ion concentration in solution was negligible, the total solids 

measurement is equivalent to the hematite concentration.  The total solids concentration 

was determined to be 1.6 g/L.  Assuming a spherical shape with a 100 nm diameter and a 

solid bulk density of 5.26 g/cm
3
, a particle number concentration was calculated as 5.8 x 

10
11

 particles/mL. 

 Hematite particle size was characterized using Transmission Electron Microscopy 

(TEM) (FEI Titan G2 80-200 TEM, Hillsboro, OR) and Dynamic Light Scattering (DLS) 

(90Plus Particle Size Analyzer, Brookhaven Instruments, Holtsville, NY).  Particle sizes 

as measured by TEM varied between 80-120 nm (Figure 1).  The average hydrodynamic 

diameter, as measured by DLS, ranged between 120-150 nm, depending on the amount of 

sonication prior to measurement.   
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Figure 1. TEM image of hematite colloids. 

 

 Hematite surface charge was measured using a Brookhaven ZetaPALS 

(Holtsville, NY), and the electrophoretic mobility was converted to zeta potential (ξ) 

using the Hückel equation, adjusted using the Henry correction factor of 1.2 because the 

κa for hematite colloids was approximately 7 (see supporting information for 

calculations) [53].  Electrophoretic mobility of each suspension was measured for five 

runs consisting of 20 cycles per run.  Measurements were made on solutions ranging 

from pH 3 to pH 11, with pH measured using a Thermo Scientific Orion micro pH 
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electrode (Chelmsford, MA).  Results are displayed in Figure 2, and they roughly agree 

with previously published results [54].  See supporting information for additional 

discussion of hematite surface charge. 

 

Figure 2. Hematite and Cit-AuNP zeta potential pH titration. Error bars represent 95% 

confidence intervals.  Hematite solution was in 1 mM KCl.  Cit-AuNP measurement was 

reported previously [24], and was in 10 mM KCl. 

 

3.3.2 Citrate-capped Gold Nanoparticles 

 Citrate-capped Gold Nanoparticles (Cit-AuNPs) were purchased from 

NanoComposix, Inc. (12 nm Citrate NanoXact™ Gold) (San Diego, CA).  The core 

diameter as measured by TEM was reported by the manufacturer to be 11.8 + 0.8 nm 

(one standard deviation).  The mass concentration was reported to be 51.6 mg/L as Au, 

and the particle concentration was reported to be 3.0 x 10
12

 particles/mL.  The average 
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hydrodynamic diameter as measured by DLS was reported previously as approximately 

20 nm, indicating a slight degree of aggregation [32].  The critical coagulation 

concentration (CCC) of Cit-AuNPs in KCl at pH 6 was 56 mM [32].  The zeta potential 

was reported previously and is shown in Figure 2 [24]. 

 As purchased, the stock suspension of Cit-AuNPs contained free citrate ion in 

solution.  The citrate concentration was determined to be 2.4 mM by centrifuging the 

sample (5000 g for 70 minutes) to settle all Cit-AuNPs and analyzing the supernatant 

using ion chromatography (Thermo Scientific Dionex
TM

 ICS-5000
+
 ).  Prior to 

aggregation experiments, this citrate was removed by repeated ultracentrifuge filtration 

and re-suspension.  Filtration was conducted with 10 KDa molecular weight cut off 

(MWCO) Amicon Ultra Centrifugal Filters (Millipore Ireland Ltd.).  Additional details of 

the procedure can be found in the supporting information.  The Cit-AuNP concentration 

after citrate removal was estimated using Ultra Violet- Visible (UV-Vis) spectroscopy 

(Hewlett Packard 845x UV-Visible system).  A calibration curve was created from the 

absorbance at 517 nm from dilutions of the original stock solution of Cit-AuNPs because 

the surface plasmon resonance peak occurred at 517 nm.  The final cleaned stock 

suspension absorbance at 517 nm was measured to calculate a final Cit-AuNP 

concentration.  See supporting information for additional details. 

3.3.3 Electrolytes  

 All chemicals used were ACS reagent-grade.  Stock solutions of HCl, KOH, and 

KCl were prepared in DDI water and filtered through a 0.2 µm nylon membrane syringe 

filter (VWR International, Radnor, PA). 

3.3.4 Experimental conditions 

 All experiments were performed in 1 mM KCl because this results in an ionic 

strength on the same order of magnitude as typical fresh water [36].  Experiments were 

performed at two environmentally relevant pH values of 6.1 and 8.  For all experiments, 

hematite was present at 10 mg/L, and the solution temperature was approximately 25° C. 
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3.3.5 Characterizing and Quantifying Aggregation 

 Time-resolved dynamic light scattering (TR-DLS) was used to investigate the 

aggregation state of the particles.  The primary research aim was to investigate 

heteroaggregation between hematite colloids and Cit-AuNPs, but experiments with only 

one particle type (homoaggregation) were performed as controls. 

 Hematite colloids dominated the scattering intensity because of their larger size 

(scattering intensity scales with diameter to the 6
th

 power [55]) and higher concentration 

relative to Cit-AuNPs at all conditions.  Therefore, DLS measurements of systems 

containing both hematite and Cit-AuNPs represent the size of the hematite and/or 

hematite-Cit-AuNP aggregates.  This was confirmed by analysis of stable samples 

containing both Cit-AuNPs and hematite (see supporting information).  An individual 

TR-DLS analysis consisted of hydrodynamic diameter measurements at 15 second 

intervals for a period of 31 minutes using a 90Plus particle size analyzer (Brookhaven 

Instruments, Holtsville, NY).  Homoaggregation experiments with hematite and Cit-

AuNPs were performed as described previously [24].  Heteroaggregation experiments 

consisted of the following steps: (1) hematite particles were suspended in DDI water in 

3.5 mL cuvettes; (2) size was measured by DLS; (3) KCl was added, and the size was 

measured again; (4) pH was adjusted using KOH, if applicable; (5)  Cit-AuNPs were 

added, the time was recorded, the cuvette was inverted, and the measurements were 

initiated. 

 The extent of aggregation at 30 minutes was calculated by averaging the final five 

measurements of the run (Dh,30) and normalizing by the initial hydrodynamic diameter 

(Dh,0).  The initial aggregation rate was also calculated following the previously described 

method [24]; however, the y intercepts of the fitted lines did not concur with Dh,0 for all 

conditions (see supporting information).  This indicates that the initial aggregation rate 

does not accurately describe the observed behavior.  A previous study of 

heteroaggregation [15] used initial rates of aggregation, but the authors demonstrated that 

the y intercept of the fitted initial aggregation rate did not exceed the measured initial 
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hydrodynamic diameter by more than 8 nm.  Because this was not true for the current 

study, the extent of aggregation was used as a measure of aggregation. 

3.3.6 Quantifying Cit-AuNP Association with Hematite 

 Quantification of Cit-AuNP association with hematite particles was performed 

using a method developed to separate stable Cit-AuNPs from hematite colloids or 

hematite-Cit-AuNP aggregates.  6 mL samples were prepared in 15 mL polypropylene 

centrifuge tubes in the following order of addition: DDI water, KOH (for pH 8 samples), 

hematite colloids, KCl, Cit-AuNPs.  The solution was inverted, and the solution was left 

undisturbed for 30 minutes to allow for particle interactions.  The suspension was then 

filtered through Nuclepore® track-etched polycarbonate membranes (Whatman) with 

defined pore sizes of 0.08 µm to separate the larger hematite or hematite-Cit-AuNP 

aggregates from any stable Cit-AuNPs in solution.  The filtrate and retentate were 

acidified by adding enough aqua regia (3:1 HCl to HNO3) to bring the final solutions to 

approximately 5% acid.  Iron and gold were quantified in each sample using Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES) (Teledyne Leeman Prodigy, 

Hudson, NH).  Iron was quantified to ensure that no hematite passed the filter in each 

experiment.  Gold was measured to quantify the association of Cit-AuNPs with the 

hematite colloids under the various conditions.  Preliminary experiments were performed 

to demonstrate that all stable Cit-AuNPs passed the filter and that all hematite was 

retained on the filter (supporting information).  A mass balance on the gold from the 

retentate and filtrate was calculated for each experiment to ensure that there was not 

significant loss (supporting information).  Controls with unfiltered dilutions of the stock 

solutions of Cit-AuNPs and hematite were measured to calculate input mass. 

3.3.7 Surface Charge 

 The electrophoretic mobilities of mixed systems containing both Cit-AuNPs and 

hematite were measured after allowing the particles to interact for approximately ten 

minutes.  Heteroaggregate surface charge was measured as described above using the 



26 

 

 

previously mentioned Henry correction factor of 1.2.  Because TR-DLS measurements 

demonstrated that there was extensive interaction ten minutes after mixing, the 

measurements are assumed to be representative of the heteroaggregates.  Also, 

measurements above the Cit-AuNP concentration at which there is not complete 

association with the hematite (as demonstrated by the quantification of association 

method) were not performed because they would not necessarily be representative of the 

heteroaggreagate surface charge if free Cit-AuNPs were present in solution. 

3.4 Results and Discussion 

3.4.1 Aggregation 

 Both Cit-AuNPs and hematite colloids are stable alone at pH 6.1, as demonstrated 

in Figure 3.  This was also true for both particle types at pH 8 (supporting information).  

Results from several representative heteroaggregation experiments are also shown in 

Figure 3.  At low Cit-AuNP concentrations (0.01 mg/L), there is no influence on hematite 

stability.  However, as Cit-AuNP concentrations are increased, the hematite colloids are 

destabilized.  This behavior occurs for Cit-AuNP concentrations between 0.01 and 1.5 

mg/L.  At Cit-AuNP concentrations greater than approximately 1.5 mg/L, the hematite 

colloids are re-stabilized.  At these high Cit-AuNP concentrations, there is a rapid 

increase in size (approximately 15 nm) that occurs in the first 60 seconds of mixing; after 

the initial size increase, the suspension is stable.  This behavior suggests that the hematite 

colloids are becoming coated in Cit-AuNPs at these high concentrations, and this 

hypothesis was tested by quantifying association of Cit-AuNPs with hematite in the 

following section.  The extent of aggregation for the continuum of Cit-AuNP 

concentrations is summarized in Figure 4a. 

 



27 

 

 

 

Figure 3. Representative aggregation profiles of hematite and Cit-AuNPs.  Results are 

shown at pH 6.1 in 1 mM KCl and with hematite concentrations of 10 mg/L. 
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Figure 4. Heteroaggregation experimental results.  (a) Extent of aggregation; the dashed 

line represents the maximum extent of homoaggregation under favorable conditions (pH 

6.1, 100 mM KCl, see supporting information), (b) “Surface coverage” of hematite by 

Cit-AuNPs, and (c) zeta potential of heteroaggregates.  Error bars represent 95% 

confidence intervals. 

 

 Figure 4a illustrates the gradually increasing aggregation with increasing Cit-

AuNP concentration up to a maximum, then the gradual re-stabilization as Cit-AuNP 
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concentration continues to increase.  At pH 6.1, the maximum aggregation occurs at 

approximately 0.6 mg/L Cit-AuNPs.  The maximum aggregation at pH 8 occurs at a 

lower Cit-AuNP concentration (approximately 0.35 mg/L).  The same trend is observed 

in the concentration of Cit-AuNPs necessary to re-stabilize the hematite.  This trend alone 

is consistent with the adsorption and charge neutralization destabilization mechanism in 

that the decreased surface charge of hematite at pH 8 as compared to pH 6.1 should 

require fewer oppositely charged Cit-AuNPs to neutralize the hematite charge and 

destabilize the suspension. 

 The dashed line shown at Dh,30/Dh,0 = 3.6 marks the maximum extent of hematite 

homoaggregation under favorable conditions (either pH adjustment to the zero point of 

charge, or compression of the diffuse layer, see supporting information).  As seen in 

Figure 4a, the peaks at both pH 6.1 and pH 8 exceed this extent of aggregation, 

suggesting that the Cit-AuNPs are enhancing the aggregation beyond simply eliminating 

the electrostatic repulsive force.  This observation is not consistent with the adsorption 

and charge neutralization destabilization mechanism, in which adsorbed species simply 

remove the electrostatic repulsion force and result in the same aggregation behavior as 

destabilization by diffuse layer compression.  Enhanced aggregation behavior has been 

observed for the destabilization of negatively charged colloids by cationic polymers and 

has been attributed to an “electrostatic patch” model [39, 40, 56].  In the patch model, 

adsorbed cations incompletely cover the negatively charged particle surface, and a 

positively charged polymer-coated patch on one particle is attracted to a negatively 

charged, uncoated patch on another particle.  This attractive force accounts for the 

enhanced aggregation.  This model could be applied to the current study, and is discussed 

in further detail below. 

3.4.2 Cit-AuNP Association with Hematite 

 Free Cit-AuNP concentration after 30 minutes of interaction time is shown as a 

function of initial Cit-AuNP concentration in Figure 5.  The 1:1 reference line is shown 

for comparison to what would be seen if no attachment were occurring.  As Figure 5 
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demonstrates, all of the Cit-AuNPs are associated with the hematite and therefore do not 

pass the membrane at low Cit-AuNP concentrations.  This is expected due to the 

electrostatic attraction between the oppositely charged Cit-AuNPs and hematite.  At 

higher Cit-AuNP concentrations, there is incomplete association of Cit-AuNPs with the 

hematite.  The concentration at which this incomplete association occurs is lower 

(approximately 1 mg/L) at pH 8 than at pH 6.1 (approximately 1.5 mg/L).  As can be 

seen, above these concentrations, the slope is roughly similar to the 1:1 reference slope, 

suggesting that above these concentrations, all of the excess Cit-AuNPs remain free in 

suspension. 

 

 

Figure 5. Association of Cit-AuNPs with hematite.  Solution conditions are 1 mM KCl 

and 10 mg/L hematite. 
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 The association of Cit-AuNPs with hematite was quantified by calculating the 

difference between the initial gold concentration and the gold concentration in the filtrate 

following heteroaggregation.  A Langmuir adsorption isotherm was fit to the results using 

a non-linear regression [33, 57], and the results can be seen in the supporting information.  

The maximum adsorption density (qmax) was determined to be approximately 0.33 g Au/g 

Fe for pH 6.1, and 0.26 g Au/g Fe for pH 8.  This maximum adsorption density was used 

to normalize the adsorption density (q) at each initial Cit-AuNP concentration to calculate 

a “surface coverage” of the Cit-AuNPs on the hematite (q/qmax) (Figure 4b). 

 As Figure 4b demonstrates, the maximum adsorption density (or complete surface 

coverage) was achieved at approximately 1.5 and 1 mg/L Cit-AuNPs for pH 6.1 and pH 

8, respectively.  This suggests that at these concentrations, the hematite is fully coated in 

Cit-AuNPs.  At higher concentrations, some Cit-AuNPs remain free in suspension.  

These results concur with the aggregation profiles that show re-stabilization of the 

hematite at concentrations of approximately 1.5 and 1 mg/L Cit-AuNPs for pH 6.1 and 

pH 8, strengthening the proposition that hematite becomes fully coated by Cit-AuNPs at 

those concentrations. 

 From these measurements of the association of Cit-AuNPs with hematite, it can 

be inferred that under the given simplified laboratory conditions without natural organic 

matter, the attachment efficiency (αhet-agg) of Cit-AuNPs to hematite is approximately one 

at low Cit-AuNP concentrations (below 1.5 and 1 mg/L Cit-AuNPs for pH 6.1 and pH 8, 

respectively).  At higher concentrations, the attachment efficiency of the excess Cit-

AuNPs is approximately zero. 

3.4.3 Heteroaggregate Surface Charge 

 Further evidence of Cit-AuNP coating the hematite colloids can be seen in Figure 

4c.  At low Cit-AuNP concentrations, the heteroaggregate surface charge is similar to that 

of bare hematite.  As Cit-AuNP concentration is increased, the surface charge of the 

heteroaggregates begins to decrease until there is complete surface coverage and the zeta 
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potential is similar to that of Cit-AuNPs.  Again, the behavior at pH 8 is similar to that at 

pH 6.1, but shifted to lower Cit-AuNP concentrations, presumably due to the decreased 

surface charge of bare hematite at pH 8 compared to pH 6.1. 

3.4.4 Conceptual Model of Heteroaggregation 

 As discussed above, the electrostatic patch model [56] can be used to explain the 

enhanced aggregation observed in this study.  Comparing the extent of aggregation 

(Figure 4a) to the zeta potential measurements (Figure 4c) shows that the Cit-AuNP 

concentration that results in maximum aggregation does not correspond with charge 

neutralization for pH 6.1.  In fact, the high degree of aggregation observed in 0.3 mg/L 

Cit-AuNPs at pH 6.1 corresponds to a heteroaggregate surface charge of approximately 

40 mV.  This significant positive charge would have a substantial electrostatic repulsive 

force to overcome if the positive charge was homogeneous throughout the particle 

surface.  However, this behavior is consistent with the electrostatic patch model; although 

the overall charge is significantly positive, there are patches of negative charge where the 

Cit-AuNPs are attached, resulting in attractive forces between that negatively charged 

patch and an uncoated, positively charged patch on an adjacent hematite particle.  A 

conceptual model of this behavior is shown in Figure 6. 
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Figure 6.  "Electrostatic patch" model for positively charged colloid and negatively 

charged nanoparticle at pH 6.1.  At low Cit-AuNP concentrations, there is complete 

association of Cit-AuNPs with hematite, but no aggregation of hematite.  At 0.6 mg/L, 

there is patch-enhanced aggregation.  At 1.5 mg/L, Hematite is coated in Cit-AuNPs and 

is re-stabilized. 

  

 At pH 8, the peak aggregation is enhanced, but not as much as at pH 6.1.  Also, 

the peak of aggregation more closely corresponds to a neutral heteroaggregate surface 

charge.  These observations could be due to the decreased surface charge of the bare 

hematite at pH 8 as compared to pH 6.1.  Less strong positive uncoated patches of 

hematite would result in a smaller attractive force with the oppositely charged, coated 

patches.  Therefore, the patch-attraction behavior would be diminished.  This could 

explain the behavior more indicative of the adsorption and charge neutralization 

destabilization mechanism. 
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3.4.5 Geometric Considerations 

 Because hematite likely becomes coated in Cit-AuNPs at the maximum 

adsorption density and the attachment efficiency of Cit-AuNPs switches from near one to 

near zero at this point, being able to predict this behavior would be very valuable for the 

modeling of engineered nanomaterial fate in the environment.  One conceptual 

framework for this idea is the maximum number of smaller particles that could fit on the 

surface of a larger particle surface if they were closely packed.  A relationship for this 

condition was derived to be [58]: 

      
  

√ 
 
 

 
     

Where Nhex is the maximum number of particles that could fit on the surface assuming 

hexagonal close packing, D is the larger particle diameter, and d is the smaller particle 

diameter.  For the current investigation, assuming spherical particles 100 and 12 nm in 

diameter, 316 Cit-AuNPs could fit on each hematite.  From the maximum adsorption 

results, approximately 24 Cit-AuNPs was the maximum adsorption per hematite at pH 

6.1, and only 16 Cit-AuNPs coated the hematite at pH 8.  Substituting these coverage 

values for Nhex allows for calculation of effective diameters of the Cit-AuNPs of 5.3 and 

7.6 times the measured diameter, respectively.  These effective diameters are much 

higher than two that have been reported in the literature as 2.3 [45] and 2.4 [59] times the 

measured size.  But these published values were with uncoated silica, alumina, and 

polystyrene particles.  Perhaps the citrate coating of the AuNPs, a molecule well 

established to provide stabilization of particle suspensions [16, 20], accounts for this 

significant difference.  If the citrate-capped AuNPs are strongly repelled by one another, 

this could decrease the number that would adsorb on the surface. 

 In addition to investigating the maximum adsorption capacity and geometry, 

Healy and La Mer [60] suggested that “half surface coverage” of a particle surface by 

polymers will result in maximum flocculation.  If complete surface coverage is defined 

experimentally, as was done in the current study, then this concept is consistent with the 

results shown in Figure 4 that roughly 40% surface coverage corresponds to maximum 
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aggregation.  Yates et al. [48] defined complete surface coverage as the maximum due to 

hexagonal close packing and found that, especially at particle size ratios between 0.1 and 

1, the optimum aggregation corresponded to a dose significantly less than half of that 

which would result in complete surface coverage.  From this, they concluded that 

maximum surface coverage should be experimentally determined by adsorption 

saturation experiments.  For comparison, the particle size ratio in the current study is 

approximately 0.12.  Experimental observation of saturation occurring at less than that of 

hexagonal close packing is likely explained by the electrostatic repulsion of adsorbing 

particles by particles that have already adsorbed to the surface. 

3.4.6 Charge Number Considerations 

 Instead of considering how many particles could geometrically fit on another 

particle, perhaps the saturation could be explained by the charge on the particles.  If the 

smaller particles adsorbed onto the larger particle until all the charge on the larger 

particles was compensated, this behavior could be predictable.  To investigate this 

concept, a surface charge density of each particle type was calculated based on the 

measured zeta potential [61], and the surface charge density was converted to a charge 

per particle using the calculated surface area, assuming a constant surface charge density 

(see supporting information for calculations).  This method showed that approximately 

100 Cit-AuNPs would be needed to compensate the charge of one hematite colloid at pH 

6.1, and about 80 Cit-AuNPs per hematite at pH 8.  These values are closer to the 

experimental results of 24 and 16 Cit-AuNPs per hematite than the 316 predicted by 

hexagonal close packing, but the values still significantly overestimate adsorption.  A 

similar charge compensation method was investigated by Cerbelaud et al. [45], and the 

results also did not demonstrate strong agreement with experimental results. 

3.4.7 Environmental Implications 

 Nanomaterials released to aquatic systems will likely encounter significant 

concentrations of naturally occurring colloids.  Modeling efforts have suggested that 
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heteroaggregation of nanomaterials with these natural colloids may dominate 

nanomaterial fate in the environment [2], although this modeling approach is in need of 

attachment efficiency measurements.  The current investigation outlines a method of 

investigating this attachment efficiency experimentally, through quantification of 

attachment.  With Cit-AuNPs and hematite under the simplified laboratory conditions 

without natural organic matter, the attachment efficiency is likely unity at the low 

concentrations of nanomaterials expected in environmental systems. 

 In the unlikely situation that nanomaterial concentrations are near the mg/L range, 

this study demonstrated the possibility that they could destabilize natural colloids, or 

even could coat the natural colloids at high enough concentrations, facilitating enhanced 

transport.  More complexity in the chemical composition is needed in future studies, 

since the presence of natural organic matter and divalent cations have been shown to have 

a significant impact on the interaction of particles [15, 17, 32]. 

 The methods developed in the current investigation have proven useful for 

determining ENM-colloid attachment.  Future work will use these methods to extend to 

other ENM types and coatings as well as other natural colloids to further develop 

predictive models. 

3.5 Supporting Information 

3.5.1 Zeta Potential Calculations 

 Hematite electrophoretic mobility was measured and converted to zeta potential 

(ξ) using the Hückel equation, adjusted using the Henry correction factor.  The Henry 

correction results in the following equation [53]: 

   
   

  
        

Where    is the particle electrophoretic mobility,   is the permittivity,   is the zeta 

potential,   is the viscosity, and        is a function of the Debye-Hückel parameter,  , 

and the particle radius,  .  The above equation is simply the Hückel equation with the 
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correction factor of       .  Values of this correction factor are tabulated [53], and the 

value of 1.2 was interpolated from a    value of approximately 7.  The    value of 7 was 

calculated using the Debye- Hückel model [33].   

3.5.2 Citrate Removal 

 Citrate ion interacts strongly with hematite, inducing homoaggregation of 

hematite at concentrations as low as 2.5 × 10
-7 

M citrate via the ion adsorption and charge 

neutralization mechanism [62].  As citrate concentration is increased, adsorption of 

citrate onto hematite eventually results in charge reversal and subsequent re-stabilization.  

This re-stabilization was reported to occur at approximately 10
-6

 M at pH 6 [62].  This 

behavior was investigated and confirmed in the current study using the synthesized 

hematite and trisodium citrate, and can be seen in Figure 7.   
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Figure 7. 10 mg/L Hematite stability in sodium citrate. 

 Because of this strong influence of citrate on hematite, the excess citrate in 

solution was removed in order to observe interactions of Cit-AuNPs and bare hematite.   

The filtration and re-suspension procedure resulted in final citrate concentrations of at 

least two orders of magnitude smaller than the concentration at which citrate begins to 

destabilize hematite. 

 The citrate removal process was as follows: 2 mL volumes of Cit-AuNP stock 

were centrifuge filtered through 10 KDa molecular weight cut off (MWCO) Amicon 

Ultra Centrifugal Filters (Millipore Ireland Ltd.) at 3200 g for 20 minutes.  The citrate 

concentration in the filtrate was measured using IC to confirm that citrate was not 

retained by the filter.  The concentrate (approximately 0.1 mL) was then re-suspended in 
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DDI water.  This process was repeated four times in order to attain citrate concentrations 

below 10
-7

 M citrate.  This cleaned stock solution of Cit-AuNPs was confirmed to be 

stable, as outlined below, and was used for all experiments.   

 Additional steps were taken to ensure that the citrate in solution was no longer an 

issue.  The zeta potential of hematite with varying concentrations of trisodium citrate was 

measured and compared to the extent of aggregation as calculated from the data in Figure 

7.  This comparison can be seen in Figure 8.  This figure demonstrates that if citrate is 

influencing hematite, either aggregation will be observed, or the zeta potential will be 

negative due to charge reversal.  With this in mind, the stock solution of cleaned Cit-

AuNPs were filtered after all experiments had been performed, and a dilution of the 

filtrate corresponding to the maximum Cit-AuNP concentration was added to hematite.  

No aggregation was observed, and the zeta potential was measured to be positive.  This 

confirms that citrate was not influencing experimental outcomes. 
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Figure 8. Zeta potential and extent of aggregation of 10 mg/L hematite at pH 6 as a 

function of trisodium citrate concentration. 
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dilution.  The full spectra for each sample can be seen in Figure 9.

 

Figure 9. UV-Vis spectra of calibration curve and cleaned stock dilutions of Cit-AuNPs. 

 

 As demonstrated, the surface plasmon resonance peak at 517 nm for the dilution 

of the final re-suspension after cleaning is smaller than the peak at 2 mg/L.  The 

calibration curve can be seen in Figure 10.  The cleaned Cit-AuNP suspension was 

calculated from the calibration curve to be 1.7 mg/L, which corresponds to a stock 
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Figure 10. Calibration curve of surface plasmon resonance peaks at 517 nm. 
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Figure 11. Demonstration that hematite dominates scattering intensity in mixed systems 

of stable binary systems.  Conditions were 10 mg/L hematite, 1 mM KCl, 0.5 mg/L Cit-

AuNPs, pH 11. 
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intercepts coincide with the initial size measurements at low Cit-AuNP concentrations, 

but not at the concentrations of 1.3 or 1.5 mg/L Cit-AuNPs.  A summary of all the rate 

calculations can be seen in Figure 13. 

 

Figure 12. Demonstration of initial linear aggregation rate calculations at pH 6.1 in 1 mM 

KCl and 10 mg/L hematite. 
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Figure 13. Initial aggregation rates of 10 mg/L hematite in 1 mM KCl at varying Cit-

AuNP concentrations 
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Table 1. Mass Balances on filtration experiments at pH 6.1. 

Cit-AuNP concentration 

(mg/L) 

Approximate % Mass 

Balance 

0.1 71 

0.6 110 

1 105 

1.5 115 

2 105 

3 121 

 

Table 2. Mass balances on filtration experiments at pH 8. 

Cit-AuNP concentration 

(mg/L) 

Approximate % Mass 

balance 

0.1 75 

0.35 76 

0.6 85 

1 86 

1.5 90 

2 94 

 

3.5.7 Cit-AuNP and Hematite Stability at pH 8 

 Figure 14 demonstrates that Cit-AuNPs and hematite are stable individually at pH 

8. 
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Figure 14. Hematite and Cit-AuNP stability in 1 mM KCl at pH 8. 
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Figure 15. Hematite destabilization by pH adjustment and subsequent charge 

neutralization. 10 mg/L hematite is present in all samples. 
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Figure 16. Hematite destabilization by diffuse layer compression.  10 mg/L hematite is 

present in all samples. 

 

3.5.9 Langmuir Adsorption Isotherms 
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Figure 17. Langmuir adsorption isotherm of Cit-AuNPs on hematite at pH 6.1. 
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Figure 18. Langmuir adsorption isotherm of Cit-AuNPs on hematite at pH 8. 
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k = Boltzmann constant 

T = absolute temperature 

z = electrolyte valence 

e = elementary electric charge 

ζ = zeta potential 

a = spherical particle radius 

 Particle radii for hematite and Cit-AuNPs, respectively, were assumed to be 50 

and 6 nm.  Particle zeta potentials were estimated to be 55 and 45 mV for hematite at pH 

6.1 and 8, respectively, and -20 mV for Cit-AuNPs at both pH values.  The surface 

charge density was then converted to a charge per particle using the surface area, 

assuming a constant surface charge density. 
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Chapter 4: Conclusions 

 The current study investigated the interactions of citrate-capped gold 

nanoparticles with hematite colloids.  Goals included quantifying association of the 

nanomaterial with the colloid and building a mechanistic understanding of the 

heteroaggregation process.  This study also developed a framework for investigating the 

attachment of nanomaterials to natural colloids.  The importance of this topic has been 

highlighted [1, 2, 8], but this is the first study to focus on methods for the determination 

of heteroaggregation attachment efficiency.  The following conclusions are drawn from 

the laboratory investigations and available literature: 

 At the examined conditions (I = 1 mM KCl; pH 6 and 8) in the absence of natural 

organic matter, Cit-AuNPs were completely associated with hematite at the low 

Cit-AuNP concentrations expected in environmental systems.  This indicates a 

heteroaggregation attachment efficiency of unity.  Praetorius et al. [2] 

demonstrate that an αhet-agg = 1 will likely lead to rapid sedimentation of the 

nanomaterial and little downstream transport. 

 At the examined conditions, high concentrations of Cit-AuNPs resulted in coating 

of the hematite.  The addition of Cit-AuNPs beyond the concentration that coats 

hematite does not result in attachment, indicating a heteroaggregation attachment 

efficiency of approximately zero.   

 Coating of hematite by Cit-AuNPs would facilitate enhanced transport of the 

colloids and the attached nanoparticles. 

 Geometric considerations do not accurately predict the maximum adsorption 

density of Cit-AuNPs onto hematite. 

 Charge compensation gives a closer prediction of the maximum adsorption 

density of Cit-AuNPs than the geometric maximum due to hexagonal close 

packing, but this method is still not very accurate. 
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 Hematite destabilization by Cit-AuNPs at pH 6.1 is more accurately described by 

an “electrostatic patch” mechanism than by a charge neutralization mechanism. 

 Hematite destabilization by Cit-AuNPs at pH 8 demonstrates slightly enhanced 

aggregation typified by the electrostatic patch mechanism, but less enhancement 

than at pH 6.1.  Zeta potential measurements of heteroaggregates at pH 8 show 

behavior more typical of a charge neutralization mechanism, likely due to the 

decreased surface charge of hematite at pH 8 compared to pH 6.1.  Therefore the 

mechanism of destabilization is slightly enhanced by the electrostatic patch 

attraction, but charge neutralization is the dominant mechanism. 

 The work presented here demonstrates a novel approach for experimentally 

examining the heteroaggregation attachment efficiency between naturally occurring 

colloids and engineered nanomaterials.  The results demonstrate a baseline behavior for 

future work to build on, and will facilitate the interpretation of results from more 

complex experimental conditions.  Future work should incrementally build on the 

complexity of the aqueous chemical composition to further our understanding and work 

toward examining heteroaggregation behavior in waters that more closely resemble actual 

natural waters.  A first step in this direction would be to add natural organic matter, 

which is well known to adsorb to natural colloids and highly influence their interaction 

with other particles [33, 63].  Addition of divalent cations is another step toward 

approximating natural waters, and has been shown to significantly influence particle 

interactions [24].  In addition to building aqueous chemical composition complexity, this 

work should investigate other naturally occurring colloids, other classes of ENMs, and 

other ENM coating types.  Future work toward modeling the heteroaggregation process 

using interaction energy could be beneficial [42, 43, 46, 47] despite the method 

limitations [37] and potentially incorrect assumptions [44]. 
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APPENDIX 

 In measuring the zeta potential of hematite, it was discovered that the mixing 

condition had a profound influence on the surface charge.  In the mixed condition, a 100 

mL beaker containing 10 mg/L of hematite in solution was being constantly stirred by a 

stir bar while pH was adjusted and samples were taken.  The zeta potential curve for this 

mixed condition showed significantly decreased surface charge when compared to 

samples that were made in individual cuvettes that were simply inverted to mix (see 

Figure 19).   

 Because all of the experimentation in this study was performed by mixing 

solutions only via cuvette inversion, the zeta potential curve from the individual cuvette 

measurements was reported.  This curve demonstrates a zero point of charge at 

approximately pH 9.7, which roughly agrees with the aggregation induced by charge 

neutralization data shown in Figure 15. 

 The additional CO2 dissolution into solution induced by continuous mixing could 

explain the observed behavior.  CO2 dissolves into water to form H2CO3, but this is a 

kinetic process that does not occur instantly [36].   Janusz and Sedlak [64] demonstrated 

the effect of carbonate adsorption on the hematite particle surface and a subsequent shift 

in zeta potential that is in very good agreement with the behavior observed in Figure 19. 
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Figure 19. The influence of mixing on hematite zeta potential.  Error bars represent 95% 

confidence intervals. 
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