






were released following deposition in the presence of calcium
ions at a total ionic strength of 10 mM (i.e., run with 7 mM
KCl plus 1 mM CaCl2), despite the significant SWNT deposi-
tion under this condition. Note that for the corresponding
run at a total ionic strength of 10 mM KCl but without calcium,
significant release was observed (Figure 3). This result is
consistent with observations by Hahn et al. (34) for deposition
of latex particles in columns packed with glass beads at 200
mM Ca2+. It was suggested that the latex particles deposit in
a primary minimum in the presence of Ca2+, and are therefore
not affected by the elimination of the secondary minimum
following a rinse with deionized water.

SWNT Deposition Rate and Attachment Efficiency. In
some breakthrough experiments, the normalized SWNT
concentration did not attain a steady-state value after the
initial dispersive region of the breakthrough curve. Instead,
the concentration increased slowly with time indicating either
simultaneous release of SWNTs (15) or blocking of deposition
sites by previously deposited SWNTs (27, 35). As a result, the
initial clean bed C/C0 value was determined at 1.8 pore
volumes (15). The deposition rate coefficients (kd) for SWNT
deposition in KCl and the corresponding attachment ef-
ficiencies (R) calculated using eqs 1 and 3 are presented in
Figure 4. The results, in general, show an increase in
deposition rate with increasing ionic strength, in qualitative

agreement with DLVO theory (26). An increase in ionic
strength reduces the electrostatic double layer repulsion
between SWNTs and the quartz sand, thereby resulting in
higher SWNT deposition rate.

The SWNT deposition kinetics in Figure 4 display two
deposition regimes. The first regime of unfavorable or slow
deposition occurs at electrolyte concentrations lower than
approximately 10 mM KCl. Under these conditions, repulsive
double layer interactions are important and significantly
reduce the SWNT-sand attachment (collision) efficiency
(Supporting Information Table S1). The second SWNT depo-
sition regimesfavorable or transport-limited depositions
takes place at KCl concentrations greater than 10 mM. In
this regime, electrolyte concentration is large enough to
suppress electrostatic double layer repulsion and eliminate
the energy barrier for SWNT deposition. Therefore, in this
regime, every SWNT that comes into contact with the sand
grains results in attachment (i.e., R ) 1), and the overall
deposition rate becomes independent of solution ionic
strength.

Relative Roles of Physicochemical Filtration and Strain-
ing. The SWNT breakthrough curves (Figure 2) clearly show
significant SWNT removal at low ionic strengths, including
deionized water. For example, C/C0 at 1.8 pore volumes was
0.90 ((0.02) in deionized water and 0.78 ((0.01) in 3 mM KCl

FIGURE 2. (a) SWNT breakthrough curves at various KCl concentrations as well as a tracer (KBr) breakthrough curve. (b) SWNT
release curves following elution with deionized water. Step A: deposition of SWNTs in the packed quartz sand bed at different ionic
strengths (KCl) plus 0.1 mM KHCO3 as a buffer (pH 7.0). Step B: elution with the same electrolyte solutions (without SWNTs). Step C:
elution with deionized water (pH unadjusted). Experimental conditions are: SWNT concentration ) 87 ((4) mg/L, approach velocity
) 0.021 ((0.002) cm/s, packed column length ) 6.3 cm, porosity ) 0.37, mean grain diameter ) 264 µm, and pH 7.0, temp. ) 23 °C.
Other experimental parameters relevant to the column experiments are given in Supporting Information Table S1.

FIGURE 3. SWNT breakthrough curves in the presence of 5 mg/L Suwannee River humic acid (SRHA) presented as normalized SWNT
effluent concentration as a function of the number of pore volumes pumped through the packed quartz sand bed. Humic acid
concentration is based on SRHA dry mass (corresponding to 2.54 mg/L as TOC). The breakthrough curves for a tracer (KBr) and
SWNTs at 10 mM of KCl (with no SRHA) are also included. Column experiments were carried out at pH 7.0 (adjusted by adding 0.1
mM KHCO3 as a buffer). Other experimental conditions are similar to those described in Figure 2.
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(Supporting Information Table S1). As a result, the SWNT
deposition or stability curve (Figure 4) shows three slopes
rather than the two slopes which are typical of classical
colloidal particle deposition (26). These observations of
relatively high deposition rate at low ionic strengths and a
SWNT deposition rate that is almost independent of ionic
strength suggest that “straining” plays a role in SWNT
filtration (16). In fact, the SWNT stability curve for the
unfavorable deposition regime comprises two regions: (a)
straining and physicochemical filtration at very low ionic
strengths and (b) physicochemical filtration at higher ionic
strengths.

(a) Straining. Straining, the trapping of particles in pores
that are too small to allow particle passage, normally occurs
when the ratio of the particle and collector grain diameters
is greater than 0.05 (36), and can even occur when the ratio
is as low as 0.003 (37). Although the ratio of SWNT
hydrodynamic diameter (obtained from DLS measurement,
Supporting Information Figure S3) to the median sand
diameter (dSWNT/d50) in our experiments was about 0.0008,
straining was still an important SWNT filtration mechanism.
It is proposed that the shape of SWNTs, particularly the large
aspect ratio, the extreme variability in length, and their highly
bundled state, plays a significant role in straining. Supporting
Information Figure S4 shows that the amount of SWNTs
retained in the column after the mobilization step (i.e., elution
with DI water) increases for SWNT deposition runs at higher
ionic strengths. This result suggests that, in addition to SWNT
aspect ratio and pore geometry, other factors, such as
hydrodynamics and electrostatic interactions, also control
the extent of straining (37, 38). However, the complex
geometry and variability in SWNT physical properties,
preclude any further theoretical modeling of SWNT retention
and release processes.

To demonstrate that the shape of SWNTs was responsible
for the straining, identical column experiments were per-
formed in deionized water in a column packed with clean
quartz grains. The breakthrough curves obtained by using
eluted SWNTs from the column experiment as an influent
to the subsequent experiment are shown in Figure 5. Our
results show that C/C0 increases from 0.88 to 0.95 and then
to 0.96 for the three successive SWNT filtration runs. We
propose that selective filtration of long and more bundled

SWNTs occurred in the first column such that relatively more
mobile SWNTs with reduced straining were present in the
column effluent. As a result, the extent of SWNT filtration
decreased in the consecutive runs.

A TEM image of SWNTs used in the column experiments
shows several long SWNTs with an aspect ratio as high as
1000 (Figure 6). Although the size distribution of SWNTs varies
significantly, straining is predominantly caused by the long
SWNTs. Once this SWNT population is selectively removed
from the solution, the extent of straining decreases. Inde-
pendent measurements of hydrodynamic radii of influent
and effluent SWNTs by dynamic light scattering (DLS) (ALV-
500, Langen, Germany) (Supporting Information Figure S3)
revealed selective removal of large SWNTs by filtration. These
results (Figures 5, 6, and Supporting Information Figure S3)
underline the role of straining as a significant SWNT capture
mechanism.

(b) Physicochemical Filtration. SWNT deposition be-
havior (Figure 4) shows a slight increase in the deposition
rate with increasing ionic strength at the straining region
(e3 mM). This result suggests that physicochemical filtration
occurs simultaneously with straining. However, above 3 mM
ionic strength, the deposition rate significantly increases with
increasing ionic strength, suggesting physicochemical filtra-
tion as the dominant filtration mechanism.

FIGURE 4. SWNT deposition rate coefficients (kd) and
corresponding attachment efficiencies (r) as a function of ionic
strength (KCl) as calculated from the breakthrough curves in
Figure 2 (also summarized in Supporting Information Table S1).
The deposition rate coefficients (kd) and attachment efficiencies
(r) were calculated from eqs 1 and 3, respectively.

FIGURE 5. Successive breakthrough curves of SWNTs in DI
water (unadjusted pH of 5.7). The eluted SWNTs from the
preceding run were used as the influent for the subsequent run.
Other experimental conditions are similar to those in Figure 2.

FIGURE 6. TEM image of SWNTs showing a representative
long and folded bundle of nanotubes used in the column
experiments.
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Implications for SWNT Transport in Aquatic Environ-
ments. The mobility of carbon nanotubes in the environment
is a major concern because mobility is a key indicator of fate,
bioavailability, and reactivity. This study highlights the
transport behavior of SWNTs under different environmentally
relevant conditions and identifies the mechanisms controlling
their removal and mobilization in flow through porous media.
Although it is impossible to accurately predict the mobility
of commercial carbon nanotubes that might be introduced
to the environment, deposition rate data (Supporting In-
formation Table S1) and packed-bed filtration models can
be used for the preliminary estimation of SWNT travel
distances in subsurface porous media. We can use eq 1 to
calculate a travel distance, L, defined as the distance where
C/C0 drops to 0.001. The calculated SWNT travel distances
are relatively small, for example, 1.7 and 0.2 m for 1 and 10
mM KCl, respectively. SWNT transport in soils and subsurface
environments, however, is expected to be even more limited
because subsurface environments are more heterogeneous
with respect to grain/pore sizes and pore interconnectivity,
thereby promoting SWNT capture by straining. We therefore
can expect localized accumulation of SWNTs in terrestrial
environments near their release sites. Near surface ac-
cumulation, however, may be more hazardous because of
the potential for CNTs to mobilize during rain events and
flooding.
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