








FIGURE 2. TEM images of representative MWNTSs (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 176 = 7.9 nm and the average length was
measured as 1.5 + 1.5 ym.

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 MWNTSs results in attachment. The critical coagulation
concentration (CCC), obtained from the intersection of the
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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).

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 Ca*" and Mg?"
Cations. The aggregation kinetics of MWNTs were also
examined for divalent cations: Ca?* (0.1-30 mM) and Mg?*
(0.05—30 mM). Figure 5 shows the attachment efficiencies
of MWNTs as a function of Ca?* (Figure 5a) and Mg?* (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 CaCl; and 1.5
mM MgCl,, which are an order of magnitude lower than that
of NaCl. Previously reported CCC values for SWNTs were 0.2
mM CaCl, and 0.3 mM MgCl,, respectively (12), significantly
lower than our observed values. Higher CCC values were
reported for fullerenes, namely 4.1—-6.0 mM CaCl, and 8.0
mM MgCl, (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 ¢
(Schulze-Hardy Rule). The higher aggregation rate of MWNTs
in the presence of divalent cations is consistent with the
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FIGURE 5. Attachment efficiencies of MWNTs as a function of
(a) CaCl, and (b) MgCl, 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
CaCl; and 1.5 mM MgCl,. Aggregation experiments are carried
out at room temperature (23 °C).

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-
ciesin 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 MWNTSs to w—x interactions between the
cross-linked aromatic networks on the molecules and the
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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).
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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, CaCl,, and MgCl,, 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).

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 environments—rivers, lakes,
estuaries, and groundwater—contain monovalent and di-
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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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Supporting Information Availahle

The electrophoretic mobilities of MWNTSs in the presence
and absence of SRHA for 10 mM NaCl, 1 mM CaCl,, and 1
mM MgCl, solution conditions are presented in Figure S1.
The diameter and length distribution of the MWNTs before
sonication treatment are presented in Figure S2. In Figure
S3, Raman spectra of MWNTSs 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
of SRHA are presented. This material is available free of charge
via the Internet at http://pubs.acs.org.
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