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Abstract

The heteroaggregation rates of negatively charged multiwalled carbon nanotubes (CNTSs) and
positively charged hematite nanoparticles (HemNPs) were obtained over a broad range of
nanoparticle distributions using time-resolved dynamic light scattering (DLS). Binary systems
comprising CNTs and HemNPs were prepared using low ionic strength solutions to minimize the
concurrent occurrence of homoaggregation. In order to elucidate the mechanisms of
heteroaggregation, the structures of CNT-HemNP aggregates were observed using cryogenic
transmission electron microscopy (cryo-TEM). An initial increase in the CNT concentration, while
keeping the HemNP concentration constant, resulted in a corresponding increase in the rate of
heteroaggregation which occurred through the bridging of HemNPs by CNT strands. At the
optimal CNT/HemNP mass concentration ratio of 0.0316, the heteroaggregation rate reached 3.3
times of the HemNP homoaggregation rate in the diffusion-limited regime. Increasing the CNT/
HemNP ratio above the optimal value, however, led to a dramatic decrease in the growth rate of
heteroaggregates, likely through a blocking mechanism. In the presence of humic acid, the trends
in the variation of the heteroaggregation rate with CNT/HemNP ratio were similar to that in the
absence of humic acid. However, as the humic acid concentration was increased, the maximum
aggregate growth rate decreased due to the lessening in the available surface of the HemNPs that
CNTs can attach to through favorable electrostatic interaction.

Introduction

The utilization of carbon nanotubes (CNTS) in consumer products and industrial applications
has increased significantly because of their extraordinary mechanical, electrical, and optical
properties.1=3 For example, transparent conductive CNT films can potentially replace the
brittle and expensive indium tin oxide films that are currently used in touch screens, liquid
crystal displays, and solar cells.% ® The incorporation of CNTs in bicycle frames, car bodies,
and windmill blades not only reduces the weight, but also significantly enhances the
mechanical strength of these structures.®

It is possible, therefore, that CNTs can enter aquatic ecosystems during the use and disposal
of CNT-containing products.” Since CNTs have been shown to be toxic to bacteria and
mammalian cells,8 9 the release of these nanotubes into natural aquatic systems can
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potentially cause adverse impacts on ecosystems and human health. Although the
mechanisms of CNT toxicity are still being investigated, results from several studies indicate
that the aggregation behavior of these nanomaterials is likely an important parameter that
influences their toxicity.? 10

Recently, some studies have been conducted to investigate ~omoaggregation (that is,
aggregation between the same type of colloidal particles) of CNTSs in aquatic
environments.11-15 |t was observed that the homoaggregation behavior of CNTs conformed
to the Derjaguin-Landau—Verwey—Overbeek (DLVO) theory for both monovalent and
divalent electrolytes.11: 1215 Moreover, the colloidal stability of these nanotubes was found
to be strongly influenced by the nanotube surface oxygen content!2 15 and solution
chemistry, such as pH11: 12 and natural organic matter concentration.

In a heterogeneous colloidal system, heteroaggregation, or aggregation between different
types of colloidal particles, can take place.16-18 This process occurs in natural aquatic
systems which contain a wide variety of naturally occurring inorganic, organic, and
biological colloids, such as hematite (a-Fe,03), colloidal organic matter, and
microorganisms.1® The presence of heteroaggregates comprising different types of natural
occurring colloids in surface waters had been observed through transmission electron
microscopy (TEM).16.19. 20 Since the concentration of natural organic colloids is expected
to be much higher than CNTSs in natural aquatic systems, heteroaggregation is likely to play
a more important role than homoaggregation in determining the fate and transport of CNTs
once these nanotubes are released into the environment.21 However, to date,
heteroaggregation between CNTs and natural organic colloids has not been investigated.

The objective of this study is to determine the rates of heteroaggregation of CNTs and
hematite nanoparticles (HemNPs), a natural organic colloid, over a broad range of
nanoparticle distribution using time-resolved dynamic light scattering (DLS). The influence
of humic acid, a key component of natural organic matter, on the heteroaggregation rates
was also investigated. In addition, the structures of heteroaggregates formed at different
nanoparticle distributions were evaluated using cryogenic TEM (cryo-TEM). The
combinatorial use of DLS and cryo-TEM allowed the mechanisms of heteroaggregation of
CNTs and HemNPs to be elucidated for the first time.

Materials and Methods

Preparation of Multiwalled Carbon Nanotubes and Hematite Nanoparticles

The multiwalled CNTs used in this study were identical to the ones used previously.1®
Details for the purification of CNTs through acid treatment and preparation of CNT stock
suspension are provided in the Supporting Information (SI) and elsewhere.12: 15 The total
organic content (TOC) of the CNT stock suspension was determined to be 1.39 mg/L
through combustion catalytic oxidation at 680 °C (TOC-VCSN, Shimadzu, Japan). At this
temperature, the CNTSs are likely to undergo close to complete combustion.8: 10. 11, 22
HemNPs were synthesized through the forced hydrolysis of FeCls.23: 24 The concentration
of the HemNP stock suspension was determined to be 4.4 g/L through gravimetric analysis.

Characterization of CNTs and HemNPs

The hydrodynamic diameters of CNTs and HemNPs in the stock suspensions were
determined using DLS. The structures and size distributions of CNTs and HemNPs were
determined through TEM imaging. The electrophoretic mobilities (EPMs) of CNTs and
HemNPs were measured with a ZetaPALS analyzer (Brookhaven, Holtsville, NY) at 0.1
mM NaCl and pH 5.2 + 0.2. Details are provided in the SI. Through XPS analysis, 2 25 the
total surface oxygen content of CNTs was determined to be 10.3% in our earlier study.1®
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The carboxyl groups made up nearly 70% of the total surface oxygen content, while the
carbonyl and hydroxyl groups contributed 15% and 10%, respectively.1®

Solution Chemistry

A NaCl stock solution was prepared with ACS-grade NaCl and then filtered through a 0.1-
pwm alumina syringe filter (Anotop 25, Whatman). All aggregation experiments were
performed at an unadjusted pH of 5.2 £ 0.2. A humic acid stock solution was prepared by
dissolving 12.8 mg of Suwannee River humic acid (Standard 11, International Humic
Substances Society) in 25 mL of deionized water (Millipore, MA). The mixture was stirred
overnight in the dark at room temperature and filtered through a 0.22-pwm cellulose acetate
membrane filter (Millipore). Following that, the pH of the filtrate was adjusted to 10.3 by
using NaOH and stored in the dark at 4 °C. The TOC of the humic acid stock solution was
determined to be 203.18 mg/L through UV-persulfate oxidation (Phoenix 800 TOC
analyzer, Tekmar-Dohrmann, Mason, OH).

Time-Resolved Dynamic Light Scattering

Time-resolved DLS measurements were conducted to obtain the aggregate hydrodynamic
diameters as a function of time when CNTs and HemNPs underwent homoaggregation or
heteroaggregation. A light scattering unit comprising an argon laser (Lexel 95, Cambridge
Laser) with a wavelength of 488 nm, a photomultiplier tube mounted on a goniometer
(BI-200SM, Brookhaven), and a digital correlator (BI-9000AT, Brookhaven) was used to
perform time-resolved DLS measurements. The goniometer houses a thermostated index-
matching vat filled with a mixture of c/s-and trans-decahydronaphthalene that was
maintained at 25 °C. All DLS measurements were performed at a laser power of 2-3 W and
a scattering angle of 90°. For each measurement, the autocorrelation function was
accumulated over 15 s and an intensity-weighted diffusion coefficient was obtained through
second-order cumulant analysis (Brookhaven software). The hydrodynamic diameter of the
nanoparticles was then calculated using the Stokes-Einstein equation.2® Time-resolved DLS
measurements were performed over time periods of between 10 min and 2 h to allow for a
large enough increase in hydrodynamic diameter for accurate derivation of homoaggregation
and heteroaggregation rates. The detailed procedures for time-resolved DLS measurements
for the homoaggregation and heteroaggregation experiments are provided in the SI. All
CNT, HemNP, and humic acid concentrations employed for the homoaggregation and
heteroaggregation experiments are calculated based on the concentrations of the stock
suspensions and solution and the dilution factors used to prepare the diluted suspensions.

Determination of Homoaggregation Kinetics

Before the investigation of heteroaggregation behavior of CNTs and HemNPs, it is
necessary to first characterize the colloidal stability of both nanoparticles through
homoaggregation experiments. These experiments were conducted at either a CNT
concentration of 83 ug/L TOC or HemNP concentration of 0.44 mg/L. Attachment
efficiencies, a, were used to quantify the homoaggregation kinetics of CNTs and HemNPs.
The determination of a was presented in the SI and elsewhere.27-30 Briefly, a is calculated
by normalizing the homoaggregation rate at the electrolyte concentration of interest to that
under favorable aggregation conditions. The homoaggregation rates were determined
through linear least-square analysis performed on the initial increase in aggregate
hydrodynamic diameter, 0, with time, ¢ The critical coagulation concentrations (CCCs) of
CNTs and HemNPs can then be derived by determining the intersections of extrapolations
through reaction-limited and diffusion-limited regimes of the inverse-stability profiles and
used to quantify the colloidal stability of both nanoparticles.?
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Determination of Heteroaggregation Rates

Time-resolved DLS was employed to determine heteroaggregation rates, (dOy/d) £, in
binary suspensions comprising CNTs and HemNPs. The heteroaggregation experiments
were performed at a constant HemNP concentration of 0.44 mg/L, while the CNT
concentrations were varied from 1 to 28 ng/L TOC. These nanoparticle concentrations
resulted in the CNT/HemNP mass concentration ratios (CNT/HemNP ratios) to range from
0.0025 to 0.0632. The TOC content of CNTs was used for the calculation of CNT/HemNP
ratios.

Before the heteroaggregation experiments were conducted, scattered light intensities from a
HemNP suspension with a concentration of 0.44 mg/L, a CNT suspension with a
concentration of 28 pg/L TOC, and a 0.1 mM NaCl solution (with no nanoparticles) were
measured using the light scattering unit at the same incident laser intensity (Figure S1 in Sl).
At these nanoparticle concentrations, the scattered light intensity from the HemNP
suspension was significantly higher (by ca. 20 times) than that of the CNT suspension. In
comparison to the HemNP suspension, the scattered light intensity of the CNT suspension
was only slightly higher than that of the NaCl solution, likely due to the relatively low
concentration of CNTs and/or the optical properties of CNTSs. Since the nanotube
concentration of the CNT suspension (i.e., 28 pg/L TOC) is equal to the highest
concentration used for the heteroaggregation experiments and the scattered light intensity
contributed by CNTs is proportional to the concentration of nanotubes, these observations
show that the scattered light from binary suspensions for all the heteroaggregation
experiments was largely contributed by HemNPs. Hence, DLS can be employed to monitor
the growth in the hydrodynamic diameter of the heteroaggregates, that is equivalent to the
hydrodynamic diameter of HemNPs while they undergo heteroaggregation with CNTs. This
approach to determine heteroaggregation rates is similar to that used by Ferretti et al.,3! who
measured the time evolution of hydrodynamic diameter of HemNPs in the presence of
extracellular polysaccharides.

For each CNT/HemNP ratio, the heteroaggregation rate was determined by performing
linear least-square analysis on the increase in aggregate hydrodynamic diameter, 3, with ¢
In most cases, the analysis was performed over a time period in that £}, reached 1.3 times of
the initial hydrodynamic diameter of HemNPs, D, o. In the case of slow heteroaggregation,
Dy, failed to reach 1.3 Dy, g and the linear regression was performed instead over a time
period of greater than 30 minutes. For all analyses, the y~intercepts of the fitted lines did not
exceed 8 nm in excess of Dy o.

Cryogenic Transmission Electron Microscopy

Cryo-TEM was employed to examine the heteroaggregate structures formed at CNT/
HemNP ratios of 0.0025, 0.0316, and 0.1265. The heteroaggregate suspensions were
prepared in the same solution chemistry as that used for the heteroaggregation experiments
(0.1 mM NaCl and pH 5.2) ca. 15 minutes before the vitrification process. Details for
specimen vitrification and cryo-TEM imaging are provided in the SI. Briefly, 10 pL of
suspension containing heteroaggregates of interest was deposited on a lacey carbon-coated
TEM copper grid. The grid was blotted and vitrified in liquid ethane using an automated
vitrification robot (Vitrobot™ Mark 1V, FEI). Blotting allowed for the formation of a
vitreous film of suspension that was thin enough (ca. 100-200 nm) for electrons to pass
through during imaging (Tecnai 12 TWIN TEM, FEI, 100kV). During the imaging process,
the temperature of the sample was maintained at ca. =174 °C.
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Results and Discussion

Physicochemical Properties of CNTs and HemNPs

Representative TEM images of CNTs and HemNPs are presented in SI Figure 2. The CNTs
were generally crooked due to the presence of defects on the tube walls that were formed
during acid treatment, while the HemNPs were mostly spherical. High-resolution TEM
imaging revealed multiple graphene layers making up the nanotube walls, as well as the
angular features of the HemNPs (Sl Figure S3). Sl Figure S4 presents the length and size
distributions of CNTs and HemNPs, respectively. The mean length of CNTs was 376 nm,
while the HemNPs had an average diameter of 87 nm. The average hydrodynamic diameters
of CNTs and HemNPs obtained from 20 DLS measurements were 109.8 nm (standard
deviation of 2.9 nm) and 80.7 nm (standard deviation of 1.8 nm), respectively.

Electrokinetic Properties of CNTs and HemNPs

The average EPM of CNTSs prepared in a 0.1 mM NaCl and pH 5.2 solution was —2.09 x
1078 m2/(V-s) (standard deviation = 0.53 x 1078 m%/(V-s)). The dissociation of surface
carboxyl groups of the CNTSs is expected to result in the negative surface charge of the
nanotubes. Since carbonyl and hydroxide groups are not likely to dissociate at the
experimental condition32: 33 and their surface densities are relatively small, both groups are
not expected to contribute significantly to the surface charge of CNTs. The average EPM of
HemNPs prepared in a 0.1 mM NaCl and pH 5.2 solution was 1.79 x 1078 m2/(V-s)
(standard deviation = 0.82 x 1078 m2/(V-s)). HemNPs are expected to be positively charged
in this solution chemistry since their isoelectric point is 9.34 35

Homoaggregation Kinetics of CNTs and HemNPs

Representative homoaggregation profiles of CNTs and HemNPs at 4 different NaCl
concentrations are shown in Figure S5a and b, respectively. For both CNTs and HemNPs, as
the NaCl concentration was increased, the initial slope of the aggregation profiles increased
until it reached a maximum. The reaction-limited and diffusion-limited regimes can be
observed from the inverse-stability profiles for both CNTs and HemNPs (Figure 1),
indicating that their aggregation behavior was in qualitative agreement with DLVO theory.
In the reaction-limited regime (i.e., a < 1), an increase in NaCl concentration resulted in an
increase in the degree of charge screening of the CNTs and HemNPs and reduced the energy
barrier to homoaggregation, as reflected by an increase in attachment efficiencies.

At electrolyte concentrations above the CCCs, the surface charge of both nanoparticles was
completely screened and the energy barrier was eliminated. Under such conditions, the
nanoparticles undergo diffusion-limited (fast) homoaggregation (i.e., a =1). A
representative cryo-TEM image of a CNT homoaggregate formed in the diffusion-limited
regime at 500 mM NaCl shows that the homoaggregate had a loose, net-like structure (SI
Figure S6). At pH 5.2, the CCC of CNTSs (123.2 mM NaCl) was considerably higher than
that of HemNPs (35.7 mM NaCl), indicating that the CNTs were colloidally more stable
than the HemNPs. Furthermore, the CCC of CNTs at pH 5.2 was lower than that at pH 7.1
(i.e., 210 mM NaClI¥%) because fewer carboxyl groups on CNT surfaces are protonated at the
lower pH.

CNTs and HemNPs Undergo Exclusive Heteroaggregation at Low NaCl Concentration

Figure 2 presents homoaggregation profiles of CNTs and HemNPs, as well as a
heteroaggregation profile of CNTs and HemNPs at a CNT/HemNP ratio of 0.0316. All the
profiles were obtained at 0.1 mM NaCl. The HemNP homoaggregation experiment was
conducted at the same nanoparticle concentration that was used for all the heteroaggregation
experiments (i.e., 0.44 mg/L). The CNT homoaggregation experiment was conducted at a
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concentration of 83 ng/L TOC, that is ca. 3 times of the highest CNT concentration used for
the heteroaggregation experiments (i.e., 28 png/L TOC). It was necessary to employ an
elevated CNT concentration for the CNT homoaggregation experiment because CNTs at a
concentration of 28 pg/L TOC did not scatter sufficient light for accurate DLS
measurements. Over the time period of 1500 s, no significant increase in hydrodynamic
diameter of both CNTs and HemNPs was observed, indicating that these nanoparticles were
stable to homoaggregation at 0.1 mM NaCl.

In contrast to the homoaggregation experiments, when CNTs were introduced into a HemNP
suspension to form a binary suspension with final CNT and HemNP concentrations of 14
pg/L TOC and 0.44 mg/L, respectively, (i.e., CNT/HemNP ratio = 0.0316) at 0.1 mM NacCl,
the hydrodynamic diameter increased significantly by almost 80 nm over a time period of
only 645 s (Figure 2). Because the earlier homoaggregation experiments had shown that
both nanoparticles were stable to homoaggregation, we conclude that the substantial rise in
hydrodynamic diameter of the aggregates in the binary system was a result of
heteroaggregation that had occurred exclusively. Since the CCCs of CNTs and HemNPs
were much higher than 0.1 mM NaCl (Figure 1), both nanoparticles experienced a large
electrostatic repulsion among the same type of nanoparticles that inhibited
homoaggregation. Conversely, the low degree of charge screening at 0.1 mM NaCl allowed
for favorable heteroaggregation between oppositely charged CNTs and HemNPs through
both electrostatic and van der Waals attraction.

Influence of CNT/HemNP Ratios on Rates of Heteroaggregation

Heteroaggregation experiments were conducted over a range of CNT/HemNP ratios in the
presence of 0.1 mM NaCl. Representative heteroaggregation profiles at different CNT/
HemNP ratios are shown in Figure 3a, while the rates of heteroaggregation are presented as
a function of CNT/HemNP ratio in Figure 3b. For comparison, the homoaggregation rate of
HemNPs under diffusion-limited conditions is also presented in Figure 3b. It was noted from
Figure 3a that the initial hydrodynamic diameter of the binary suspension with CNT/HemNP
ratio of 0.0632, which was the highest ratio used in the heteroaggregation experiments in
this study, was equal to the hydrodynamic diameter of HemNPs (ca. 80 nm). This
observation confirmed that HemNPs were the dominant light scatterers for all binary
suspensions tested.

At extremely low CNT/HemNP ratios (0.0025), the HemNPs in the binary systems were
relatively resistant to aggregation. As the CNT/HemNP ratio increased from 0.0025 to
0.0316, the rate of heteroaggregation increased correspondingly. At the optimal CNT/
HemNP ratio of 0.0316, the heteroaggregation rate reached a maximum that was ca. 3.3
times of the diffusion-limited homoaggregation rate of HemNPs. As the CNT/HemNP ratio
was further increased above 0.0316, the growth rates of heteroaggregates decreased
dramatically until the growth rates approached zero at CNT/HemNP ratios of 0.0500 and
higher.

Gregory36 observed a similar trend in the variation of heteroaggregation rates with colloid/
polymer ratio in suspensions that contained negatively charged polystyrene colloids and
cationic dimethylaminoethyl methacrylate polymers. The heteroaggregation rate obtained at
the optimal colloid/polymer ratio under low ionic strength conditions was about twice the
colloid homoaggregation rate in the diffusion-limited regime. Gregory30 attributed the fast
heteroaggregation to the formation of positively charged polymer patches on the colloid
surface which resulted in long-range electrostatic attraction between oppositely charged
polymer and uncovered patches on approaching colloids. In our CNT-HemNP system,
however, CNTs are rigid3”: 38 and much longer than HemNPs, and thus are unlikely to form
negatively charged patches on HemNPs.36: 39 Hence, neither patchwise adsorption28 nor
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charge neutralization3? are expected to be the predominant mechanism resulting in the
enhanced heteroaggregation of CNTs and HemNPs at the optimal CNT/HemNP ratio.

In order to investigate the effect of total nanoparticle concentrations on the
heteroaggregation rate, additional heteroaggregation experiments were conducted at the
optimal CNT/HemNP ratio, but at CNT and HemNP concentrations twice of their respective
concentrations used for the previous heteroaggregation experiments (i.e., 28 pg/L TOC
CNTs and 0.88 mg/L HemNPs). The heteroaggregate rate obtained from the binary
suspension with twice the original concentrations was 0.55 nm/s, which was twice the rate
obtained for the original suspension (i.e., 0.26 nm/s). Thus, when the CNT/HemNP ratio is
maintained constant, the heteroaggregation rate is proportional to the total concentrations of
CNTs and HemNPs.

Cryogenic TEM Imaging of Heteroaggregates

In order to elucidate the role of nanoparticle distribution on the heteroaggregation rates of
CNTs and HemNPs, the structures of heteroaggregates were examined at different CNT/
HemNP ratios by cryo-TEM. Unlike conventional TEM, cryo-TEM does not require the
drying of the sample on a TEM grid which will result in artifacts, such as deformation of
aggregates and agglomeration of particles and their aggregates.*?: 41 Instead, a grid with a
thin film of colloidal suspension is rapidly plunged into liquid ethane (boiling point = -88.6
°C42) to freeze the colloidal sample. The instantaneous freezing of the film of suspension
(cooling rate ca. 10° K/s*3) ensures that the structure of heteroaggregates in solution is
preserved with no alteration.

At alow CNT/HemNP ratio of 0.0025, isolated HemNPs and some small heteroaggregates
were observed in the cryo-TEM images. A representative image of a CNT-HemNP
heteroaggregate formed at this CNT/HemNP ratio is presented in Figure 4a. In this image, a
carbon lace (carbon film) separates two holes, one of which contains a frozen film of
heteroaggregate suspension (ice layer) and the other that does not contain a film of
suspension (empty region). Because the heteroaggregate sample was deposited on a grid
coated with a lacey carbon film, a film of heteroaggregate suspension should form in some
of the holes of the carbon film when the sample is blotted/frozen. Since the heteroaggregate
is immobilized in an ice layer contained within the holes of the carbon film (instead of being
dried and deposited on a carbon film, as is often the case for samples prepared for
conventional TEM imaging), the structure of the heteroaggregate is expected to be
representative of the heteroaggregate that is suspended in solution.

At the optimal CNT/HemNP ratio of 0.0316, HemNPs were interconnected by multiple
strands of CNTSs to form extensive and open heteroaggregate structures. A representative
image of a heteroaggregate in a frozen film formed over three holes is presented in Figure
4b. It is important to note that the formation of the film of heteroaggregate suspension on the
lacey carbon grid was likely to cause the heteroaggregates to collapse into flattened
structures with thicknesses similar to that of the film of suspension. It is evident from the
“overlapping” of HemNPs within the heteroaggregates (circles in Figure 4b) that about 2 or
3 HemNPs can stack above one another within the ice film, implying that the film thickness
was ca. 200 nm. Nevertheless, the flattened structures are still much more representative of
the original structures in solution compared to heteroaggregates that have been dried on a
TEM grid.

Representative heteroaggregates prepared at a high CNT/HemNP ratio of 0.1265 are
presented in Figure 4c. Similar to the heteroaggregates in Figure 4a and b, the
heteroaggregates were entrapped in a film of frozen solution that was formed within a hole
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of a lacey carbon film. These heteroaggregates were frequently observed to comprise a CNT
and a HemNP.

Proposed Heteroaggregation Mechanisms of CNTs and HemNPs

Influence of

On the basis of the results from EPM and DLS measurements, as well as the observations
from cryo-TEM imaging, the mechanisms for heteroaggregation of CNTs and HemNPs at
different nanoparticle distributions were proposed (Figure 4d). At all CNT/HemNP ratios,
HemNPs and CNTs are resistant to homoaggregation due to electrostatic repulsion. At
extremely low CNT/HemNP ratios, HemNPs greatly outnumber CNTs. Thus, the chances of
a CNT encountering HemNPs are extremely high. Because of the electrostatic and van der
Waals attraction between a CNT and a HemNP, every collision between these oppositely
charged nanoparticles will initially result in an attachment. However, as multiple HemNPs
are attached to a single CNT, less space along the nanotube is available for more HemNPs to
attach to. At this point in time, the strand of nanotube that is now lined with HemNPs
practically becomes a stable heteroaggregate. This heteroaggregate repels other HemNPs, as
well as other CNTs that are lined with HemNPs, and ceases to grow in size. At such a low
CNT/HemNP ratio (e.g., 0.0025), however, the occurrence of heteroaggregation is relatively
rare due to the low concentration of CNTs. Thus, even though a few heteroaggregates were
observed under cryo-TEM, negligible change in hydrodynamic diameter of the suspension
was detected through time-resolved DLS.

As the CNT/HemNP ratio increases, the opportunities for HemNPs to encounter CNTs
increase correspondingly. Because of the large aspect ratio of CNTSs, the nanotubes can
effectively bridge HemNPs, akin to the bridging of colloidal particles by long-chain
polymers or polyelectrolytes.26: 44 Since most of the CNTs are longer than the theoretical
Debye length at an ionic strength of 0.1 mM (i.e., ca. 30 nm),2% 45 the bridging of HemNPs
by CNTs can occur even before HemNPs approach close enough to experience significant
electrostatic repulsion. This bridging mechanism results in the formation of an extensive
network of CNTs and HemNPs. Therefore, the growth rate of heteroaggregates increases as
the CNT/HemNP ratio initially increases until it reaches a maximum at the optimal CNT/
HemNP ratio of 0.0316.

As the CNT/HemNP ratio is further increased, the number concentration of CNTSs greatly
exceeds that of HemNPs, resulting in every HemNP to attach to a CNT to form a composite
nanoparticle. The negatively charged “nanotubular arms” of a composite nanoparticle can
repel the arms of other approaching composite nanoparticles, as well as isolated CNTSs, and
prevent their attachment to the composite nanoparticle. Since the arms are considerably
longer than the hematite constituent of a composite nanoparticle, repulsion between the arms
is likely to dominate the interaction between composite nanoparticles. The growth of
heteroaggregates is thus inhibited through this blocking mechanism and is reflected by the
non-detectable change in hydrodynamic diameter of the heteroaggregates at CNT/HemNP
ratios above 0.0500 (Figure 3b).

Humic Acid on Heteroaggregation Rates

In order to investigate the effects of natural organic matter on the heteroaggregation
behavior of CNTs and HemNPs, heteroaggregation experiments were conducted at four
humic acid concentrations (0.15, 0.20, 0.25, and 500.00 pg/L TOC). For these experiments,
the hematite concentration was kept constant at 0.44 mg/L, while the CNT concentration
was varied from 1 to 28 pg/L TOC. The growth rates of aggregates at the four humic acid
concentrations are presented as functions of CNT/HemNP ratios in Figure 5a. The
heteroaggregation rates obtained in the absence of humic acid are also included for
comparison.
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Generally, the trends in the variation of the aggregate growth rate with CNT/HemNP ratio at
different humic acid concentrations are similar to that in the absence of humic acid.
Specifically, the aggregate growth rate increases with an initial increase in CNT/HemNP
ratio, reaches a maximum at an optimal CNT/HemNP ratio, and then decreases as the CNT/
HemNP ratio is further increased. It is also observed that as the humic acid concentration
increases, the maximum aggregate growth rate decreases. Similarly, within the higher range
of CNT/HemNP ratios (> 0.02), an increase in humic acid concentration from 0 to 500.00
pg/L TOC resulted in a decrease in the aggregate growth rate at each CNT/HemNP ratio.
Within the lower range of CNT/HemNP ratios (< 0.01), in contrast, the presence of humic
acid with concentrations between 0.15 and 0.25 pg/L TOC elevated the aggregate growth
rate at each CNT/HemNP ratio. At the highest humic acid concentration employed (500.00
pg/L TOC), no increase in aggregate size was detected regardless of the CNT/HemNP ratio.

In order to elucidate the effect of humic acid on the heteroaggregation behavior of CNTs and
HemNPs, the EPMs of both nanoparticles were measured at the same humic acid
concentrations employed for the heteroaggregation experiments (Figure 5b). As the humic
acid concentration was increased from 0 to 0.25 pg/L TOC, the EPMs of HemNPs became
noticeably less positive due to the increasing adsorption of humic acid macromolecules that
contained negatively charged carboxyl functional groups. When the humic acid
concentration was further raised to 500.00 pg/L TOC, the EPM of HemNPs decreased to
-3.01 x 1078 m%/(Vs), indicating that sufficient humic acid macromolecules had adsorbed
on the HemNPs to cause charge reversal to take place. The results imply that HemNPs were
not completely coated with humic acid at humic acid concentrations lower than 0.25 pg/L
TOC and that the fraction of HemNP surface that remained uncoated decreased with
increasing humic acid concentrations. At the highest humic acid concentration of 500.00 g/
L TOC, a significant fraction of HemNP surface was likely to be coated with humic acid.
Conversely, an increase in humic acid concentration from 0 to 500.00 pg/L TOC had no
significant effect on the EPM of CNTSs, which was also observed by Saleh et al.,11 possibly
because the charge densities of CNTs and humic acid were very similar.

On the basis of the results from EPM measurements, an increase in humic acid concentration
from 0 to 0.25 pg/L TOC will result in a decrease in the uncoated, positively charged
HemNP surface that CNTSs can attach to through favorable electrostatic interaction. Within
the higher range of CNT/HemNP ratios (> 0.02), the reduction in favorable electrostatic
interaction between CNTs and HemNPs with increasing humic acid concentration was
evident from the decrease in the aggregate growth rate at each CNT/HemNP ratio (Figure
5a). In this regime in which CNT concentrations were relatively high, HemNPs were more
likely to encounter CNTs than other HemNPs. Thus, the growth in aggregate size detected
through DLS can be attributed to heteroaggregation.

Within the lower range of CNT/HemNP ratios (< 0.01), the HemNP concentrations were
relatively high and HemNP-HemNP interactions were expected to dominate in the binary
systems. The increase in humic acid concentration from 0 to 0.25 pg/L TOC will result in an
increase in the HemNP surface that will be coated with the macromolecules to form
negatively charged patches. Thus, homoaggregation of HemNPs may occur through the
attraction of oppositely charged patches on approaching nanoparticles and contribute to the
growth in aggregate size that was detected through DLS at the lower range of CNT/HemNP
ratios (Figure 5a).

To verify that homoaggregation of HemNPs can occur at low concentrations of humic acid,
additional DLS measurements were conducted on suspensions containing only HemNPs at
humic acid concentrations of 0.15, 0.20, and 0.25 pg/L TOC (SI Figure S7). At all three
humic acid concentrations, the hydrodynamic diameter increased slightly from 80 nm to 90—
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100 nm over a time period of 2000 s, indicating that slow homoaggregation took place under
these conditions. When the same experiments were conducted in the presence of CNTs at
the lowest CNT/HemNP ratio used (i.e., 0.0025), the aggregate growth rates were
considerably higher than those in the absence of CNTs. Over the same time period, the
hydrodynamic diameters increased to 115-170 nm in the presence of CNTs and humic acid
(SI Figure S7). The addition of humic acid does not cause CNTSs to undergo
homoaggregation since the EPMs of CNTs were found to be unchanged (Figure 5b). We
therefore conclude that the faster aggregate growth in the presence of CNTSs is due to
heteroaggregation of CNTs and HemNPs that had occurred concomitantly with the slow
homoaggregation of HemNPs. This observation also confirms that both homoaggregation
and heteroaggregation contributed to the growth in aggregate size detected through time-
resolved DLS at the lower CNT/HemNP ratios (< 0.01). Within this lower range of CNT/
HemNP ratios, the faster aggregate growth observed in the presence of humic acid, as shown
in Figure 5a, may be due to the bridging of HemNP homoaggregates by CNTS. In contrast,
the aggregate growth in the absence of humic acid is slower since the bridging of /isolated
HemNPs by CNTs is more likely to occur.

At the highest humic acid concentration of 500.00 pg/L, both HemNPs and CNTs were
negatively charged (Figure 5b). Thus, they experienced significant electrostatic and
electrosteric repulsion?: 29: 46 that inhibited both homoaggregation and heteroaggregation.
The stabilization of the binary systems is reflected by the non-detectable growth in
aggregate size across the entire range of CNT/HemNP ratios studied (Figure 5a).

Environmental Implications

DLS measurements show that nanoparticle distribution has a significant influence on the
heteroaggregation behavior of CNTs and HemNPs. Hence, it is critical to consider this
parameter in the modeling and prediction of the fate and transport of CNTs in natural
aquatic systems. The presence of humic acid at the highest concentration employed in this
study (500.00 pg/L TOC) was found to completely inhibit heteroaggregation regardless of
CNT/HemNP ratios. Because the studied humic acid concentrations are smaller than those
typically found in freshwater systems, CNTs are anticipated to be mobile in these
environments. Due to the wide variety of natural organic colloids present in natural aquatic
systems, further heteroaggregation studies between CNTs and other classes of natural
organic colloids will be required. In the present study, CNTs with relatively high oxygen
content (10.3 %) are employed. Additional investigation on binary systems comprising
lowly oxidized CNTs and natural occurring colloids in which homoaggregation and
heteroaggregation are expected to occur simultaneously will be needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Attachment efficiencies of CNTs and HemNPs as functions of NaCl concentration at pH 5.2.
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FIGURE 2.

Homoaggregation profiles of CNTs and HemNPs, as well as heteroaggregation profile of
CNTs and HemNPs at CNT/HemNP ratio of 0.0316. All the experiments were conducted at
0.1 mM NaCl and pH 5.2.
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FIGURE 3.

(a) Heteroaggregation profiles of CNTs and HemNPs at different CNT/HemNP ratios. (b)
Heteroaggregation rate of CNTs and HemNPs as a function of CNT/HemNP ratio. Error
bars represent standard deviations of at least three replicates. The dashed line represents the
homoaggregation rate of HemNPs in the diffusion-limited regime.
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FIGURE 4.
Representative cryo-TEM images of heteroaggregates at (a) low CNT/HemNP ratio

(0.0025), (b) optimal CNT/HemNP ratio (0.0316), and (c) high CNT/HemNP ratio (0.1265)
after ca. 15 min of heteroaggregation. (d) Proposed heteroaggregation mechanisms at
different nanoparticle distributions.
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FIGURE 5.

(a) Heteroaggregation rate of CNTs and HemNPs as a function of CNT/HemNP ratio at
different humic acid (HA) concentrations. The rates in the absence of humic acid are
reproduced from Figure 3b. The dash line represents the homoaggregation rate of HemNPs
in the diffusion-limited regime. (b) Electrophoretic mobilities (EPMs) of CNTs and
HemNPs at 0.1 mM NaCl and pH 5.2 in the presence of humic acid.
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