








FIGURE 2. Favorable deposition rates of fullerene nanoparticles
onto PLL-coated silica surfaces as functions of (a) NaCl and (b)
CaCl, concentrations at pH 5.5. Duplicate measurements were
conducted at 1 and 10 mM NaCl, with error bars representing
standard deviations, while single measurements were
conducted at other electrolyte concentrations. The lines are
meant to guide the eye. The illustration shows that the
fullerene nanoparticles remain stable to aggregation at low
electrolyte concentrations while aggregating at higher
electrolyte concentrations. The images of discrete fullerene
nanoparticles and aggregates are obtained under the
transmission electron microscope (TEM).

(i.e., the log of attachment efficiencies against the log of
electrolyte concentrations) are typical of classical deposition
behavior in which the deposition kinetics are controlled by
the electrostatic interactions and van der Waals attraction
between the particles and solid surfaces (15). Atlow electrolyte
concentrations, electrostatic repulsion occurs between the
negatively charged fullerene nanoparticles and silica surface,
resulting in unfavorable deposition (i.e., oo < 1). As the
electrolyte concentration is increased, the degree of charge
screening and double layer compression of the nanoparticles
and silica surfaces increases, resulting in higher deposition
kinetics. When the electrolyte concentration equals and
exceeds the critical deposition concentration (CDC), sufficient
charge screening occurs to allow for favorable deposition
(i.e., o & 1). The intersections between the extrapolations
from the unfavorable and favorable deposition regimes yield
the CDC values of 32.1 mM for NaCl and 0.7 mM for CaCl..

It is useful to point out that this normalization allows for
theisolation of the influence of solution chemistry and surface
properties of the nanoparticles and solid surface on the
deposition kinetics by eliminating the effects of nanoparticle
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FIGURE 3. Attachment efficiencies of fullerene nanoparticles
onto bare silica surfaces as functions of (a) NaCl and (b) CaCl,
concentrations at pH 5.5. Each data point represents the mean
of duplicate measurements at the same experimental con-
ditions, with error bars representing standard deviations. The
dashed lines are extrapolated from the favorable and
unfavorable deposition regimes, and their intersections yield
the respective CDC of 32.1 mM for NaCl and 0.7 mM for CaCl,.

aggregation. In other words, this normalization would yield
the same results as deposition experiments employing
extremely low nanoparticle concentrations such that ag-
gregation would be insignificant even at high electrolyte
concentrations. However, it would not be realistic to conduct
such experiments as deposition would have to take place
over a long period of time in order to achieve sufficient
deposition for the determination of deposition kinetics.
Deposition on Silica Surfaces in the Presence of Back-
ground Humic Acid and Alginate. Deposition experiments
were conducted in the presence of background humic acid
and alginate (1 mg/L TOC) at electrolyte concentrations of
30 mM NaCl and 1 mM CaCl,. These electrolyte concentra-
tions are close to the CDC values determined in the absence
of background macromolecules as discussed in the previous
section. Prior to these deposition experiments, the bare silica
surfaces were rinsed with the electrolytes of interest, followed
by humic acid and alginate solutions (1 mg/L TOC) prepared
in the same electrolytes. No significant frequency shifts were
observed when the humic acid and alginate solutions were
introduced at 30 mM NaCl, indicating that the macromol-
ecules do not adsorb onto the silica surfaces under such
conditions. However, in the presence of 1 mM CaCl,,
significant adsorption of both macromolecules occurred due
to complex formation with Ca?* resulting in charge neu-
tralization (24, 27). In this case, the adsorption of macro-
molecules caused frequency shifts, Afs), of about 15 and 40
Hz over 70—80 min for humic acid and alginate, respectively.
The rate of adsorption of macromolecules was observed to
decrease with time. When the baseline stabilized after 70—80
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FIGURE 4. Attachment efficiencies of fullerene nanoparticles
prepared in humic acid and alginate solutions (both at 1 mg/L
TOC) onto bare silica surfaces in the presence of 30 mM NaCl
and 1 mM CaCl, at pH 55. The attachment efficiencies for
deposition in the absence of macromolecules in the solutions
are reproduced from Figure 3. Each bar represents the mean of
duplicate measurements at the same experimental conditions,
with error bars representing standard deviations. Humic acid
and alginate are not observed to adsorb on bare silica surfaces
at 30 mM NaCl, as presented in the illustration (not drawn to
scale). At 1 mM CaCl, humic acid and alginate macro-
molecules take a compact conformation and adsorb onto bare
silica surfaces significantly. The fullerene nanoparticle
suspensions prepared in the presence of the respective
macromolecules were only introduced after adsorption of the
macromolecules on the silica surfaces ceased.
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min, indicating surface saturation and no more adsorption
of macromolecules on the silica surface, the nanoparticles
prepared in the humic acid or alginate solutions were
introduced into the QCM for the deposition run.

Insignificant aggregation of the fullerene nanoparticles
occurs in the presence of background humic acid and alginate
at 30 mM NaCl and 1 mM CaCl, as verified through time-
resolved DLS (Figure S4). Hence, the attachment efficiencies
of the fullerene nanoparticles in the presence of these
macromolecules were calculated using the maximum favor-
able deposition rate determined at 1 mM NaCl (4.03 Hz/
min, Figure 2) as the denominator in eq 2. These attachment
efficiencies are presented in Figure 4. The schematic in the
figure illustrates that the deposition behavior is dominated
by the interactions between the coated fullerene nanopar-
ticles and bare silica surface in the presence of 30 mM NaCl.
Conversely, the interactions between the coated nanopar-
ticles and coated silica surface control the deposition kinetics
in the presence of 1 mM CaCl,.

At30 mM NaCl, the attachment efficiency in the presence
of humic acid is about 3 orders of magnitude lower than that
in the absence of humic acid. This drastic decrease in the
deposition kinetics is due to the fast adsorption of humic
acid onto the fullerene nanoparticles, resulting in steric
repulsion between the coated nanoparticles and bare silica

surfaces. These results correspond to our previous findings
that the aggregation kinetics of fullerene nanoparticles are
greatly decreased in the presence of humic acid due to steric
repulsion between the humic acid-coated nanoparticles (21).
In comparison, the presence of alginate in the solution led
to adecrease in the attachment efficiency by almost 2 orders
of magnitude. The greater impact of humic acid is possibly
due to humic acid adsorbing more readily onto fullerene
nanoparticles through 7—x interactions between their aro-
matic rings (22, 28) compared to alginate, which adsorbs
onto fullerene nanoparticles likely through hydrophobic
interactions. Other evidence that supports the higher pro-
pensity for adsorption of humic acid over alginate is the
greater degree of stabilization of the fullerene nanoparticles
with humic acid at 30 mM NaCl as well as 1 mM CaCl,,
compared to the corresponding results with alginate (Figure
S4).

In the presence of 1 mM CaCl,, the adsorption of humic
acid and alginate onto both fullerene nanoparticles and silica
surfaces results in some degree of steric repulsion. Both humic
acid and alginate are able to form complexes with Ca?*, which
may result in both macromolecules taking a more compact
conformation (24, 27). Also, some bridging may occur
between the macromolecules on the fullerene nanoparticles
and silica surface in the presence of Ca?t (21, 24). The
combination of both these factors may explain why the degree
of stabilization in the presence of both macromolecules at
1 mM CaCl, is not as pronounced as that observed in the
presence of humic acid at 30 mM NaCl.

Deposition on Silica Surfaces Coated with Humic Acid.
Figure 5 presents the attachment efficiencies of the fullerene
nanoparticles on silica surfaces precoated with humic acid.
The schematic in Figure 5 illustrates that the interactions
between the bare fullerene nanoparticles and humic acid-
coated surfaces play an important role in controlling the
deposition behavior. In the presence of 10 and 30 mM NaCl
with no background humic acid in the solution, the deposition
kinetics for the coated silica surfaces are about 1 order of
magnitude lower than those for bare silica surfaces. The
humic acid layer on the silica surface effectively retarded the
deposition of fullerene nanoparticles predominantly through
steric repulsion. The complexity of the system was increased
when deposition of the fullerene nanoparticles onto the
humic acid-coated surface was conducted in the presence
of background humic acid (1 mg/L TOC) in solution at 30
mM NacCl. This was performed by rinsing the humic acid-
coated surface with the electrolyte of interest (i.e., 30 mM
NaCl in this case) followed by the same electrolyte with a
background humic acid until a constant baseline was
achieved. Following that, the fullerene nanoparticles prepared
in the presence of background humic acid at 30 mM NaCl
were introduced into the QCM module. The adsorption of
humic acid on the fullerene nanoparticles gave rise to a
greater degree of steric stabilization on top of the humic acid
layer on the silica surface, as was evident from the further
decrease in the attachment efficiency from 0.11 to 0.038.

In the presence of 0.3 and 1.0 mM CaCl,, the attachment
efficiencies of fullerene nanoparticles onto humic acid-
coated surfaces are fairly high at 0.24 and 0.38, respectively.
Since the humic acid layers were rinsed with the respective
electrolytes until the frequency shifts Af(s) ceased to change,
they were likely to have reached equilibrium by the end of
the rinse for both 0.3 and 1.0 mM CacCl, solutions, where
Ca?" had been bound to almost all available carboxyl
functional groups of the humic acid macromolecules (27).
Hence, regardless of the concentration of CaCl, employed in
the rinse solutions, the conformational and charge properties
of the humic acid layers should be comparable at the end
of the rinses. This rinsing effect on the layers may lead to the
comparable deposition kinetics onto the coated surfaces at
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FIGURE 5. Attachment efficiencies of fullerene nanoparticles
onto humic acid-coated silica surfaces in the absence and
presence of humic acid in solution as functions of (a) NaCl and
(b) CaCl, concentrations at pH 55. Each bar represents the
mean of duplicate measurements at the same experimental
conditions, with error bars representing standard deviations.
The attachment efficiencies for deposition onto bare silica
surfaces are reproduced from Figure 3. The humic acid-coated
surfaces are prepared by first coating the silica surface with a
positively charged PLL layer, before coating the PLL layer with
a second layer of humic acid, as shown in the illustration (not
drawn to scale).

both CaCl, concentrations. The saturation of the humic acid
layers with Ca?* in both cases could also result in substantial
reduction in the charge of the layers, thereby allowing for
relatively high deposition kinetics.

The addition of background humic acid led to a drastic
drop in attachment efficiency of fullerene nanoparticles from
0.38 to 0.014 in 1.0 mM CaCl,. This attachment efficiency of
0.014 is of the same order of magnitude as that for the
deposition in the presence of background humic acid in 1.0
mM CaCl, (o = 0.038, Figure 4). This result is reasonable
since both systems are similar with humic acid macromol-
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FIGURE 6. Attachment efficiencies of fullerene nanoparticles
onto bare and alginate-coated silica surfaces in the absence of
alginate in solution as functions of (a) NaCl and (b) CaCl,
concentrations at pH 55. Each bar represents the mean of
duplicate measurements at the same experimental conditions,
with error bars representing standard deviations. The
attachment efficiencies for deposition onto bare silica surfaces
are reproduced from Figure 3. The inset presents the
representative frequency shift as deposition onto the
alginate-coated surface took place at 10 mM NaCl starting at 6
min. The initial slope (represented by the dashed line) is used
to derive deposition rate.

ecules adsorbing on both the bare and PLL-modified silica
surfaces readily in the presence of CaCl,.

Deposition on Silica Surfaces Coated with Alginate. The
attachment efficiencies of fullerene nanoparticles onto
alginate-coated silica surfaces are presented in Figure 6. All
deposition experiments were conducted in the absence of
background alginate in solution. At 10 mM NaCl, we observed
two regimes in the frequency shift when deposition took
place onto the alginate-coated surface, as presented in the
inset of Figure 6a. Since we are interested in the initial
deposition kinetics, we reported the attachment efficiency
at 10 mM NaCl based on the initial slope represented by the
dashed line. Because the alginate macromolecules are larger
than humic acid, the alginate layer is likely much rougher
than the humic acid layer, especially at the lower NaCl



concentration of 10 mM where the adsorbed alginate could
take a more extended conformation from the silica surface.
This irregular surface may invariably allow for the fullerene
nanoparticles to be trapped within the depressions of the
alginate layer. After all the depressions are filled with
nanoparticles, further incoming nanoparticles do not deposit
as readily, which explains the higher initial deposition rate
and the lower deposition rate in the later stages.

At30 mM NacCl, we observed a constant rate of deposition
with time, most likely because the alginate layer becomes
more compacted at higher salt concentration due to charge
screening of the alginate carboxyl groups, resulting in a
smoother surface. The compaction of the alginate layer is
consistent with our earlier findings (24). Through DLS, we
previously showed that the hydrodynamic radius of alginate-
coated hematite nanoparticles decreased by about 5 nm
when the NaCl concentration was raised from 0 to 20 mM.
Thisresultleads us to believe that the thickness of the alginate
layer on the silica surface may also vary within the same
order of magnitude with electrolyte concentration, which
will substantially affect the surface roughness. In addition,
the greater degree of charge screening of the fullerene
nanoparticles and alginate-coated surfaces at 30 mM NaCl
will also result in faster deposition kinetics than at 10 mM
NaCl.

The trends for the deposition kinetics of the fullerene
nanoparticles onto alginate-coated surfaces in the presence
of CaCl, are similar to those for humic acid-coated surfaces.
The deposition kinetics onto the alginate-coated surfaces
are relatively high, likely due to alginate forming complexes
with Ca?* which leads to charge neutralization of the alginate
layer. Alginate also undergoes gelation in the presence of
Ca?*, which results in the modification of the physical
properties and surface morphology of the alginate layer (26).
This surface modification is likely to exert some influence
over the deposition behavior of the fullerene nanoparticles.

Implications for Fate and Transport in Aquatic Envi-
ronments. The deposition kinetics of fullerene nanoparticles
onto bare silica surfaces are consistent with classical deposi-
tion behavior. Favorable deposition of the fullerene nano-
particles on silica surfaces starts to occur at ~30 mM NaCl
and 0.7 mM CaCl,, which is higher than typical monovalent
cation concentrations of freshwaters, but within the con-
centration range of Ca?* (29, 30). Hence, in freshwaters where
NOM concentration is very low, the affinity of fullerene
nanoparticles to attach to silica surfaces may be controlled
by divalent cations such as Ca?*. In most natural aquatic
systems, however, NOM is present both in the aqueous phase
aswell as on the surface of minerals and suspended particles.
In freshwater systems, NOM concentration is typically on
the order of several mg/L (TOC). Even at a conservative humic
acid and alginate concentration (1 mg/LTOC), the deposition
kinetics of fullerene nanoparticles can be reduced by up to
3 orders of magnitude through steric repulsion. In contrast,
preadsorbed NOM on silica surface can either retard or
enhance the deposition kinetics, depending on the solution
ionic composition and the physicochemical properties of
the NOM macromolecules. The elucidation of the influence
each component of NOM exerts on the deposition behavior
of fullerene nanoparticles is the first step to understanding
and eventually predicting their fate and transport in real
systems where all components coexist in varying proportions.
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Electrophoretic mobilities of fullerene nanoparticles as a
function of pH (Figure S1); frequency shift when silica surface
is precoated with humic acid (Figure S2); aggregation and

deposition profiles of fullerene nanoparticles at 10 and 60
mM NaCl (Figure S3); aggregation profiles of fullerene
nanoparticles in humic acid and alginate solutions (Figure
S4). Also presented are details on procedures for synthesis
of fullerene nanoparticles, preparation of humic acid and
alginate stock solutions, and modification of silica surface
with PLL. This material is available free of charge via the
Internet at http://pubs.acs.org.
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