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Nano Impact Statement: 

Nanoparticles are often highly aggregated when present in natural water systems. This paper 

illustrates that the fractal structure of these aggregated (or agglomerated) nanoparticle clusters 

can affect both cluster-cluster aggregation as well as cluster sedimentation. Using a combination 

of dynamic light scattering, UV-Vis based sedimentation curves, and small angle X-ray 

scattering we illustrate that cluster size and fractal dimension should be collectively considered 

when evaluating the fate of highly aggregated nanomaterials. While our study focused explicitly 

on magnetite nanoparticles, the results are relevant to any other highly aggregated (or 

agglomerated) system. 
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Magnetite nanoparticles are redox active constituents of subsurface and corrosive environments. In this 

study, we characterized the aggregation and sedimentation behavior of well characterized magnetite 

nanoparticle clusters using dynamic light scattering (DLS), UV-VIS-NIR spectroscopy, and small angle X-

ray scattering (SAXS). Both unfunctionalized (NaOH-magnetite) and tetramethylammonium hydroxide 

(TMAOH-magnetite) surface functionalized nanoparticle clusters were employed. TMAOH-magnetite has 

a slightly smaller primary nanoparticle radius as determined by TEM (4±0.7 nm vs. 5±0.8 for NaOH-

magnetite) and a smaller initial DLS determined cluster radius (<30 nm vs. 100-200 nm for NaOH-

magnetite). Interestingly, in spite of its smaller initial nanoparticle cluster size, TMAOH-magnetite 

undergoes sedimentation more rapidly than NaOH-magnetite. This behavior is consistent with the more 

rapid aggregation of the smaller TMAOH-magnetite clusters as well as their lower fractal dimension, as 

determined by SAXS. This study illustrates that both nanoparticle cluster size and fractal dimension 

should be carefully considered when considering the environmental transport and fate of highly 

aggregated nanoparticles.  

Introduction 

The mixed valence iron oxide magnetite (Fe3O4) is commonly 

found in subsurface and highly corrosive environments.1-5 Over 

the past fifteen years there has been growing interest in the 

application of nanoscale magnetite for contaminated 

groundwater treatment and as a sorbent of metalloid 

contaminants due to its reductive capacity, high surface area, 

and superparamagnetic properties.6-12 Magnetite has an inverse 

spinel crystal structure with a unit cell comprised of 32 O2- 

anions, 16 Fe3+ cations, and 8 Fe2+ cations. Half of the Fe3+ ions 

are tetrahedrally (tet) coordinated, while the other half and all 

of the Fe2+ are octahedrally (oct) coordinated resulting in a 

(Fe8
3+)tet(Fe8

3+Fe8
2+)octO32 unit cell. The adjacent positioning of 

Fe3+ and Fe2+ cations in the octahedral layer enables electron 

hopping due to d orbital overlap between iron atoms.13  

 In aqueous suspensions, magnetite readily aggregates due to 

a combination of Lifschitz-van der Waals and magnetic 

forces.6,9,14 The size of these aggregated nanoparticle clusters 

can be considerable (potentially > 1 µm) and thus cluster 

formation not only affects magnetite transport and delivery, but 

may also affect reactivity due to the loss of the specific activity 

of an individual nanoparticle.10,15-18 Aggregation events 

between individual nanoparticles or between nanoparticle 

clusters can result either in the formation of irreversibly bound 

aggregates produced by close contact or in the formation of 

reversibly bound agglomerates that can be broken by sonication 

or other mixing processes.19 Whether particles aggregate 

irreversibly or reversibly is dependent upon the relative 

magnitudes of the attractive and repulsive forces between the 

nanoparticles. Because of the challenges associated with 

experimentally differentiating aggregates from agglomerates 

and inconsistencies in the literature as to how these terms 

should be used,20 herein, we refer to irreversibly bound masses 

of nanoparticles as nanoparticle clusters and the physical 

process bringing such clusters together as aggregation. 

 Nanoparticle clusters produced by aggregation processes 

generally can be considered self-similar fractal structures19,21-23 

that can be defined in terms of a fractal dimension (df) that is 

the power to which the radius of a nanoparticle cluster (R) is 

raised such that it scales with mass (m):24 

 m α R
df (1) 

The fractal dimension of a cluster can depend on the 

mechanism by which the aggregation process occurs - namely 

whether it is diffusion limited cluster aggregation (DLCA) or 

reaction limited cluster aggregation (RLCA).19,24,25 DLCA or 

fast aggregation occurs when no net repulsive force is 

experienced by the particles or clusters.  Under these conditions 

the aggregation rate is solely dependent on the diffusion of the 

clusters to one another. At high electrolyte concentrations, 

coagulation in the DLCA regime leads to structures of low 

fractal dimension (i.e., loose and open aggregates; df ≈ 1.7-
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1.8).26 For RLCA or slow aggregation, however, additional 

repulsive forces prevent the clusters from coagulating as 

readily. The formation of aggregated nanoparticle clusters is 

therefore dictated by the probability of the clusters adhering to 

one other.  Structures formed by RLCA are more compact and 

have higher fractal dimensions (df  ≈ 2.1-2.2).26 Because of 

these differences df is often used as a measure to evaluate 

cluster formation mechanisms.24   

 Light scattering methods have commonly been used to 

characterize aggregation processes.27-29 Dynamic light 

scattering (DLS) is a technique in which temporal fluctuations 

of scattered light are analyzed to obtain the diffusion coefficient 

and consequently the hydrodynamic diameter of a given 

sample. Being a non-invasive technique, DLS was employed 

herein to characterize the aggregation behavior of magnetite 

produced both in the presence of tetramethylammonium 

hydroxide (TMAOH) and in its absence (TMAOH-magnetite 

and NaOH-magnetite, respectively). An inherent limitation of 

DLS, however, is that the method requires samples to have low 

particle concentrations to prevent multiple scattering events 

from occurring that can lead to inaccurate measurements. Given 

this restriction, UV-VIS-NIR spectroscopy was also utilized to 

study the aggregation and sedimentation of magnetite at higher 

particle concentrations. These studies were achieved by 

monitoring changes in incident light intensity as it passes 

through a given sample over time. In addition, small angle X-

ray scattering (SAXS) was used to probe the smallest 

nanoparticle sizes as well as the fractal structure of the 

nanoparticle clusters. 

 As discussed herein, the aggregation and sedimentation of 

magnetite clusters was found to be a function of the magnetite 

surface coating and the fractal dimension of the clusters. This 

work has relevance not only to studies of magnetite and other 

iron containing materials, but also any other highly aggregated 

nanomaterial. As we demonstrate, the fractal dimension of a 

cluster must be considered when evaluating nanomaterial 

aggregation and sedimentation in aquatic systems. 

Experimental methods 

Reagents 

Reagent grade chemicals were used without additional 

purification for all experiments. The following chemicals were 

used for magnetite synthesis: ferrous chloride tetrahydrate 

(FeCl2⋅4H2O; ICN Biomedicals), ferric chloride (FeCl3 

anhydrous; Fisher Scientific), sodium hydroxide (NaOH; Fisher 

Scientific; ≥ 98.5%), sodium chloride (NaCl; Fisher Scientific), 

and tetramethylammonium hydroxide pentahydrate 

(TMAOH⋅5H2O; Fisher Scientific). All solutions used in the 

experiments were produced using de-aerated, deionized water 

(>18.1 MΩ-cm) made by boiling for 30 minutes and then 

sparging with either argon or nitrogen gas for at least 30 

minutes while boiling continued. De-aerated water was 

removed from the heating source, capped, transferred to an 

anaerobic glovebox (95% N2/5% H2; Coy Laboratory Products) 

and allowed to cool. 

Magnetite synthesis 

Magnetite nanoparticles were synthesized using a co-

precipitation method adapted from Vayssieres, et al.30 In brief, 

in the anaerobic glovebox a mixture of 0.1 M FeCl2 and 0.2 M 

FeCl3 was added drop-wise (~1 drop/s) to a well-mixed solution 

of 1 M NaOH and 1 M NaCl. The final ratio of iron solution to 

base solution was kept at 3:2 to maintain the pH above 12. 

Polypropylene containers were used to avoid silicate leaching 

from glass vessels because of the high pH synthesis conditions. 

Excess salts were removed by magnetically separating the 

precipitated nanoparticles and by rinsing with argon-purged, 

deionized water until the supernatant pH was in the 7-8.5 range. 

TMAOH functionalized nanoparticles were synthesized using 

the same co-precipitation method except 1 M TMAOH was 

used instead of 1 M NaOH. Prepared magnetite stocks were 

stored in the anaerobic glovebox for periods up to 2 months. 

The mass concentration of a magnetite stock was 

gravimetrically determined in triplicate by drying 2 mL of 

slurry in a 75 °C oven. The final mass of dried sample was 

converted into an equivalent magnetite mass using the Fe3O4/γ-

Fe2O3 gravimetric ratio and assuming 100% conversion of 

Fe3O4 into γ-Fe2O3.  

Characterization of magnetite powders 

The morphology and size of nanoparticulate magnetite were 

characterized using a Philips 420T TEM operated at 100 keV. 

Particle slurries were mounted on carbon coated TEM grids 

(Electron Microscopy Science, Hartfield, PA) and dried in an 

aerobic environment for a minimum of 48 hours. Collected 

images were digitally transferred using a slow scan 3086 × 

2056 pixel camera. The magnetite particle size was determined 

by analysis of collected TEM images using the ImageJ software 

package (NIH, Bethesda, MD). High resolution transmission 

electron microscope (HRTEM) images were obtained using a 

FEI Titan scanning/transmission electron microscope (S/TEM) 

operated at 200 kV. Copper grids (400-mesh) with an ultrathin 

carbon film on a holey carbon support (Ted Pella, Inc.) were 

selected for samples investigated with the HRTEM.  A 

representative selection of particle images was obtained from 

multiple sites on each grid.  

Small angle X-ray scattering (SAXS) 

SAXS experiments were conducted on the ID-02 beamline at 

the ESRF in Grenoble, France. Collected scattering curves were 

evaluated to determine both the nanoparticle size as well as the  

fractal dimension (df) of the magnetite clusters. A q range of  

10-0.8-10-2.2 Å-1 was probed with q defined as the wave vector 

modulus:  

 q =
4π
λ

sin Θ( )  (2) 
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where λ is 0.1 nm (12.4 keV), and 2Θ is the angle between the 

incident X-ray beam and the detector. A complete description 

of the data treatment can be found elsewhere.31,32 

Determination of magnetite cluster-cluster aggregation 

kinetics  

The aggregation behavior of the synthesized magnetite 

nanoparticle suspensions was studied using an ALV CGS-3 

system and established protocols.33,34 This system employs a 22 

mW HeNe Laser, an APD-based single photon detector, and an 

ALV-5000/EPP correlator. The initial size and electrolyte-

induced growth of the magnetite clusters were determined by 

cumulant analysis of dynamic light scattering (DLS) data 

collected at a 90° scattering angle every 15 seconds for a period 

of 30-60 minutes. 

   All DLS measurements were conducted at 25 °C and unless 

otherwise specified at pH = 8.0 ± 0.5. Each sample for analysis 

was placed in a new prewashed glass vial that was rinsed with 

filtered (Whatman nylon membrane, 0.2 µm), deionized water 

prior to the addition of suspension. Stock solutions of NaCl, 

MgCl2, CaCl2, and FeCl2 were prepared using reagent grade 

salts and deaerated, deionized water. The solutions were double 

filtered with 0.1 µm Whatman nylon membrane and Anodisc 

membrane filters. To determine the effect of each electrolyte on 

magnetite cluster aggregation, known volumes of salt solution, 

corresponding to the desired salt concentration, were added to 

the pre-sonicated suspensions. All vials were vortex mixed for 

approximately five seconds upon salt addition to ensure 

adequate mixing.  

Determination of magnetite cluster sedimentation rates 

Magnetite cluster sedimentation was monitored using a Varian 

Cary 5000 UV-Vis-NIR spectrophotometer. Magnetite 

suspensions with concentrations ranging from 0.22-22 mM (50-

500 mg/L) were prepared inside the anaerobic glovebox by 

diluting a sonicated (FS204 Sonicator Bath, Fisher Scientific) 

magnetite stock. The dilute suspension was then sonicated for 

an additional 3 minutes prior to transferring a 3 mL aliquot to a 

quartz cuvette sealed with a rubber septum. Outside the 

glovebox, a syringe was used to add a given volume of 

deaerated 0.1 M NaCl to the magnetite suspension to vary ionic 

strength and induce sedimentation. UV-Vis-NIR spectra were 

periodically obtained between 200 and 1350 nm for periods up 

to 60 minutes. In some experiments, measurements at 15 

second intervals were obtained at a fixed wavelength of 508 nm 

for periods up to 60 minutes. Baseline corrections employing 

distilled deionized water were performed prior to sample 

analysis. 

Results and Discussion 

 Magnetite primary particle characterization 

As shown in Figure S1 and as described previously,14 analysis 

of TEM images indicated that NaOH-magnetite has a particle  

  
Figure 1. A and B) TEM images of NaOH-magnetite and TMAOH-magnetite, 

respectively. C) HRTEM image of TMAOH magnetite, D) SAXS characterization of 

NaOH- and TMAOH-magnetite.  

radius of 5.0 ± 0.8 nm, while TMAOH-magnetite is smaller 

with a particle radius of 4.0 ± 0.7 nm. XRD, FTIR, and Raman 

measurements confirmed that the particles consist of 

magnetite/maghemite, and Scherer analyses of the collected x-

ray diffractograms were consistent with the relative sizes 

determined via TEM. FTIR measurements for TMAOH-

magnetite indicate that a layer of adsorbed tetramethyl 

ammonium (TMA+) cations exists at the surface of this 

nanomaterial. TEM images for NaOH-magnetite (Fig 1a) and 

TMAOH-magnetite (Fig. 1b) illustrate the smaller size of 

TMAOH-magnetite. Furthermore, as shown by the lattice 

fringing in Fig. 1c, magnetite produced by these procedures is 

highly crystalline.  

SAXS measurements were conducted to further characterize 

the primary nanoparticle size. As shown in Fig. 1d, the point at 

which there is an inflection in the Porod regime indicates a 

primary particle radius of 2.2 nm for NaOH-magnetite and 2.1 

nm for TMAOH-magnetite. These values are smaller than the 

TEM determined size and we attribute this fact to the presence 

of small (<3 nm) nanoparticles that are detectable by SAXS, 

but are at the lower limit of our TEM imaging. 

Magnetite cluster characterization 

In both the NaOH-magnetite and TMAOH-magnetite 

suspensions, magnetite is present in the form of clusters of 

nanoparticles with DLS determined hydrodynamic radii varying 

from 100-200 to <30 nm, respectively (results not shown). 

These clusters, which presumably formed during nanomaterial 

synthesis, were highly resistant to disaggregation via bath 

sonication or solution agitation. Although the nucleation events 

leading to nanoparticle formation were rapid enough to ensure a 
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small particle size,30 the high-salt concentration conditions used 

during synthesis were such that electrical double layer repulsion 

was minimal and the particles immediately aggregated. Many 

existing references describing nanoparticle syntheses report 

cluster sizes that are considerably larger than the nascent 

nanoparticle size.35  

 The smaller cluster size of TMAOH-magnetite is attributed 

to the presence of the TMA+ cation at the nanoparticle surface. 

This surface associated cation electrosterically restricts particle-

particle interactions and facilitates nanoparticle dispersion.36 

The persistence of the adhered TMA+ layer was found to be a 

function of the number of wash cycles employed to clean the 

nanoparticles following synthesis. Sequential wash steps 

resulted in an increase in the measured hydrodynamic radius for 

TMAOH-magnetite. Immediately following synthesis, the 

measured hydrodynamic radius was 18 nm (≈4.5× larger than 

the TEM determined individual particle radius), but depletion 

of surface associated TMA+ following four additional wash 

cycles increased the measured radius to 30 nm (≈7.5× larger 

than the individual particle radius). As determined via ImageJ 

analysis of collected TEM images, these sequential washes did 

not statistically alter the intrinsic nanoparticle diameter (results 

not shown). In the experiments described herein, at least four 

wash steps were employed.  

 The surface charge of the nanomagnetite suspensions was 

determined as a function of the solution pH. The pHIEP – or the 

pH where the measured zeta potential of the nanoparticle 

clusters was zero – was 6.8 ± 0.3 for NaOH-magnetite and 6.6 

± 1.0 for TMAOH-magnetite (Fig. 2a). These values are not 

statistically different and are within the range of pHIEP values 

previously reported for magnetite.36,37 Below the pHIEP the 

surface is positively charged, while above the pHIEP the surface 

is negatively charged. The slightly lower (but not statistically 

significant) pHIEP for TMAOH-magnetite is consistent with the 

presence of adsorbed TMA+ cations at the iron oxide surface. 

The complexation of organic materials at an oxide surface 

generally results in a lowering of the measured pHIEP.37  

 Magnetite has a nondescript UV-VIS-NIR spectrum 

consisting of overlapping absorption bands that are indicative 

of electronic transitions within the crystalline lattice. These 

transitions primarily result from 1) FeIII ligand field effects, 2) 

interactions between magnetically coupled FeIII ions, and 3) 

ligand (oxygen)-metal charge transfer excitations from the 

O(2p) non-bonding valence bands to the Fe(3d) ligand field 

orbitals or possibly between electron donor FeII and electron 

acceptor FeIII
.
38 The FeIII ligand field transitions within 

magnetite primarily result in absorbance between 290-380 nm, 

while charge transfer transitions are responsible for the majority 

of the absorption in the visible-region of the spectra.38 

Magnetite also has an absorption maximum in the NIR region 

around 1500 nm due to electron hopping between octahedral 

FeII and FeIII (i.e., an intervalence charge transfer band [IVCT]). 

 Fig. 2b exhibits the UV-VIS-NIR extinction (= absorption + 

scattering) spectra for NaOH-magnetite and TMAOH-

magnetite. TMAOH-magnetite has higher extinction in the UV  

 
Figure 2. A) Zeta potential as a function of solution pH for NaOH- and TMAOH-

magnetite, 0.01 M NaCl was used as an indifferent electrolyte. B) Extinction 

spectra for NaOH- and TMAOH-magnetite. Inset: Extinction of TMAOH. [Note: 

the disconnect at ≈800 nm is due to a change in the instrument detector.] 

region than NaOH-magnetite, while in the near-IR it is lower. 

The former effect is attributed to the absorbance of the TMA+ 

cations (Fig. 2b inset), while the latter could be the result of the 

decreased particle size for TMAOH-magnetite or to its smaller 

cluster size. Each of these possibilities would result in less light 

extinction for a given mass of particles. Two extinction maxima 

in the magnetite spectrum exist over this wavelength range – 

one centered at 380 nm corresponding to FeIII ligand field 

transitions and another at λ > 1320 nm that corresponds to the 

IVCT band.39  

 During storage the magnetite stock suspensions, particularly 

NaOH-magnetite, aggregate significantly. To breakup these 

agglomerates and attain a stable initial cluster size the 

experimental solutions were bath sonicated prior to each 

experiment. As shown in Fig. S2 in the ESI, the initial 

absorbance at 508 nm of a magnetite suspension varies with 

both the sonication time and the particle concentration. Based 

upon these results, a presonication period of three minutes was 

chosen for all experiments described herein. 

 Collected SAXS scattering curves were analyzed and fit to 

determine a df of 1.88±0.10 for NaOH-magnetite and a df of 

1.79±0.09 for TMAOH-magnetite. The lower df for TMAOH-
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magnetite indicates that the TMAOH-magnetite clusters exhibit 

a less densely packed structure, while NaOH-magnetite is more 

tightly packed. Both values indicate that these clusters formed 

via DLCA. 

Magnetite cluster-cluster aggregation 

We evaluated the aggregation behavior of our magnetite 

clusters as dictated by solution pH and the presence of 

electrolytes. Cluster-cluster aggregation led to an increase in 

hydrodynamic radius that was quantified using DLS.   

 pH effects. To illustrate the effect of pH on cluster-cluster 

aggregation, we sequentially added aliquots of 0.1 M NaOH to 

a 0.012 mM NaOH-magnetite suspension (2.73 mg/L; 1015 

nanoparticles/L) and then measured the hydrodynamic radius of 

the suspension over time to determine apparent aggregation rate 

constants (Fig. 3). Prior to base addition, the hydrodynamic 

radius was 130 ± 7 nm at a pH of 5.9. Increasing the pH to 6.2 

resulted in a negligible increase in the hydrodynamic radius. An 

increase to pH 6.3 and beyond accelerated cluster-cluster 

aggregation and increased the measured hydrodynamic radius. 

At both pH 6.3 and pH 6.4 the change in the hydrodynamic 

radius was initially quite rapid (kpH=6.3 = 1.4 nm/s, kpH=6.4 = 2.6 

nm/s). At pH 6.5, the first four readings exhibited a slope 

(kpH=6.5) in excess of 10 nm/s, but became unstable thereafter as 

the overall cluster size approached the maximum limit of the 

DLS instrument employed. (We note that we utilize units of 

nm/s for simplicity. To determine the correct units for 

nanoparticle aggregation (i.e., nm3/s) we would need to assume 

volumes for the aggregating clusters.) The aggregation behavior 

shown in Fig. 3 is consistent with past studies examining the 

aggregation of nanoparticles and nanoparticle clusters.27,40,41 

The rate of change in the hydrodynamic radius of the cluster 

increased as the pH approached the pHIEP of NaOH-magnetite.  

This behavior is consistent with colloid theory that suggests 

that at the isoelectric point the clusters will aggregate most 

rapidly due to the decreased thickness of the repulsive 

electrostatic double layer.42 

 Indifferent electrolyte effects. We investigated the salt 

induced aggregation of our NaOH- and TMAOH-magnetite 

clusters. Fig. S3 depicts illustrative results for the aggregation 

of NaOH-magnetite following NaCl addition. As expected, at 

low salt concentrations the kinetics of aggregation are quite 

slow. At higher salt concentrations, however, the aggregation 

kinetics accelerate. To quantify magnetite cluster-cluster 

aggregation we monitored the aggregation kinetics for t ˃ 15 

seconds to determine the aggregation rate constant:27,42 

  (3) 

where k11 is the measured aggregation rate constant obtained by 

fitting a linear regression to DLS acquired hydrodynamic data. 

N0 is the concentration of nanomagnetite clusters at time t=0 

and N1 is a dimer formed by aggregation of two clusters. Under 

high salt conditions where aggregation is limited only by the 

diffusion of two clusters (DLCA) the value of k11 is maximized 

and is defined as k11,fast. For conditions where repulsive 

interactions control aggregation (RLCA) k11 is slower. We 

defined the stability of a suspension using the stability ratio W: 

 

 
Figure 3. Effect of solution pH on the aggregation of 0.012 mM NaOH-magnetite. 

Aliquots of 0.1 M NaOH were sequentially added to set the solution pH. Inset: 

Initial aggregation rate constants; error bars reflect the standard error. 

  (4) 

After applying equation 4 to our collected DLS data we plotted 

the stability ratio for NaOH-magnetite and TMAOH-magnetite 

versus salt concentration for three different salts (NaCl, MgCl2, 

and CaCl2) in Fig. 4a. As shown, the calculated stability ratios 

decrease with an increase in salt concentration up to a limiting 

value of 1. At salt levels in excess of this concentration, 

aggregation is limited only by diffusion since the repulsive 

electrostatic energy barrier is diminished and further addition of 

salt no longer affects the aggregation rate.  The salt 

concentration where this transition occurs is the critical 

coagulation concentration (CCC) and was experimentally 

determined by extrapolating the measured stability ratios at low 

salt concentrations to a value of 1.  Using this approach, we 

determined approximate CCC values for our NaOH-magnetite 

clusters of: NaCl = 8 mM, MgCl2 = 0.3 mM, and CaCl2 = 0.2 

mM. For the TMAOH-magnetite clusters the approximate CCC 

for NaCl was 5 mM. For NaOH-magnetite the difference 

between the results obtained with the monovalent and divalent 

cations is consistent with past reports and with the empirical 

Shulze-Hardy rule that predicts the CCC should scale with the 

sixth power of the valence.24 The difference in CCC values for 

CaCl2 vs. MgCl2 is not statistically significant, but the data 

  

dN1

dt

 

 
 

 

 
 

t →0

= −k11N0

2

  
W =

k11,fast

k11
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consistently show that NaOH-magnetite aggregates more 

rapidly in the presence of Ca2+ than at a comparable 

concentration of Mg2+. Stankus et al.43 recently reported that 

Ca2+ is more effective than Mg2+ at inducing aggregation of 

negatively charged AuNP, and they attributed this result to the 

fact that Ca2+ (electronegativity = 1.00 Pauling units) is slightly 

more electropositive than Mg2+ (1.31 Pauling units).   

 The most striking result presented in Fig. 4a is the lower 

observed CCC for TMAOH-magnetite than for NaOH-

magnetite. Such a result is somewhat misleading, however, due 

to the smaller initial cluster size for TMAOH-magnetite than 

NaOH-magnetite. A smaller size cluster can be expected to 

aggregate more rapidly due to its higher overall rate of 

diffusion (which is inversely correlated to the cluster size). To 

illustrate the effects of salt on cluster size we present in Fig. 4b 

the measured cluster radius at t=15 s (i.e., the first DLS 

measurement obtained after salt addition). As shown, the 

TMAOH clusters are consistently smaller than those for NaOH-

magnetite at similar salt concentrations.  

 It is possible to define the minimum salt concentration 

required to initiate cluster growth. As shown, in Fig. 4b (t=15 s) 

and Fig. S4 (for t= 60, 90, 120 s), for NaOH-magnetite this 

condition occurs at salt concentrations of 4 mM NaCl, 0.08 mM 

CaCl2, and 0.14 mM MgCl2. For TMAOH-magnetite no 

minimum salt concentration could be defined over the NaCl 

range investigated, thus suggesting that cluster growth occurs at 

values below 1 mM. As expected, the concentrations at which 

cluster growth occurs are consistently lower than the measured 

CCC values. 

 FeII addition. In contrast to the aggregation behavior 

observed following addition of the indifferent electrolytes 

CaCl2, MgCl2, and NaCl, the addition of FeCl2 resulted in a 

highly differential trend. It was observed that the suspension 

generally became more stable as indicated by a measured 

decrease in cluster size with an increase in FeII concentration 

(Fig. S5). To our knowledge, the effects of FeII addition on iron 

based nanoparticle cluster stability have not been examined to 

date; however, FeII addition is expected to alter the surface 

properties of the magnetite nanoparticles, as has been suggested 

elsewhere.44-47 A change in the oxidation state of magnetite, for 

example, may have produced clusters with higher colloidal 

stability than pristine nanomagnetite. The effects of changes in 

oxidation state on the stability of these nanomagnetite clusters 

will be the focus of a future publication. 

Magnetite cluster sedimentation 

An inherent problem with DLS is that the method requires low 

particle concentrations to prevent multiple scattering events that 

lead to inaccurate light scattering measurements. Given this 

limitation, we examined the aggregation and sedimentation 

behavior of magnetite at higher nanoparticle concentrations by 

monitoring changes in optical absorbance as a function of time 

using UV-VIS-NIR spectroscopy. Coagulation and 

sedimentation of the NaOH-magnetite and TMAOH-magnetite 

clusters was initiated by NaCl addition. Representative sets of  

sedimentation spectra are shown in Fig. 5. These spectra, 

obtained for NaOH-magnetite at a concentration of 0.864 mM 

(200 mg/L), illustrate that NaCl addition initiates the 

aggregation and sedimentation of the magnetite clusters. To 

probe magnetite sedimentation in greater temporal detail than 

enabled by full spectral monitoring we conducted a  

 
Figure 4. Measured stability ratios for NaOH-magnetite as a function of the salt 

concentration. Magnetite = 0.012 mM. pH = 8.0 ± 0.5 

comprehensive series of experiments in which we monitored 

changes in absorbance at 508 nm over time. We selected this 
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value for consistency with the literature7 as well as the fact that 

the absorbance at this wavelength is not affected by the 

magnetite oxidation state. As documented previously, changes 

in oxidation state primarily affect the NIR portion of the UV-

Vis-NIR spectrum.39 

   

 
Figure 5. Collected sedimentation curves for 0.864 mM NaOH-magnetite. A) No 

salt addition, B) 10 mM NaCl, C) 20 mM NaCl.  

 The addition of salt at concentrations ranging from 2 to 20 

mM caused a measurable decrease in absorption at 508 nm for 

both NaOH-magnetite (Fig. 6a) and TMAOH-magnetite (Fig. 

6b). The detrimental effect of salt addition on the colloidal 

stability of magnetite was expected since an increase in the 

ionic strength of the solution lowers the repulsive electrostatic 

barrier and enables rapid coagulation. Relative to the salt-free 

suspension, the observed sedimentation kinetics were enhanced 

upon addition of ≥2 mM salt; however, there was no 

discernable trend observed in the sedimentation curves for salt 

concentrations between 2 and 20 mM (data not shown). This 

effect was surprising since we previously had shown using DLS 

(Fig. 4a) that the NaCl CCC for NaOH-magnetite was 8 mM 

and thus we had anticipated that there would be differences in 

the sedimentation curves obtained below the CCC (RLCA 

conditions) relative to those obtained above the CCC (DLCA 

conditions). It is possible that the higher magnetite 

concentrations used in the sedimentation studies may have 

masked the salt effects due to the higher mass loading. It would 

be expected, however, that the CCC should be invariant with 

changes in the mass load since it is defined as the point where 

the salt concentration exceeds that required to eliminate 

electrostatic repulsion between two interacting objects.  

 The collected sedimentation curves can be subdivided into 

three regions that are demarcated by changes in slope (Fig. 

S6).7 The first region (aggregation I) corresponds to the initial 

coagulation of the magnetite clusters. In this region, the clusters 

are coagulating, but have not reached the critical size needed to 

initiate rapid sedimentation. Once the critical size is reached, at 

time tcrit1, sedimentation occurs rapidly (sedimentation I). The 

kinetics of sedimentation are determined by calculating the 

slope of the collected results over this period. For some 

suspensions, particularly those with high salt and mass 

concentrations, a third region with a slower sedimentation rate 

can be observed (sedimentation II). This region, initiated at 

time tcrit2, has previously been interpreted as the sedimentation 

of clusters that failed to attain critical size.   

 As shown in Fig. 6 and summarized in Table S1, changes in 

magnetite concentration systematically altered the measured 

rates of aggregation and sedimentation.  Sedimentation 

experiments were performed using magnetite suspensions with 

concentrations ranging from 0.22-2.2 mM (50-500 mg/L) and 

NaCl concentrations ranging from 0-30 mM. The apparent 

aggregation rates were obtained by determining the slope of the 

change in absorbance measured at 508 nm, over time up to tcrit1.  

 
Figure 6. Representative A) NaOH- and B) TMAOH-magnetite sedimentation 

curves obtained at 508 nm. The magnetite concentration was varied between 

0.22-2.2 mM (50-500 mg/L). A fixed concentration of 10 mM NaCl was used to 

induce sedimentation.  

A direct relationship between particle concentration and 

aggregation rate is shown in Figs. 7a and 7b.  As shown, the 

effect of particle concentration was significant for each tested 

salt concentration and, as noted previously, there was little 

difference in the aggregation kinetics measured for 10-30 mM 

NaCl. 

 At the lowest mass concentrations tested (0.22 and 0.43 

mM), TMAOH-magnetite clusters aggregate more rapidly than 

NaOH-magnetite, as evinced by their relative kagg values, while 

at the higher mass concentrations (0.86 and 1.3 mM), the 

opposite is true. The former result is consistent with the DLS 

results presented in Fig. 4a that suggested that TMAOH-

magnetite aggregates more rapidly, while the latter result is 

inconsistent with the DLS results. For low magnetite 

concentrations the TMAOH-magnetite clusters aggregate more 

quickly and reach the critical size required to initiate settling 

more rapidly. To illustrate this effect, we plotted the variation 

in tcrit1 as a function of the magnetite concentration (Fig. S7). 

As illustrated, TMAOH-magnetite consistently has a lower tcrit1 

value than NaOH-magnetite. Furthermore, for both NaOH-

magnetite and TMAOH-magnetite higher initial concentrations 

require increasingly shorter aggregation times to reach the 

critical size required for settling. The tcrit1 values appear to 
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plateau at high magnetite concentrations, thereby suggesting 

that above a certain mass concentration, cluster sedimentation is 

initiated at a fixed point in time. As shown in Fig. S7, such a 

plateau is consistent with the experimental results of Phenrat et 

al.7 

 For a given mass concentration, the measured rate constants 

(kSED1) for the settling of TMAOH-magnetite during the 

sedimentation I period are generally higher than those for 

NaOH-magnetite. Such a result, and the observed trends in the 

aggregation rates, are consistent  

 
Figure 7 Experimentally determined kagg, kSED1, and kSED2 rate constants for NaOH-

magnetite (A, C, E) and TMAOH-magnetite (B, D, F). The magnetite mass 

concentrations varied from 0.22-2.2 mM (50-500 mg/L). Curves reflect the best 

fit line and the 95% confidence limits. 

with the lower fractal dimension of the TMAOH-magnetite 

clusters. In the following section we examine how the different 

df values for NaOH-magnetite and TMAOH-magnetite alter 

their respective sedimentation rates. 

Mathematical evaluation of cluster sedimentation 

Based upon the fractal dimension it is possible to estimate the 

expected settling velocity (u*) for a fractal cluster. This can be 

done using a modified form of Stokes Law:22,48 

 

u* =
ρ

magnetite
− ρ

water( )gφd2

18µΩ
  (5) 

where g is the acceleration due to gravity, ρmagnetite is the density 

of magnetite (4.95 g/cm3), ρwater is the density of water (0.998 

g/cm3), d is the cluster diameter, φ is the volumic fraction  

(=10-5-10-4), and Ω is the ratio between the drag force on a 

permeable aggregate and the drag force on an impermeable 

aggregate. This ratio can be calculated as: 

 

Ω =

2ξ2 1−
tanhξ

ξ











2ξ2 + 3 1−
tanhξ

ξ











 (6) 

Where, ξ is the non-dimensional permeability: 

 

ξ =
d

2 K
 (7) 

For this effort, we estimated the cluster permeability (K) using 

the Happel cell model:  

 

K =
2a

p

2

9ρ

3 − 4.5ρ1/3 + 4.5ρ5/3 − 3ρ2( )
3 + 2ρ5/3( )

 (8) 

where ρ is the cluster density and is based upon the individual 

nanoparticle radius (ap) as well as the measured fractal 

dimension: 

 

ρ = c
d

2a
p











d
f
−3

 (9) 

where c is the packing density (assumed to be 0.1). Using the 

model defined by equations 5-9, and our SAXS determined df 

values, we calculated expected settling velocities for various 

size clusters of NaOH-magnetite and TMAOH-magnetite. As 

shown in Figure 8, the TMAOH-magnetite clusters are 

expected to sediment at rates slightly faster than NaOH-

magnetite clusters of the same size. Furthermore, due to their 

fractal and thus porous nature, both types of clusters sediment 

at rates considerably larger than an impermeable sphere of the 

same size. This result is qualitatively consistent with the data in 

Figure 7 and Table S1 with slightly higher sedimentation rates 

for TMAOH-magnetite than for NaOH-magnetite of 

comparable cluster size. 

 We note that the simple model defined by equations 5-9 

provides insight into how the fractal dimension of a 

nanoparticle cluster affects its settling rate, but does not 

consider the complicating effects of cluster restructuring48 that 

are expected to occur during aggregation and/or sedimentation. 

Such restructuring would alter the fractal dimension and thus 

the dynamics of nanoparticle cluster settling may be 

considerably more complex than illustrated herein. Therefore 

for this reason, we refrain from making direct comparison of 

our experimental and model results. Collectively, however, the 

experimental and model results shown here clearly indicate the 

important, yet often overlooked role of fractal dimension in 

nanoparticle aggregation and settling. 
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Conclusions 

Following salt addition, and in the absence of stabilizers, 

magnetite clusters aggregate and readily settle out of 

suspension. The rates of aggregation and sedimentation are 

dependent on particle concentration and aqueous conditions 

such as pH and ionic strength. These factors have historically 

been considered to be the primary ones that dictate the fate of 

magnetite and other nanoparticles in natural and engineered 

systems. As documented, herein, however the fractal dimension 

of the aggregating and sedimenting clusters must also be 

considered. As shown, simple measurements of nanoparticle 

aggregation are insufficient to predict removal rates for 

suspended nanoparticles. A combination of aggregation, 

sedimentation, and fractal dimension measurements are 

collectively required to enable accurate predictions of 

nanoparticle fate. 

 

 
Figure 8 Effects of fractal dimension and cluster radius on the sedimentation 

constants for magnetite. As the fractal dimension increases there is an expected 

decrease in settling velocity. For all conditions tested, for a given cluster size 

TMAOH-magnetite settles more rapidly than NaOH-magnetite. Inset: When 

present as individual nanoparticles NaOH-magnetite (5 nm radius) is expected to 

sediment more rapidly than TMAOH-magnetite (4 nm radius) due to its larger 

size. 
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