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Grafting oxygen-containing functional groups onto carbon
nanotubes (CNTs) by acid treatment improves their dispersion
in aqueous solutions, but there is a lack of quantitative
information on the colloidal properties of oxidized CNTs. We
have studied the influence that pH and electrolytes have
in determining the colloidal stability of oxidized multiwalled
carbon nanotubes (O-MWCNTs), prepared by refluxing pristine
MWCNTs in nitric acid. The acid-treated MWCNTs contained
oxygen predominantly in the form of carboxyl groups. Colloidal
suspensions of O-MWCNTs were prepared by low-power
sonication and contained negatively charged, individual MWCNTs
with an average length of ∼650 nm. Time-resolved dynamic
light scattering revealed that the aggregation rate of O-MWCNTs
exhibited both reaction and mass-transport limited regimes
in the presence of different electrolytes and as a function of
pH. Particle stability profiles constructed from aggregation rate
data allowed for the determination of critical coagulation
concentrations (CCC), a metric of colloidal stability. The CCC
values of O-MWCNTs varied with counterion concentration and
valence in a manner consistent with DLVO theory. Potentiometric
measurements of surface charge correlated well with the
observed pH-dependent variations in the O-MWCNT’s colloidal
stability. Electrophoretic mobility was also a diagnostic of
particle stability, but only in neutral and acidic conditions.

Introduction
Carbon nanotubes (CNTs) are hexagonal arrays of carbon
atoms rolled into long (µm scale), thin (nm scale), hollow
cylinders (1). Their unique structure and chemical composi-
tion give rise to many highly desirable properties, including
low density, high tensile strength, high conductivity, and
high surface area to volume ratios (2, 3). Consequently, the
number of potential commercial applications incorporating

CNTs is enormous, providing the impetus for dramatic
increases in their annual production rates: Bayer anticipates
production rates of 200 tons/yr by 2009, and 3,000 tons/yr
by 2012 (4).

Many CNT applications (e.g., as components of drug
delivery agents, composite materials) require CNT suspen-
sions that remain stable in polar mediums such as water or
polymeric resins (5, 6). Due to strongly attractive van der
Waals forces between the hydrophobic graphene surfaces,
pristine CNTs minimize their surface free energy by forming
settleable aggregates in solution. To prepare uniform, well-
dispersed mixtures, the CNTs’ exterior surface must be
modified. One popular surface modification technique
involves grafting hydrophilic oxygen-containing functional
groups into the exterior graphene sheet by using strong
oxidizing agents (e.g., HNO3, HNO3/H2SO4, O3, KMnO4 or
H2O2) (7-9). During these oxidative treatments, oxygen-
containing functional groups form at the CNT’s exposed
surfaces, preferentially at open ends and defect sites (10).

The introduction of surface oxides onto CNTs is not always
intentional. In purification processes, surface oxidation
accompanies the use of oxidants that are frequently employed
to remove amorphous carbon and metallic impurities from
freshly synthesized CNTs (9, 11-13). In the atmosphere,
unintentional oxidation can occur when CNTs are exposed
to oxidizing agents such as ozone and hydroxyl radicals (14).
Incidental oxidation in aquatic environments may occur as
a result of surface water photolysis and strongly oxidizing
water treatment processes (e.g., ozonolysis) (15).

The demand for dispersible CNTs and the potential for
incidental oxidation of the pristine nanomaterial will lead to
increasing quantities of surface-oxidized CNTs in aquatic
environments (16, 17), where oxygen-containing functional
groups will influence the CNTs’ interactions with other
dissolved species. For example, the sorption of hydrophobic
organic chemicals from water has recently been shown to
decrease significantly in the presence of surface oxides (18),
whereas the sorption of metal contaminants increases
(17, 19, 20). Since the human and ecological impact of
engineered nanomaterials in aquatic media will be intimately
dependent upon their sorption properties and colloidal
stability (16, 21, 22), surface-oxidized CNTs are of particular
environmental interest.

To better understand the influence of solution chemistry
on the behavior of nanoparticles, several recent studies have
used time-resolved dynamic light scattering (TRDLS) to
measure the aggregation kinetics of various colloidal nano-
particles (fullerenes, hematite, and zerovalent iron) (23-29).
By measuring the functional dependence of the aggregation
rates on electrolyte concentration (aggregation profiles),
critical coagulation concentrations (CCC) were determined
under different aquatic conditions. Results from these studies
have demonstrated that the behavior of nanoparticles follows
the qualitative predictions of Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory (30, 31) in regard to the effect of
counterion concentration and valence.

Although CNTs are an important class of engineered
nanomaterials, few studies have quantitatively investigated
the colloidal properties of acid-treated, surface-oxidized
CNTs. Chen et al. used light scattering to show that single-
walled nanotubes refluxed in HNO3 and then sonicated in
HNO3/H2SO4 remained stable at neutral pH over a two week
period (32). Shieh et al. employed UV-visible spectropho-
tometry (UV-vis) to show that acid-treated MWCNTs were
unstable at pH 0 but increased in aquatic stability between
pH 4 and 10, an effect ascribed to the protonation/de-
protonation of carboxylic acid groups (33). The oxidation of
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MWCNTs by HNO3 or HNO3/H2SO4 has also been investigated
by Osswald et al. who observed the formation of negatively
charged particles that exhibited an electrophoretic mobility
of ∼-4 µm s-1 cm V-1 at neutral pH (34). Sano et al. used
UV-vis to show that the aquatic stability of acid-treated
single-walled carbon nanotubes in different electrolytes was
in good agreement with the Schulze-Hardy rule (35). By
contrast, Giordano et al. have suggested that the rodlike
morphology of CNTs means that their colloidal behavior
should not follow classical DLVO theory (36).

In this study, the effect of solution chemistry on the
colloidal properties of a surface-oxidized MWCNT has been
measured with TRDLS and coupled with detailed materials
characterization. Nitric acid was selected as the oxidant due
to its widespread use in functionalizing and purifying CNTs
(12, 37). MWCNTs were selected because they are currently
being produced at higher rates than SWCNTs (38) and are
therefore more likely to enter aquatic environments in larger
quantities.

Experimental Section
Preparation of Oxidized MWCNTs (O-MWCNTs). Pristine
MWCNTs were purchased from NanoLab (outer diameter
15 ( 5 nm, length 5-20 µm). As prepared by the manufac-
turer, MWCNTs initially contained 15% metal impurities (Fe
or Ni) by weight, according to TGA analysis. These metal
impurities are reportedly from the catalysts used to grow the
MWCNT. To remove the metal catalyst, the MWCNTs were
treated with a combination of HF/HCl. TGA experiments
after treatment showed the metal content was reduced to
<5%.

O-MWCNTs were prepared by refluxing 100 mg of pristine
MWCNTs in a 250 mL solution of 50% w/w HNO3. Prior to
refluxing, the MWCNT-HNO3 mixture was sonicated (Bran-
son 1510, operating at 70 W) for 1 h to break up large
aggregates and help disperse the nanomaterials. After soni-
cation, the MWCNT-HNO3 mixture was refluxed at 140 °C
for 1.5 h while stirring vigorously.

After oxidation, byproducts were removed from the HNO3-
MWCNT mixture by repeatedly centrifuging (10 min, 4000
rpm; Powerspin LX, Unico), decanting and washing until the
resistivity of the supernatant was greater than 0.5 MΩ and
the pH was ∼5. O-MWCNTs were then dried overnight in an
oven at 100 °C. Once dry, the O-MWCNTs were pulverized
in a ball-mill (MM200, Retsch) for 15 min.

Surface Characterization of O-MWCNTs. The surface
composition of O-MWCNTs was determined using X-ray
photoelectron spectroscopy (XPS), PHI 5400 system. The
distribution of oxygen-containing functional groups on the
O-MWCNT surface was quantified using vapor-phase chemi-
cal derivatization in conjunction with XPS. In brief, trifluo-
racetic anhydride, trifluoroethyl hydrazine, and trifluoroet-
hanol were used to assay the concentration of surface-bound
hydroxyl, carbonyl, or carboxylic acid groups as described
elsewhere (39, 40).

Preparation of Colloidal O-MWCNTs. Stock solutions of
colloidal O-MWCNTs were created by sonicating a known
mass (<600 µg) of O-MWCNTs in 200 mL of Milli-Q water
for ∼20 h. After sonication, the solution pH was adjusted: pH
3 (∼200 µL/1 M HCl), pH 4 (20 µL/1 M CH3COOH/
NaCH3COO), pH 6 (100 µL/1 M CH3COOH/NaCH3COO), pH
8 (200 µL/0.1 M NaHCO3/Na2CO3), or pH 10 (∼20 µL/1 M
NaOH). The majority of experiments were carried out at pH
6. Control experiments were performed to probe the influence
of the acetate buffer on particle stability; these results
are described in Figure S1 in the Supporting Information.
The mixture was then sonicated for an additional hour. Any
large contaminant particles (such as dust, glass etched during
sonication, and some larger CNT bundles (<0.2% by mass)
were removed at this stage by centrifugation. The pH was

then readjusted by adding <200 µL aliquots of 0.01-0.1 M
NaOH/HCl as needed. By using UV-vis to analyze a known
mass of O-MWCNTs dispersed into solution, we have
determined that the extinction coefficient of O-MWCNT
particles at 500 nm was ∼41.4 mL mg-1 cm-1, independent
of oxidative treatment. A similar value (39.9 mL mg-1 cm-1)
was also obtained by Li et al. (41) for dispersed, acid-washed
MWCNTs.

Details of the atomic force microscopy (AFM), electro-
phoretic mobility, and surface charge measurements used
to further characterize the O-MWCNTs can be found in the
Supporting Information.

Dynamic Light Scattering (DLS) Measurements. The
effective particle size of O-MWCNTs in solution was measured
using DLS (Brookhaven Instruments, using an argon ion laser
(488 nm) operating at 175 mW, aperture size 200 µm).
MWCNTs are somewhat flexible, rod-like particles with high
aspect ratios, but there is no analytic expression that can
describe the orientational dependence on the intraparticle
interactions for rod-like particles and consequently the DLVO
theory for CNTs. Consequently, we have chosen to use the
Stoke’s-Einstein equation for spherical particles to determine
the effective hydrodynamic diameter of the O-MWCNTs. For
the purpose of developing comparative quantitative mea-
sures, we have also fit the aggregation kinetics on the basis
of mathematical models developed to describe the coagula-
tion of monodispersed spherical particles (23, 25, 27, 42).

In each aggregation experiment, separate aliquots con-
taining O-MWCNTs (from the stock solution), milli-Q water,
and electrolyte (4 M NaCl, 2 M Na2SO4, and 0.04 M MgCl2

and 0.04 M CaCl2) were prepared. Each aliquot was main-
tained at the same pH. Prior to aggregation, the effective
intensity averaged hydrodynamic diameter (Dh) of the
O-MWCNTs was determined. These experiments were initi-
ated by mixing the aliquot of milli-Q water with the stock
solution containing the O-MWCNT suspension in a 1-dram
vial. The mixture was then vortexed for approximately 1 s,
inserted into the decaline-quartz vat of the light scattering
chamber, and thermally equilibrated at 25 °C for 1 min. The
particle size (Dh (t ) 0)) was determined by measuring the
scattered light intensity for 15 s with a photodetector
positioned at 90°. To accurately determine Dh (t ) 0), 3-5
DLS measurements were performed; in each measurement,
autocorrelations were fit with a second-order cumulant
analysis.

After measuring the initial particle size, aggregation was
initiated by adding the aliquot of electrolyte stock solution
to the vial. In each series of aggregation experiments, the
volume of O-MWCNT stock solution used was the same,
while the volume of electrolyte solution and milli-Q water
varied. Since the combined volume of O-MWCNT stock
solution, milli-Q water, and electrolyte solution added always
remained constant (2.2 mL), this experimental protocol
ensured that the initial O-MWCNT particle density (N0)
remained constant in each aggregation experiment (see eq
2). Once the electrolyte had been added, the mixture was
vortexed for approximately 1 s and promptly reinserted into
the analysis chamber whereupon TRDLS measurements were
initiated. To ensure that all data obtained were for particles
aggregating under the influence of Brownian motion, the
first TRDLS measurement taken after vortexing was ignored.
All aggregation experiments were conducted in triplicate to
verify experimental reproducibility and enable signal
averaging.

Aggregation kinetics were measured by monitoring the
time-dependent increase in Dh. Autocorrelation functions
were analyzed every 15 s until Dh reached 400 nm or until
25 data points had been acquired. Measured values of Dh g
800 nm (presumably due to residual dust particles or
macroscopic aggregates entering the laser’s field of view)
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represented<1% of all the points acquired and were excluded
from analysis.

Results and Discussion
Surface Characterization of O-MWCNTs. Upon oxidation
with HNO3, the XPS-measured surface oxygen concentration
on the surface of the MWCNTs increases from 1.2% to 8.1%
(Figure S2). No elements aside from carbon or oxygen were
observed by XPS on pristine or O-MWCNTs. XPS results from
chemical derivatized samples (Figure S3) revealed that
pristine MWCNTs contain only trace concentrations (<1%)
of hydroxyl, carbonyl, and carboxyl functional groups. After
oxidation, the concentration of hydroxyl and carbonyl groups
exhibited a modest increase while the carboxyl group
concentration increased significantly. Carboxyl groups ac-
count for more than 50% of the surface oxygen atoms present
on the O-MWCNT. To test whether the sonication process
changed the material’s chemical composition, the surface
composition of an O-MWNCT was measured before and after
sonication. XPS analysis revealed that sonication did not
produce any measurable change in the surface oxygen
concentration (<0.2%).

Characterization of Colloidal O-MWCNT Particles. The
AFM images shown in Figure 1 as well as TEM images taken
as part of our other studies reveal that the O-MWCNTs are
best considered as rod-like structures that sometimes exhibit
a mild degree of curvature. Occasionally, AFM images
revealed the presence of “ring like” structures, likely a result
of dehydration effects induced by drying. Similar effects have
been observed in AFM studies of natural organic matter (43).
In AFM images, individual O-MWCNTs were routinely
observed as opposed to aggregates (Figure 1 insert), sug-
gesting that oxidation followed by sonication results in
predominantly individual MWCNTs.

Based on AFM measurements performed on 1,000 indi-
vidual particles, colloidally dispersed MWCNTs exhibited a
length distribution of 0.6( 0.5 µm (Figure 1). Lengths ranged
from 0.09 to 5.81 µm; 84% of the 1,000 measurements were
below 1.00 µm. Compared to the manufacturer’s stated length
distribution for pristine MWCNTs (5-20 µm), sonicated
O-MWCNTs were shorter and exhibit a narrower length
distribution, consistent with previous studies on the effect
of sonication (44).

DLS measurements indicated that the equivalent spherical
hydrodynamic diameter (Dh) of the O-MWCNT colloids was
150 ( 40 nm (see Figure 2). In Milli-Q water at pH 6, the size
distribution of O-MWCNT particulates remained unchanged
over a period of several weeks. Changes in Dh during

aggregation studies are therefore solely due to the effect of
the added electrolytes.

Aggregation Studies. Influence of the Electrolyte. Using
TRDLS, the aggregation kinetics of the O-MWCNTs were
studied at pH 6 in the presence of various electrolytes: NaCl
(30-900 mM), Na2SO4 (30-200 mM), MgCl2 (1-8 mM), and
CaCl2 (0.7-6.2 mM). Irrespective of the electrolyte’s chemical
composition or concentration, a linear increase in Dh was
observed during the initial stages of aggregation, between
Dh ∼150-400 nm (see Figure S4). During particle aggregation,
the initial change in Dh is often characterized by a linear
increase as a function of aggregation time (23-28, 42). This
is a consequence of the fact that during these early times
aggregation is dominated by bimolecular collisions involving
individual particulates. As aggregation continues, the average
aggregate size increases (leading to a decrease in mobility)
while the overall particle concentration decreases. Conse-
quently, the rate of change in Dh decreases (see Figure S4).
Similar aggregation profiles have been observed in a number
of other TR-DLS studies (23-28, 42).

The initial aggregation rate constant (ka) was obtained by
fitting the initial linear increase in Dh with time, using eq 1:

(dDh

dt )
tf0

)ΘkaN0 (1)

where Θ is an instrumental constant that depends on the
scattering angle and physical properties of the particles and
N0 is the initial number concentration of particles in solution
(23-27, 42). Although Dh always increased linearly with time
during the initial stages of aggregation, the magnitude of the
initial aggregation rate was strongly dependent upon the
solution conditions. Based on the precepts of DLVO theory,
at sufficiently high electrolyte concentrations the electrostatic
repulsion between negatively charged O-MWCNT particles
(23-29, 42) is reduced to the point where there is no energy
barrier to aggregation. Under these conditions, every collision
results in an aggregation event, and the aggregation rate is
diffusion-controlled. Experimentally this is observed by a
rate of change in Dh that is invariant to further increases in
electrolyte concentration. In Figure 2, this is clearly observed
between the two highest NaCl concentrations (199 and 617
NaCl). Under these conditions of diffusion-limited aggrega-
tion, the initial rate of (dDh/dt) is referred to as (dDh/dt)fast.
At lower electrolyte concentrations, particles can only
aggregate if they overcome the energetic barrier that is present
due to the electrostatic repulsion between the particles. Under
these conditions, the aggregation is said to be reaction-limited
and is sensitive to the electrolyte concentration. For example,

FIGURE 1. Frequency-normalized length distribution (measured
with AFM and based on 1,000 measurements) of OMWCNTs
sonicated for 20 h and flash dried on a Si substrate.

FIGURE 2. Aggregation profiles of OMWCNTs at various NaCl
concentrations. Each profile was obtained at pH 6 and an
O-MWCNT concentration of ∼0.75 mg/L.
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Figure 2 shows that when the NaCl concentration increased
from 40 to 88 mM, the initial aggregation rate increased nearly
4-fold. These two regimes of aggregation have been reported
in several recent aggregation studies (23-27) (28), and have
also been interpreted on the basis of reaction and diffusion-
limited kinetics. In the diffusion-limited regime, the initial
rate of aggregation was obtained by averaging the 3 or 4
highest (dDh/dt) values. Once this (dDh/dt)fast value was
determined, (dDh/dt) values measured at lower electrolyte
concentrations were normalized to (dDh/dt)fast. Eq 2 shows
that since the initial particle concentration (N0) was constant
for a given set of aggregation studies, (dDh/dt)/(dDh/dt)fast is
equal to ka/ka,fast.

The ratio of ka/ka,fast is known as the inverse particle stability
ratio (W1-) or the aggregation attachment efficiency (RA)
(25, 45):

(dDh ⁄ dt)tf0

(dDh ⁄ dt)tf0
)

ΘkaN0

Θka,fastN0
)

ka

ka,fast
) 1

W
)RA (2)

By plotting W1- as a function of the electrolyte concen-
tration, a stability profile is generated. Figure 3 shows the
stability profiles of O-MWCNTs in the presence of NaCl,
Na2SO4, MgCl2, and CaCl2. For each electrolyte, the average
(dDh/dt) values measured at high electrolyte concentration
were the same, within experimental error ((8%). The critical
coagulation concentration or CCC (an estimate of the
minimum electrolyte concentration required for aggregation
kinetics to be governed by mass-transport) was determined
by fitting the stability profile using eq 3 (27, 45):

1
W

) 1

1+ (CCC ⁄ [Mn+])�
(3)

[Mn+] is the counterion concentration (for negatively charged
O-MWCNTs, Mn+)Na+, Mg2+, or Ca2+), and � is d log(W1-)/d
log ([Mn+]) in the regime where log (W1-) ∝ log ([Mn+]).

Analysis of the stability profiles shown in Figure 3 indicates
that the CCC was 93 mM in the presence of NaCl, 98 mM for
Na2SO4, 1.8 mM for MgCl2, and 1.2 mM for CaCl2. The
similarity in the CCC values measured for NaCl and Na2SO4

points to the lack of influence that the anions (Cl- and SO4
2-)

exert on the colloidal stability of the negatively charged
O-MWCNT particles. For electrolytes that contain counter-
ions of different valence, DLVO theory predicts that the CCC
will be proportional to Z-6 for surfaces with high charge
densities and Z-2 for surfaces with low charge densities (where
Z is the counterion valence) (25, 46). Analysis of Figure 3
reveals that the ratio of the CCC between Na+ (Z ) 1) and
Mg2+ or Ca2+ (Z ) 2) is 52 and 78 respectively. These ratios
for Mg2+ and Ca2+ are proportional to Z-5.7 and Z-6.3, very

close to the empirical Schulze-Hardy rule and the DLVO
theory prediction of Z-6 for surfaces with high charge densities
(30, 31).

Results from our studies support the idea that the spherical
particle approximation can be used to quantify the colloidal
stability of O-MWCNTs. For example, the observed linear
increase in Dh we observed for O-MWCNTs during the initial
stages of aggregation follow the expected behavior of spherical
particles (23, 27, 28, 42). Molecular dynamic simulations have
shown that despite the influence of orientation on the
interaction energy between rod-like structures, the distribu-
tion of cluster sizes during diffusion-limited aggregation
follows the same general kinetic behavior observed for
spherical particles (47). For spherical particles, this linear
regime has been observed experimentally between Dh (t )
0) and ∼1.4 Dh (t ) 0), but for rod-like iron(III) hydroxide
colloids, Brunner et al. found that this linear regime extended
from Dh (t ) 0) up to ∼5 Dh (t ) 0) (48, 49). For our
O-MWCNTs, the linear increase in Dh was observed in the
time regime between Dh (t ) 0) and ∼2.5 Dh (t ) 0).

Our experimentally observed variation in initial (dDh/dt)
values for O-MWCNTs as a function of electrolyte concen-
tration also produces both reaction and diffusion-limited
aggregation regimes. The dependence of the CCC on Z-6

which is the analytical solution calculated for spherical
particles from DLVO theory also supports the ability of the
spherical particle approximation to describe the colloidal
properties of O-MWCNTs (30, 31). This adherence to the
qualitative precepts of DLVO theory for spherical particles
is also consistent with the UV-vis data obtained by Sano et
al. on acid-treated single-walled carbon nanotubes (35).

Influence of pH. Figure 4a shows a comparison of the
aggregation kinetics for O-MWCNTs at pH 3, 6, and 10, each
measured in the presence of 64 mM NaCl. Analysis of Figure
4a clearly shows that the colloidal stability of O-MWCNTs
increases with increasing pH, consistent with previous
UV-vis studies of acid-treated CNTs (33). The colloidal
stability of the O-MWCNTs studied in this investigation is
expressed quantitatively in Figure 4b where stability profiles
obtained at pH 3, 4, 6, 8, and 10 are shown as a function of
NaCl concentration. For all five pH values, both reaction
and diffusion-limited aggregation regimes were observed.
Particle stability profiles were all well described by eq 3; the
calculated CCC values increased from 26, 46 to 93, 132, and
259 mM NaCl as the pH increased from 3, 4, 6, 8, and 10,
respectively. Indeed, a linear correlation is observed between
the CCC values and the pH (see Figure S5).

The role that pH plays in controlling the colloidal stability
of O-MWCNTs is illustrated in Figure S6. In this experiment,
three stable suspensions were initially created at the same
MWCNT concentration (∼4.2 mg O-MWCNT/L) but at
different pH values (shown on each vial cap). The ionic
strength in each vial was then increased to 64 mM with NaCl,
and perikentic aggregation proceeded for 3.5 h. Figure S6
shows that after 3.5 h, large settleable aggregates had formed
at pH 3, significantly smaller aggregates were observed at pH
6, and at pH 10 no visible aggregation was observed.

To better understand the influence of pH on CNT colloidal
stability, the electrophoretic mobility (EM) of the O-MWCNT
particles was measured as a function of pH, in the presence
of 64 mM NaCl. Figure 5a shows that between pH 3 and 5
the EM decreases from -1.7 to -3.2 (10-8 m2 V-1 s-1). Taken
in conjunction with the chemical derivatization data (Figure
S3), these results support the idea that carboxyl groups play
an important role in determining the colloidal stability of
oxidized CNTs (33). Above pH 6 there is little or no change
in the EM values, independent of the electrolyte concentra-
tion (see Figure S7). This behavior is analogous to previous
EM measurements of oxidized carbon nanotubes (50, 51).
However, a comparison of Figures 5a and 4b reveals that at

FIGURE 3. Influence of electrolyte composition on O-MWCNTs
stability. Each stability profile was obtained at an O-MWCNT
concentration of 0.75 mg/L at pH 6. Solid lines represent fits to
eq 3. See text for details.
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pH values>6 the lack of change in the EM values is consistent
with the continued increase in the colloidal stability of the
O-MWCNT particles. We hypothesize that this lack of
correlation between the EM measurements and the CCC
values is due to the fact that particle stability is not well
reflected by the EM which is a measure of the surface charge
density at the “zeta” plane, which is affected by a layer of
water and counterions that remain with the particle as it
moves in water under the influence of an electrostatic field.
Our results from acid-base titration experiments, shown in
Figure 5b are consistent with this hypothesis. In particular,
these experiments show that the surface charge density
increases monotonically with increasing pH, consistent with
the greater colloidal stability of oxidized MWCNTs above pH
6 (compare Figures 4b and 5b).

The monotonic decrease in the surface charge observed
for O-MWCNTs is similar to the behavior observed for other
carbonaceous materials (e.g., activated carbon) (52). Since
the surface charge continues to increase above pH 7, under

conditions where all of the carboxylic acid groups should be
deprotonated, other sources of surface charge must exist;
possibilities include phenolic sOH groups or basic surface
sites on CNTs. The detailed nature of such basic surface sites
is unclear but may include the CNT graphene surface itself
which could exhibit π basicity or pyrone-based oxygen
functional groups (53, 54). The discrepancy between the
variation in EM and surface charge as a function of pH has
also been observed for other materials (e.g., silica) (55),
highlighting the limitations of EM measurements to provide
a metric of surface charge or particle stability.

Information obtained from this investigation can help to
develop predictive models capable of describing the envi-
ronmental fate and impact of surface-modified CNTs. For
instance, our reported CCC values fall within the range of
salinity conditions encountered in freshwater streams and
estuaries. Thus, O-MWCNTs could be relatively stable against
coagulation and sedimentation in these aquatic environ-
ments, depending upon the local solution conditions (pH,
electrolyte composition/concentration, and other aspects of
water quality, such as NOM concentration). Our data also
indicate that although O-MWCNTs could be present as
mobile colloids in freshwater, they are likely to aggregate
and settle out before reaching the ocean.
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representation of the influence of pH on the colloidal stability
of O-MWCNTs (Figure S6); influence of electrolyte concen-
tration on the electrophoretic mobility of O-MWCNTs,
measured at pH 7 and 10 (Figure S7).This material is available
free of charge via the Internet at http://pubs.acs.org.
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