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The initial aggregation kinetics of multiwalled carbon nanotubes
(MWNTs) were examined through time-resolved dynamic
light scattering. Aggregation of MWNTs was evaluated by
varying solution pH and the concentration of monovalent (NaCl)
and divalent (CaCl2 and MgCl2) salts. Suwannee River humic
acid (SRHA) was used to study the effect of background natural
organic matter on MWNT aggregation kinetics. Increasing
saltconcentrationandadditionofdivalentcalciumandmagnesium
ions induced MWNT aggregation by suppressing electrostatic
repulsion, similar to observations with aquatic colloidal
particles. The critical coagulation concentration (CCC) values
for MWNTs were estimated as 25 mM NaCl, 2.6 mM CaCl2, and
1.5 mM MgCl2. An increase in solution pH from acidic (pH 3)
to basic (pH 11) conditions resulted in a substantial (over 2 orders
of magnitude) decrease in MWNT aggregation kinetics,
suggesting the presence of ionizable functional groups on the
MWNT carbon scaffold. The presence of humic acid in
solution markedly enhanced the colloidal stability of MWNTs,
reducing the aggregation rate by nearly 2 orders of magnitude.
The enhanced MWNT stability in the presence of humic acid
is attributable to steric repulsion imparted by adsorbed
humic acid macromolecules. Our results suggest that MWNTs
are relatively stable at solution pH and electrolyte conditions
typical of aquatic environments.

Introduction
Carbon nanotubes (CNTs) are allotropes of carbon with
exceptional physicochemical, optical, and mechanical prop-
erties (1, 2). Rolled-up graphene sheets of carbon nanotubes
having cage-like architecture similar to the geodesic dome-
shaped buckyballs, can be single-shelled (3) or multiple-
concentric shelled (4), termed, respectively, single-walled
(SWNT) and multiwalled (MWNT) carbon nanotubes. SWNTs,
MWNTs, and their derivatives and hybrids have a wide variety
of applications, including microelectronics (5), energy storage
(6), composite construction materials (7), nanoprobes and
sensors (8), and vehicles for drug delivery (9). These helical
microtubules with their extraordinary properties are emerg-
ing as a new class of nanomaterials in electronic, pharma-
ceutical, and energy industries.

Extensive use of CNTs in industry and the consumer
market has increased the likelihood of CNT exposure to the

natural environment. CNTs can be released into the envi-
ronment via wastewater discharge and point source emissions
from manufacturing industries (10). Upon release, nano-
materials are likely to interact with aquatic surfaces and
biological species as well as aggregate, depending on the
interplay between electrostatic and van der Waals interactions
(11). The aggregation state of CNTs has a strong influence
on their fate and transport in the environment. Understand-
ing the factors governing the aggregation behavior of CNTs
is a key to evaluating their environmental transport, fate,
and potential interaction with biological species.

To date, the only study reporting the aggregation behavior
of CNTs is that by Sano et al. (12) where the state of
aggregation of acid-treated SWNTs was monitored by UV
absorbance in solutions containing several inorganic salts.
The current literature on CNT aggregation mostly involves
the enhancement of their aqueous solubility, either by
dispersing CNTs by surfactant (13, 14) or polymer adsorption
(15), or by incorporating functional groups through acid
treatment (1, 16). There are only a handful of publications
that study CNT aggregate structure. Chen et al. (17) studied
CNT aggregate structure in water through light scattering
and predicted the fractal dimension of surfactant-modified
and acid-treated SWNTs. Niyogi et al. (18) studied differences
in spectroscopic signatures of SWNTs at different NaCl
concentrations to infer about the SWNT aggregation state.
Yet, the aggregation kinetics of CNTs in aqueous systems
have not been examined in previous studies. In particular,
there is a critical need to understand and quantify the
influence of solution chemistry and the presence of natural
organic matter on the rate of CNT aggregation.

The objective of this paper is to investigate the early stage
aggregation kinetics of MWNTs under various environmen-
tally relevant solution chemistries. These include variations
in monovalent (NaCl) and divalent (CaCl2 and MgCl2) salt
concentrations, solution pH, and the presence of natural
organic matter (Suwannee River humic acid). MWNT stability
curves, i.e., the logarithm of the MWNT attachment efficiency
versus the logarithm of salt concentration, are constructed
using the aggregation kinetics data, from which the critical
coagulation concentrations for the various salts are deter-
mined. The measured electrokinetic and other physico-
chemical properties of MWNTs are used to elucidate the
aggregation mechanisms.

Materials and Methods
Preparation of MWNTs. We used commercially available
MWNTs (composite grade, lot no. JS02230701, NanoTechLabs
Inc., Yadkinville, NC). The manufacturer reports that the
sample is over 95% by mass MWNT, with a powder density
of 2.1 g/cm3 at 20 °C. It is also reported that the MWNTs are
on average 20-40 nm in diameter and 50 µm in length. MWNT
purity and size distributions are independently determined
in this study.

The MWNT samples for aggregation experiments were
prepared using a successive sonication and clarification
protocol (19). First, 50 mg of as-received (untreated) MWNT
powder was added to 500 mL deionized water (Barnstead).
The mixture was then sonicated continuously using an
ultrasonication probe (Misonix 3000, Misonix Inc., Farm-
ingdale, NY) for 30 min at 4.5 dial strength. The MWNT
suspension was left aside quiescently at room temperature
for 10 min and the stable supernatant was collected. The
collected supernatant was sonicated following the same
procedure for five additional cycles and each time only
the stable suspension was collected. The final collected
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MWNT stock was stable for the duration of all the aggregation
experiments.

Characterization of MWNTs. MWNT samples were
characterized for size distribution, purity, and key physi-
cochemical properties for both the as received (untreated)
and the sonicated (treated) samples. The electrophoretic
mobility (EPM) measurements and imaging of tubes were
done with samples from the same stock used for aggregation
experiments. Raman spectroscopy and thermogravimetric
analysis (TGA) require higher mass of samples. To obtain
significant mass to perform these measurements, a new stock
was prepared using six cycles of successive sonication, but
the entire mass of MWNTs was retained throughout the six
cycles of sonication.

The electrophoretic mobilities of MWNT samples were
measured for a range of salt concentrations, pH, and in the
presence of Suwannee River humic acid (SRHA) with the
ZetaPALS analyzer (Brookhaven Instrument Corp., Holtsville,
NY) at 24 °C. MWNT suspension was diluted by a factor of
10 from the aggregation stock for the EPM measurements.
Salt solutions, acid/base, and SRHA were added immediately
prior to the EPM measurements to mimic the aggregation
experiments. At least 30-40 measurements were done for
each solution condition.

A high resolution transmission electron microscope
(Tecnai G2, FEI Company, Eindhoven, Netherlands) was used
to image MWNT samples before and after treatment. The
as-received MWNT sample was dispersed in ethanol (for
better debundling) and treated MWNT sample in aqueous
solution was used from the stock for aggregation experiments.
A drop of the MWNT suspension was placed directly on a
nickel TEM grid coated with carbon-Formvar and left to
adsorb for 2 min. The excess water was then absorbed with
a filter paper. For determining the diameter and length
distribution data of untreated and treated MWNT samples,
at least 100 images were taken for each case. Nanotube
diameter and length were measured using the iTEM software
(Olympus Soft Imaging Solutions, Münster, Germany).

Raman spectra were recorded with untreated and treated
MWNTs using a Jasco multiwavelength NRS-3000 series
Raman spectrometer (Jasco Inc., Easton, MD) equipped with
a confocal microscope, anastigmatic 300 mm focal length
spectrograph, and a thermoelectrically cooled charged
coupled device (CCD). Integration time was 15 s for each
spectrum, with each spectrum representing the average of
five scans. The spectra were obtained at two different
wavelengths: 785 nm (1.58 eV) and 532 nm (2.33 eV).

Purity of the untreated and treated MWNT samples was
determined from thermogravimetric analysis (TGA) (SetSys
1750, Setaram Instrumentation, Caluire, France) using a holey
crucible. An as-received MWNT sample of 18.87 g was used
for TGA, where the sample was heated at a constant
temperature ramp of 10 °C/min up to 1000 °C in the presence
of oxygen. The weight loss of the sample was monitored
throughout the heating process.

Solution Chemistry. MWNT aggregation experiments
were conducted with monovalent (NaCl) and divalent (CaCl2

and MgCl2) electrolyte solutions (reagent grade, J. T. Baker,
Phillipsburg, NJ) over a wide concentration range. The pH
of the MWNT suspensions at all salt concentrations was
unadjusted (ambient) and measured at 6.0 ( 0.2. For the
specific runs with MWNT samples at pH 3 and 11, freshly
prepared 0.1 M HCl and NaOH solutions were used,
respectively, to adjust the pH. All reagent solutions were
filtered with 0.1 µm (Anotop 25, Whatman, Middlesex, UK)
inorganic membrane filters.

Humic Acid Solution. Suwannee River humic acid, SRHA
(Standard II, International Humic Substances Society), was
used as a model natural organic matter. The humic acid
stock solution was prepared by introducing 20.5 mg of the

dry humic acid powder to 50 mL filtered deionized water
and stirring the solution overnight in the dark. The solution
was then filtered under vacuum using a 0.22 µm cellulose
acetate membrane filter (Corning Inc., Corning, NY). The
pH of the stock SRHA was raised from 3.2 to 6.0 by adding
NaOH, and the stock was subsequently stored in the dark at
4 °C. The total organic carbon content of the SRHA stock
solution was found to be 2.54 mg/L TOC through high
temperature oxidation (TOC-VCHS, Shimadzu, Kyoto, Japan).
This concentration of SRHA is typical of natural surface waters
(20). The key properties of the SRHA are given elsewhere
(21, 22).

MWNT Aggregation. The aggregation experiments were
performed using a multiangle light scattering unit (ALV-5000,
Langen, Germany) equipped with a solid-state Nd:vanadate
(Nd:YVO4) laser (Verdi V2, Coherent, Santa Clara, CA)
providing a single-frequency output of 532 nm. Further details
of the instrument are described elsewhere (23). The MWNT
samples were placed in new glass vials (Supelco, Bellefonte,
PA) that were previously soaked in a cleaning solution (Extran
MA 01, Merck KGaA, Darmstadt, Germany) overnight,
thoroughly rinsed in deionized water, and oven-dried under
dust-free conditions. The MWNT samples used in the
aggregation experiments were diluted by a factor of 3 from
the original stock. Electrolyte solutions, pH adjusting re-
agents, and/or SRHA were added prior to the aggregation
experiments following the protocol described by Chen and
Elimelech (21, 24). The dynamic light scattering measure-
ments were conducted by positioning the detector at 90°
with the incident laser beam and the autocorrelation function
having been allowed to accumulate for over 15 s. The
measurements were performed for a time period ranging
from 20 min to 3 h to obtain an approximately 30% increase
in the original hydrodynamic radius of MWNTs.

The initial aggregation rate constant of MWNTs is
proportional to the initial rate of increase in the hydrody-
namic radius, Rh, with time, t, and the inverse of MWNT
concentration N0 (21):

k ∝ 1
N0

(dRh(t)

dt )
tf0

Because the MWNT concentration in all aggregation
experiments was identical, the attachment efficiency, R, is
readily obtained by normalizing the initial slope of the
aggregation profile of a given solution chemistry by the initial
slope obtained for favorable (fast) aggregation conditions:

R)

1
N0

(dRh(t)

dt )
tf0

1
N0,fav

(dRh(t)

dt )
tf0,fav

)
(dRh(t)

dt )
tf0

(dRh(t)

dt )
tf0,fav

where the subscript “fav” represents favorable solution
conditions, where fast, diffusion-limited aggregation takes
place. Note that the attachment efficiency, R, is the inverse
of the Fuchs stability ratio, W, commonly used in colloidal
stability studies.

Results and Discussion
MWNT Electrokinetic Properties. The electrokinetic prop-
erties of treated MWNTs in the form of electrophoretic
mobility (EPM) as a function of salt concentration and pH
are presented in Figure 1. Experimental measurements show
that carbon nanotubes exhibit negative surface potential in
aqueous systems, consistent with previously reported studies
(12, 13). Increasing the monovalent and divalent salt
concentration made the EPM values of the MWNTs less
negative, as is commonly observed with most colloidal
particles in aqueous solutions. There was a clear effect of pH
on electrokinetic properties of MWNTs. As pH was increased
from acidic to basic conditions (from 3 to 11), the EPM of
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MWNTs became more negative (from -(0.28 ( 0.2) × 10-8

to -(3.75 ( 0.2) × 10-8 m2V-1s-1). The marked increase in
surface potential due to increases in solution pH indicates
the presence of ionizable functional groups on MWNT
surfaces. At this writing, the origin of surface charge is not
fully understood for unfunctionalized carbon-based nano-
materials such as fullerenes and CNTs. Self-consistent
mathematical models based on Fermi theory were used in
a number of studies to describe the electron density
distribution of fullerenes (25) and CNTs (26). The outer
surfaces of the fullerenes and CNTs are shown to have high
electron density, and can be taken as a possible explanation
for the negative surface potential of these carbon-only
materials. However, unlike fullerene nanoparticles (like nC60),
CNTs have defects in the form of pentagon and heptagon
irregularities at their carbon scaffold and also incomplete
carbon rings at the end termini (27). These irregular sites on
the sidewalls and tube-ends are susceptible to oxidation and
the formation of carboxyl and hydroxyl functional groups
(27). The presence of such functional groups explains the
strong dependence of EPM on solution pH. Note that our
sonication treatment can enhance the defects on MWNTs as
will be discussed later when analyzing the Raman spectra.

Figure S1in the Supporting Information (SI) presents the
EPM of MWNTs in the presence and absence of SRHA. SRHA
had a negligible effect on the MWNT EPM under the solution
chemistries investigated. The slight reduction in EPM in the
presence of divalent cations is likely attributed to specific

interactions of Ca2+ and Mg2+ with the sCOOH functional
groups in SRHA as observed elsewhere (21, 28).

MWNT Size and Shape. TEM imaging before sonication
(Figure 2a) shows that the as-received MWNTs are long and
heavily bundled. Most of the MWNTs appeared to have thick
external walls, indicating the presence of multiple concentric
walls. The dark spherical features on the image are most
likely catalyst particles. These catalyst particles are occasion-
ally present inside the nanotube structure as well as terminal
features (29). Figure 2b shows significant debundling and
shortening of length of the MWNTs after sonication. Isolated
single MWNTs were often observed, indicating a high degree
of dispersion due to sonication treatment.

To describe the diameter and length distribution of the
MWNTs, random sampling of the tubes was used to obtain
statistically significant and unbiased results. Diameter was
measured (using iTEM software) from edge to edge and at
the widest part of a MWNT, while length was measured along
the curved contour of the tube. Figure 3a shows the diameter
distribution of sonicated MWNTs, with each bar representing
a diameter range of 1 nm. The percent-average diameter of
the sonicated MWNTs is 17.6 ( 7.9 nm, which is slightly
higher than the unsonicated MWNTs (15.3(7.4 nm, SI Figure
S2a). Figure 3b shows the length distribution of the sonicated
MWNTs, with each bar representing a length range of 0.25
µm. This result confirms the TEM observation (Figure 2b) of
significant shortening of MWNTs due to successive sonica-
tion. The sonicated MWNTs had a percent-average length of
1.5 ( 1.5 µm, much shorter than the unsonicated MWNTs
(6.6 ( 6.8 µm, SI Figure S2b).

MWNT Defects and Impurities. A typical Raman spectrum
(SI Figure S3) exhibits three main bands: near 200 cm-1, called
radial breathing mode (RBM), due to in-phase atomic
vibration on radial direction; near 1600 cm-1, called the
G-band, due to in-plane bond-stretching; and near 1350 cm-1,
called the D-band, due to weak disorder or defects (30-32).
The first-order Raman spectra in SI Figure S3 showed
prominent G and D bands. The RBM for MWNTs showed a
weak signature which is characteristic of multiple-concentric
walled CNTs and is consistent with other findings (33). The
Raman spectra were taken using both 785 and 532 nm lasers.
The defect band is usually more pronounced for the 785 nm
laser excitation (34). Using this laser, the estimated G/D ratio
of the MWNTs after sonication decreased from 0.24 to 0.18,
indicating the presence of a higher degree of defects for
sonicated MWNTs.

TGA data for unsonicated MWNTs are presented in SI
Figure S4. The mass loss profile in SI Figure S4a shows that
the major onset of oxidation of MWNTs occurred ∼400 °C.
The plateau beyond 630 °C resulted in residual mass of 8.3%
of the total mass of the sample, which can be attributed to
the catalyst metal oxide content of the MWNT sample. The
derivative of mass loss profile (SI Figure S4b) shows the major
peak, i.e., the maximum rate of oxidation, occurring at 580
°C, which is characteristic of MWNT oxidation (35), with a
smaller peak (<1% of the total mass) at ∼300 °C, indicative
of the presence of amorphous carbon.

Aggregation Kinetics in the Presence of Monovalent
(Na+) Cations. The attachment efficiency, R, of MWNTs as
a function of monovalent (Na+) cations (1-500 mM) at
unadjusted pH (pH 6.0 ( 0.2) is presented in Figure 4. At pH
6.0 the MWNTs are negatively charged, thereby exhibiting
strong electrostatic repulsion at low ionic strengths. Distinct
unfavorable (slow) and favorable (fast) aggregation kinetics
regimes, demarcated by the critical coagulation concentration
(CCC),areobserved,indicatingelectrostatic,Derjaguin-Landau-
Verwey-Overbeek (DLVO) type interactions to be the
dominant mechanism for stabilization (23, 24). At low ionic
strength conditions, an increase in salt concentration leads
to a corresponding increase in attachment efficiency. This

FIGURE 1. Electrophoretic mobility (EPM) of MWNTs as a
function of (a) monovalent and divalent salts (NaCl, CaCl2, and
MgCl2) and (b) solution pH. For EPM as a function of salt
concentration, the pH was unadjusted (pH 6.0 ( 0.2).
Measurements of EPM as a function of pH were carried out
with 1 mM NaCl as a background electrolyte. Temperature for
all EPM measurements was maintained at 24 °C.
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is consistent with the EPM behavior (Figure 1a), where an
increase in NaCl concentration leads to less negative MWNT
EPM values. At higher ionic strength conditions, an increase
in salt concentration has no effect on attachment efficiency.
Under these conditions, the electrostatic repulsion between
MWNTs is completely suppressed and every collision be-
tween MWNTs results in attachment. The critical coagulation
concentration (CCC), obtained from the intersection of the

interpolated lines through the unfavorable and favorable
regimes, is 25 mM NaCl. Our derived CCC value for MWNTs
is close to a previously reported CCC value for SWNTs (37
mM NaCl), obtained from turbidity experiments (12). Note
that reported CCC values for other carbon-based nanoma-
terials, specifically fullerene nanoparticles, are much higher:
85 mM, 160 mM, and 120 mM NaCl (21, 24).

Aggregation Kinetics in the Presence of Ca2+ and Mg2+

Cations. The aggregation kinetics of MWNTs were also
examined for divalent cations: Ca2+ (0.1-30 mM) and Mg2+

(0.05-30 mM). Figure 5 shows the attachment efficiencies
of MWNTs as a function of Ca2+ (Figure 5a) and Mg2+ (Figure
5b), revealing similar DLVO type behavior to that of NaCl,
with distinct unfavorable and favorable aggregation kinetics
regimes. The CCC values obtained are 2.6 mM CaCl2 and 1.5
mM MgCl2, which are an order of magnitude lower than that
of NaCl. Previously reported CCC values for SWNTs were 0.2
mM CaCl2 and 0.3 mM MgCl2, respectively (12), significantly
lower than our observed values. Higher CCC values were
reported for fullerenes, namely 4.1-6.0 mM CaCl2 and 8.0
mM MgCl2 (21, 24, 36). The observed weak dependence of
the MWNT CCC values on counterion valence is consistent
with observations with colloidal particles (37), where CCC
dependence on counterion valence z ranges from z-2 to z-6

(Schulze-Hardy Rule). The higher aggregation rate of MWNTs
in the presence of divalent cations is consistent with the

FIGURE 2. TEM images of representative MWNTs (a) before and (b) after sonication treatment (six cycles). Highly bundled, untreated
MWNTs (on left) debundle and become shorter after successive sonication (on right).

FIGURE 3. MWNT (a) diameter distribution and (b) length
distribution after treatment as obtained from TEM imaging.
More than 100 tubes were measured for each plot to obtain the
distribution. The average diameter after treatment was
measured as 17.6 ( 7.9 nm and the average length was
measured as 1.5 ( 1.5 µm.

FIGURE 4. Attachment efficiencies of MWNTs as a function of
NaCl concentration at unadjusted pH (pH 6.0 ( 0.2). The critical
coagulation concentration (CCC) is based on the intersection of
the extrapolations of the unfavorable and favorable regimes
and estimated as 25 mM NaCl. Aggregation experiments are
carried out at room temperature (23 °C).
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EPM behavior in Figure 1a, where the EPM values become
much less negative with divalent salts.

Effect of pH on MWNT Aggregation Kinetics. The stability
of MWNTs in aqueous solution exhibited a strong pH
dependence (Figure 6). As pH is increased from acidic (pH
3) to strong basic (pH 11) conditions, the attachment
efficiency decreased sharply from a value of 0.3 ((0.05) to
0.002 ((0.001). This behavior is indicative of dissociation of
functional groups in changing pH conditions. As discussed
earlier, functional groups can form on CNT surfaces by
imparting mechanical energy to the system (38). Extensive
high power sonication of MWNTs can result in defects and
addition of functional groups. The slow aggregation rate of
MWNTs at high pH (SI Figure S5) can therefore be explained
by dissociation of functional groups on the MWNT surface.
This observation is supported by the EPM data presented
earlier (Figure 1b) where a more negative charge (or EPM)
is observed as the pH is increased from acidic to basic
conditions.

Humic Acid Significantly Enhances MWNT Stability.
Figure 7 shows a significant decrease in attachment efficien-
cies in the presence of SRHA for aqueous solutions containing
monovalent and divalent salts. Previous studies attributed
the association of humic and fulvic acid molecules with
fullerenes and MWNTs to π-π interactions between the
cross-linked aromatic networks on the molecules and the

aromatic rings on the fullerenes (39-41). Enhanced stability
of fullerenes in the presence of humic acid (21, 41, 42), fulvic
acid (41, 42), and human serum albumin (43), has been well
established in the literature. The dramatic decrease in MWNT
aggregation kinetics (SI Figure S6), with 1-2 orders of
magnitude reduction in attachment efficiencies, is attributed
to non-DLVO, steric interactions imparted by the adsorbed
humic macromolecules. EPM values in the presence of SRHA
remained unchanged (SI Figure S1), indicating that the
enhanced stability cannot be due to higher electrostatic
repulsion. Steric stabilization by natural organic matter has
been observed for fullerene nanoparticles, clay, iron oxide
nanoparticles, and aquatic colloids (21, 44-46).

Implications for Fate and Transport in Aquatic Envi-
ronments. Typical aquatic environmentssrivers, lakes,
estuaries, and groundwaterscontain monovalent and di-

FIGURE 5. Attachment efficiencies of MWNTs as a function of
(a) CaCl2 and (b) MgCl2 concentrations at unadjusted pH (pH 6.0
( 0.2). The critical coagulation concentration (CCC) values are
based on the intersection of the extrapolations of the
unfavorable and favorable regimes, and estimated as 2.6 mM
CaCl2 and 1.5 mM MgCl2. Aggregation experiments are carried
out at room temperature (23 °C).

FIGURE 6. Attachment efficiencies of MWNTs as a function of
solution pH in the presence of 1 mM background NaCl. The
attachment efficiencies are calculated by normalizing the
actual aggregation rate to the favorable (fast) aggregation rate
with NaCl (raw data of Figure 4). Aggregation experiments
were carried out at room temperature (23 °C).

FIGURE 7. Attachment efficiencies in the absence and presence
of 5 mg/L Suwannee River humic acid (SRHA) for different
electrolyte solutions. pH for the SRHA was preadjusted to 6.0.
The attachment efficiencies are calculated by normalizing the
actual aggregation rate with the favorable aggregation rate of
NaCl, CaCl2, and MgCl2, respectively (raw data of Figure 4 and
Figure 5). The aggregation experiments were performed at room
temperature 23 °C. Solution pH for runs without SRHA was
unadjusted (6.0 ( 0.2).
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valent salts as well as natural organic matter. The fundamental
understanding of the aggregation behavior of nanomaterials
at these solution chemistries is the key to predicting their
transport and fate in aquatic environments. Results with our
MWNT sample suggest that MWNTs can be relatively stable
under solution chemistries typical of aquatic environments.
The aggregation of MWNTs followed DLVO type behavior
that is in principle similar to that of most other aqueous
colloidal particles. However, the results may not be general-
ized for all commercial MWNTs as there might be differences
in physicochemical properties between samples, depending
on synthesis and treatment methods. Suspended particles
and colloidal matter are abundant in aquatic environments,
suggesting that MWNT-MWNT interactions may not be the
dominant process controlling the fate and transport of these
nanomaterials. MWNTs will most likely interact more with
suspended and colloidal particles. Therefore, further studies
on aggregation behavior of MWNTs in the presence of
environmentally relevant particles is of great importance.
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The diameter and length distribution of the MWNTs before
sonication treatment are presented in Figure S2. In Figure
S3, Raman spectra of MWNTs before and after sonication
are presented for both 785 and 532 nm lasers. TGA mass loss
and mass loss derivative profiles are presented in Figure S4.
Representative aggregation profiles of MWNTs as a function
of pH are presented in Figure S5. In Figure S6, representative
aggregation profiles of MWNTs in the presence and absence
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