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’ INTRODUCTION

Increased production and utilization of engineered nano-
materials in consumer products will increase the potential for their
release to the environment. Carbon nanotubes (CNTs) have
garnered significant attention due to their expected widespread
usage (e.g., production of plastics, catalysts, water purification
systems, and components in the electronics, aerospace and
automotive industries 1). CNTs are rolled up sheets of graphene
composed of one or more concentric tubes (i.e., single-walled
nanotubes (SWCNT) and multi-walled nanotubes (MWCNTs),
respectively). Many MWCNTs are modified to make them stable
in solution such as for biomedical applications,7,8 which may
make them more mobile in the environment. Moreover, some
forms of modified carbon nanotubes are already commercially
available. Inevitably some CNTs will eventually enter the en-
vironment through their disposal or from incidental release, yet
their environmental transport behaviors are not yet well under-
stood. In particular, they may enter soil ecosystems at high
concentrations through land application of sewage sludge or
from disposal of CNT-containing waste in landfills.2 Although
modern landfills have barrier systems, their effectiveness at
containing CNTs is presently unknown and hence the poten-
tial for their migration through porous media in the subsurface is

of considerable interest both with regards to potential ecotox-
icological risks to soil organisms3�6 and human health risks (e.g.,
contamination of drinking water supplies).

Traditional colloid filtration theory (CFT) is used to predict
retention of particles in porous media systems due to gravita-
tional sedimentation, Brownian diffusion, and interception.9 This
theory suggests that particles are transported to and become
permanently deposited in the primary minimum well of a
collector of uniform surface characteristics with infinite retention
capacity.9,10 Research suggests that additional removal mecha-
nisms may be operative including deposition in the secondary
minimum and surface charge heterogeneity.10�14 It has been
suggested that physical removal mechanisms (e.g., straining
which is a function of particle to pore throat size) also play a
role in the removal of colloidal particles from suspension,15,16

andmay be significant for nonspherical particles with large aspect
ratios like CNTs.17,18 Research on colloidal particles has also
shown that the size of collectors may not only affect the degree of
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ABSTRACT: Nanoparticles possess unique physical, electrical,
and chemical properties which make them attractive for use in a
wide range of consumer products. Through their manufacturing,
usage, and eventual disposal, nanoparticles are expected to
ultimately be released to the environment after which point they
may pose environmental and human health risks. One critical
component of understanding and modeling those potential risks
is their transport in the subsurface environment. This study
investigates the mobility of one important nanoparticle (multi-
walled carbon nanotubes or MWCNTs) through porous media,
andmakes the firstmeasurements on the impact ofmean collector
grain size (d50) on MWCNT retention. Results from one-
dimensional column experiments conducted under various phy-
sical and chemical conditions coupled with results of numerical modeling assessed the suitability of traditional transport models to
predict MWCNT mobility. Findings suggest that a dual deposition model coupled with site blocking greatly improves model fits
compared to traditional colloid filtration theory. Of particular note is that the MWCNTs traveled through porous media ranging in size
from fine sand to silt resulting in normalized concentrations of MWCNTs in the effluent in excess of 60% of the influent concentration.
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straining that may be operative but also affect the attachment of
particles.11,19 Evidence of site blocking, where the collector
surface has a finite retention capacity, has also been observed
in engineered nanoparticle studies.20,21 Transport studies invol-
ving CNTs thus far have shown that CFT cannot fully describe
their deposition behavior and one or more additional mechan-
isms are needed to explain experimental findings.17,18,20,22�23

While a large number of studies have investigated transport
of SWCNTs,17,18,20,22�23 relatively little work has been
conducted to investigateMWCNTmobility. All SWCNT studies
have used porous media with a mean collector diameter greater
than 263 μm, although one study had a significant fraction of clay
particles (29%).17 The two experimental studies investigating the
mobility of MWCNTs suggest that the deposition of MWCNTs
in porous media can be described using an extension of CFT.20,24

Enhanced mobility of acid-functionalized MWCNTs through
porous media (quartz sand, d50 = 476 μm) was observed above a
critical pore water velocity, but mobility was substantially de-
creased at pore water velocities similar to those expected in natural
subsurface conditions.20 Wang et al.24 found that humic acid-
stabilized MWCNTs (d = 35 nm) were filtered by quartz sand
(d50 = 355 μm) to a greater extent than (humic acid-stabilized)
SWCNTs (d = 1.4 nm) for all ranges of ionic strengths tested.
The aforementioned studies investigating the mobility of CNTs
show that their behavior is sensitive to many experimental
conditions, but one important condition not yet investigated is
the impact of porous media size on CNT transport. For example,
no studies have investigated CNT mobility in porous media as
fine as silt yet a wide range of porous media types and sizes are
present in the subsurface.

The goal of this study was to investigate the impact of mean
collector size, pore water velocity, and ionic strength on the
mobility of MWCNTs. A series of one-dimensional column
experiments were carried out at pore water velocities expected
under both engineered and natural subsurface conditions using
porous media ranging in classification from fine sand to silt.
Manipulation of ionic strength facilitated an assessment of the
relative importance of nontraditional filtration mechanisms (e.g.,
straining). Multiple pulses of MWCNTs were injected into the
column to establish whether site blocking was operative and
evaluate its importance to MWCNT transport.

’MATERIALS AND METHODS

Multi-Walled Carbon Nanotubes.Multi-walled carbon nano-
tubes (MWCNTs) were purchased from Cheap Tubes Inc.
(Brattleboro, VT). MWCNTs were functionalized through the
addition of surface carboxylic and hydroxyl groups using a 3:1 v/v
ratio of sulfuric (95�97%) and nitric acids (70%), respectively.25

This treatment enhanced their hydrophilicity and stability in the
aqueous phase. The solution was placed in a bath sonicator
(Aquasonic Ultrasonic Cleaner, VWR Scientific Products, West
Chester, PA) for 2 h. The functionalized MWCNTs were then
collected using a 0.45 μm polytetraflouroethylene (PTFE) mem-
brane. Boiling deionizedwaterwas used to rinse theMWCNTsuntil
the filtrate had a neutral pH.20 Finally MWCNTs were dried in a
vacuum desiccator and stored until needed.
For column experiments, a dispersion of functionalized nano-

tubes was prepared by placing 4 mg of MWCNTs in a 250 mL
beaker containing 200 mL of aqueous solution. An ultrasonic
probe (Fisher Sonic Dismembrator, ARTEK System Corpora-
tion, Farmingdale, NY) was placed in the beaker, which was

placed in an icewater bath, at 210 W for 45 min. The dispersed
nanotubes were then mixed with an additional 300 mL of
aqueous solution to reach the desired concentration of 8 mg/L.
TheMWCNT dispersions were left to sit for at least 24 h to allow
the solution to equilibrate. Experiments were conducted imme-
diately following this period, and nanotube agglomerates were
not observed on the sides or bottoms of the beakers. Thus, 8mg/L
should be near the exact concentration given the lack of settling,
but other minor forms of nanotube loss such as aerosolization
during the sonication process cannot be excluded. These
MWCNTs were thoroughly characterized using thermal gravi-
metric analysis, X-ray photoelectron spectroscopy, and scanning
electron microscopy (see Supporting Information (SI) for addi-
tional details on the characterization methods).
PorousMedia. Four quartz sands of varying grain size (Barco,

Opta Minerals Inc. Waterdown, ON) were used (SI Table S1).
The f32 and f71 sands (Barco #32 and Barco #71) size distribu-
tions were as received from the manufacturer. However, the 290
fractions 1 and 2 sands were obtained by sieving Barco #290
sand; 290 fraction 1 was the combination (1:4) of the fractions
retained on the Tyler (Mentor, OH) no. 140 and Tyler no. 200
sieves while 290 fraction 2 was from sand retained on the Tyler
no. 325 sieve. The sands are herein referred to by their d50 value
to avoid confusion between the 290 fractions. The quartz sand
was cleaned by washing with hydrochloric acid (0.1M) followed
by hydrogen peroxide (5%) to remove any impurities from the
surface of the sand grains. The sand was rinsed repeatedly with
deionized water following both the acid and peroxide washing
steps to ensure that all impurities had been removed from the
sand and neutral pH had been achieved. The sand was then oven-
dried (90 �C) overnight, following rinsing, and stored. Zeta
potential of the porous media, quantified by streaming potential
measurement (Anton Paar SurPASS system, Saint Laurent,
Canada) using aqueous solution AS1b, were negative (i.e.,
∼ �50 mV). This suggests repulsive interactions between the
CNTs and porous media.
Aqueous Solution Chemistry.Three aqueous solutions were

employed all with a pH of approximately 7.5. The first high ionic
strength solution (AS1) had an ionic strength of 7.5 mmol/L and
was buffered to pH 7.5 with 1.26 mmol/L monosodium phos-
phate (NaH2PO4.H2O), 1.73mmol/L (Na2HPO4) and 1mmol/L
NaBr. The background aqueous solution (i.e., no MWCNTs)
used in the high ionic strength column experiments (AS1b) had
the same amount of phosphate as AS1 with the addition of
1 mmol/L NaCl instead of NaBr to act as a conservative tracer.
The low ionic strength solution (AS2) (0.1 mmol/L) was
obtained through dilution of AS1. In the column experiments
at low ionic strength, the background solution was the same as
the MWCNT solution, but without MWCNTs.
Column Experiments. Glass columns (2.5 cm in diameter

and 5 cm in length) were used in this study. A stainless steel mesh
(66 μmopenings) followed by a nylon screen (25 μmopenings),
at column ends, were used to support the porous media and
evenly distribute aqueous flow through the column (see Sup-
porting Information for additional details on column packing).
Columns were flushed with the appropriate background solution
for 10 pore volumes following 30 pore volumes flushing with DI
water. Flow in the 100% water saturated columns was then
reduced to the experimental flow rate for at least one pore
volume and the direction of flow was switched to vertically
downward. Following the flow reversal, MWCNT solutions were
injected into the column. Multiple 60 mL plastic syringes and a
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syringe pump (KD Scientific, Holliston, MA) were used for
solution injection. Two pulses of MWCNTs were injected with
sufficient time between pulses to allow column effluent absor-
bance to reach background levels.
Once the absorbance of the column effluent had reached

background levels after the second MWCNTs pulse, deionised
water was flushed through the column to determine if the sudden
drop in ionic strength would mobilize MWCNTs that may have
been deposited on the sand grains. The column effluent was
collected using a CF-1 fraction collector (Spectrum Chromatog-
raphy, Houston, TX) and the MWCNT concentration deter-
mined using a UV spectrophotometer (Helios Alpha, Thermo
Fisher Scientific, Mississauga, ON) at a wavelength of 400 nm. A
calibration curve of MWCNT concentration versus absorbance
was highly linear at this wavelength with R2 > 0.997. Conserva-
tive tracer concentrations (NaBr) were quantified using high
performance liquid chromatography (HPLC, Waters Company,
Milford, MA) of the collected fractions.
Mathematical Modeling of MWCNT Transport. A one-

dimensional finite elementmodel was used to simulateMWCNT
transport.20 The simulator was based on traditional colloid
filtration theory but was modified to include site blocking and
dual deposition. Please see the SI for additional numerical
modeling details.

’RESULTS AND DISCUSSIONS

MWCNT Characterization. Thermal gravimetric analysis re-
sults indicated that the catalyst impurities were only (0.8( 0.1) %
(n = 4) of the MWCNTs; thus, metal impurities were almost
completely removed (SI Figure S1). The lack of a peak at a lower
temperature than the principal peak indicated a lack of amor-
phous carbon. X-ray photoelectron spectroscopy (XPS) (see SI
Figure S2) indicated that (6.2 ( 1.4) % of the MWCNTs was
oxygen, a result similar to that obtained with MWCNTs treated
with the same acid modification process in a prior study.26 These
oxygen functional groups and a related scan of the C (1s) region
indicated the presence of carboxyl and hydroxyl functional
groups. A previous study indicated that ultrasonication of an
MWCNT solution without an ice�water bath for 6 h only caused
a slight increase in the oxygen content from 7.5% to 8.6%.27

Thus, the 45min sonication in an ice�water bath used here is not
expected to substantially increase the concentration of functional
groups on the MWCNTs. According to scanning electron
microscopy, the measured MWCNT outer diameter was 36 (
11 nm (n = 132), and length was 540( 340 nm (n = 215) (see SI
Figures S3 and S4). While the diameters matched the manufac-
turer’s specifications, the lengths were substantially shorter than
the 10�20 μm indication by the manufacturer. It was unclear if
this discrepancy was a result of the sonication process or acid
functionalization or if theMWCNTs were originally shorter than
indicated by the manufacturer. Regardless, this result further
affirms the importance of in-depth nanoparticle characterization
prior to environmental behavior experiments.28�30

Column Experiments. Column experiments were conducted
to assess the impact of collector grain size on the transport and
deposition of MWCNTs. Column experiments were first con-
ducted at a higher pore water velocity (4.9� 10�5m/s or 4.2m/d)
using AS1 to disperse the MWCNTs and AS1b as the back-
ground solution. The first MWCNT pulse exited the column
noticeably later than the conservative tracer (NaBr) with the
extent of retardation increasing with decreasing collector size

(Figure 1). Following breakthrough the MWCNT normalized
effluent concentration increases relatively quickly but slows at a
normalized effluent concentration of approximately 0.65. After
approaching or reaching a plateau injection of MWCNTs ceased
and background solution injection commenced. After MWCNT
injections stopped, the normalized MWCNT effluent concen-
trations decreased with the conservative tracer for both pulses
and for both pore water velocities (Figures 1 and 2).
MWCNT breakthrough was significantly different for the

second pulse. The maximum normalized concentrations for the
(476, 175, and 80) μm sands were about 0.8 for both pulses,
while the effluent concentration for the 50 μm sand packed
column reached an effluent concentration of 0.65 with the
conservative tracer and then gradually rose to a maximum value
of 0.75 more slowly than the tracer (Figure 1).
The results observed here differ from those for humic

acid-stabilized MWCNTs for which MWCNT breakthrough
occurred ahead of the conservative tracer at all ionic strengths
investigated.24 The pore velocity used in their study was similar
(8.9 � 10�5 m/s or 7.7 m/d) to the higher velocity used in
the current study and the mean grain size was in the same range
(d50 = 350 μm). Given that their diameters ((35 ( 10) nm,
length not reported) were similar to the MWCNT tested here,
these observed differences are likely due to different stabilization
methods and the resultant differences in interaction energies.
At the lower pore velocity (4.9 � 10�6 m/s or 0.42 m/d),

MWCNT transport was similar to that observed in the high
velocity experiments in the following ways: (i) the conservative
tracer exits the columnmore quickly than theMWCNTs; (ii) the
MWCNTs show increased retardation with decreasing collector
grain size; (iii) MWCNT normalized effluent concentration
increased at a relatively fast rate initially until a steady state
effluent concentration was achieved for some experimental
conditions, while in other cases effluent concentrations increased
at amuch slower rate until injection ofMWCNT ceased; and (iv)
limited MWCNT retardation was observed for the second pulse
but this was more observable than during the high velocity
experiments (Figures 1 and 2). The maximum normalized
concentration obtained for the (476, 175, and 80) μm sands
after a second MWCNT pulse were again similar (0.65). For the
second pulse, MWCNTs exhibited a slightly delayed break-
through in the 50 μm sand compared to the conservative tracer
and reached a maximum value of 0.5 (Figure 2d). It is important
to note that the MWCNTs are still mobile in the finest porous
media fraction, which would be classified as silt.
Upon completion of the second pulse, deionized water was

injected into the columns at the experimental flow rate. For all
experiments this resulted in a sharp and reproducible spike in
effluent absorbance (e.g., Figure 3) suggesting that a fraction of
the MWCNTs that were loosely deposited on collector surfaces
had been remobilized.18 This release has been attributed to the
increase in electrostatic repulsion due to the elimination of the
secondary energy minimum by lowering the ionic strength from
7.5 mM to that of deionized water.18 The amount of MWCNTs
released from the porous media did not follow any specific trend
with respect to collector diameter. Jaisi et al.18 reported that the
concentration released from collector surfaces in this manner
generally increased following experiments of increasing ionic
strength (i.e., high experiment ionic strength leads to higher
concentration of CNT in the effluent following the deionized
solution flush).18 In the current study, the same trend was
observed, because MWCNTs were not released upon injection
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of deionized water in low ionic strength (0.1 mM) experiments
(Figure 4). This result is likely attributable to the relatively small
change in ionic strength between the 0.1 mM solution and
deionized water and the negligible secondary minimum at the
low ionic strength.
A suite of experiments were conducted at the low pore velocity

(4.9� 10�6 m/s or 0.42 m/d) and low ionic strength (0.1 mM)
to see if nonphysiochemical removalmechanisms (e.g., straining)
were operative (Figure 4). In all cases MWCNTs exited the
column at the same time and at a similar rate as the representative
tracer in the high ionic strength experiments (Figure 4) (i.e., no
retardation of either pulse). When the background solution flush
was initiated, MWCNT effluent concentrations exited the

column in a similar manner to representative tracer concentra-
tions. The maximum normalized effluent concentration was
approximately 0.95 except in the case of the 50 μm sand, which
had a maximum normalized effluent concentration of approxi-
mately 0.9. Given the relatively large repulsive barrier that exists
at the low ionic strength, any MWCNT removal was likely due
mechanisms other than those associated with traditional filtra-
tion theory. One possible nonphysiochemical removal mechanism
that may be of importance is straining,31 although given that
normalized effluent concentrations are above 0.9 for the low
ionic strength solution, this would suggest it is not a dominant
retention mechanism. Liu et. al.20 observed a maximum normal-
ized effluent concentration of MWCNTs of approximately 0.65

Figure 1. Continued



9769 dx.doi.org/10.1021/es2017076 |Environ. Sci. Technol. 2011, 45, 9765–9775

Environmental Science & Technology ARTICLE

at an ionic strength of 0.1 mM which was similar to the maximum
concentration achieved at the high ionic strength (10 mM) in that
study. This difference from our results may be due to significant
nonphysiochemical removal occurring at the low ionic strength.20

The results obtained at the low ionic strength case (0.1mmol/L)
in this study were similar in shape and appearance to those
obtained in a previous study using SWCNTs.18 In that study,
SWCNTs exited the column with the conservative tracer and
reached a maximum normalized effluent concentration of ap-
proximately 0.93. In a different study, higher than expected
removal occurred at low ionic strengths which was attributed
to straining rather than filtration of the CNTs.17 Along these

lines, Jaisi et al.18 observed a decrease in the hydrodynamic
diameter in the SWCNT fraction that passed through the
column, and postulated that this decrease may be due to larger
particles being removed in the column due to straining; while
dynamic light scattering (DLS) has limitations for CNTs as a
result of the assumption that the particles are monodisperse
spheres in the fitting algorithm, it was helpful for comparing
relative differences among these fractions. In this study, the
influent MWCNT suspension had an average effective diameter
of 188 nm, measured by DLS, and an average effective effluent
diameter of 176 nm. Given the relatively small change in effective
diameter, straining appears to be a relatively minor mechanism.

Figure 1. Breakthrough curves of MWCNTs at the high pore water velocity, I = 7.5 mmol/L in (a) 476 μm, (b)175 μm, (c) 80 μm and (d) 50 μm sand
packed columns. Open circles represent conservative tracer data, squares represent MWCNT data and solid lines represent the results of simulation
(noted as sim.). Experiments A, B, and C are replicates. RMSE values provided in SI Table S2 provide estimates of the quality of the modeling fits.
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Another method to assess if straining is a dominant removal
mechanism is to quantify the ratio of a representative particle
diameter and a representative pore throat diameter (L/L),
usually taken to be d50.

32 The critical ratio was previously
proposed to be 0.003.31 A study using SWCNTs reported ratios
of 0.0008 and 4.7� 10�6 for the SWCNT effective diameter and
SWCNT diameter, respectively,18 whereas an MWCNT trans-
port study had a ratio of 0.0001.20 The straining ratio using
the length (0.0011 to 0.011) and the MWCNT diameter
(0.00008�0.0007) in this study are below the critical ratio
proposed of 0.003 for diameter but not length.
Traditionally, the porous media is treated as a “clean bed”

which means that particle deposition rate is constant.33 Site
blocking, which occurs when the deposition rate decreases over

time (i.e., less particles are deposited onto the collector surface as
it becomes covered by particles),34 has been observed in other
nanoparticle transport studies.20,21 Given the retardedMWCNT
breakthrough for the first pulse, and not the second pulse, in all
high ionic strength experiments, this suggests that site blocking
may be an operative mechanism (Figures 1 and 2). The shape of
the breakthrough curves also provides evidence for the occur-
rence of site blocking as the deposition rate does change with
continued MWCNT transport through the column (i.e., there is
no stable steady state effluent concentration in some experiments
but rather the maximum normalized concentration slowly in-
creases as the deposition rate drops). These observations are
consistent with previous research that has suggested site blocking
was operative.21,32,34�36

Figure 2. Continued
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’RESULTS OF NUMERICAL SIMULATION

A series of simulations were conducted to test the ability of the
numerical simulator to reproduce observed high ionic strength
experiments (I = 7.5 mmol/L), using traditional CFT andmodified
versions of CFT. It was assumed that there was no detachment of
MWCNTs from the sand surface (i.e., kdet = 0) as no tailing was
observed in any of the experiments. Initially simulations only
incorporated mechanisms traditionally associated with CFT
(i.e., assumingψ = 1 and αii =0, eqs 2 and 4 in SI) and αi and α1

were fitted. Model results suggest that MWCNTs break through
with the conservative tracer and achieve an effluent concentra-
tion plateau of 0.3 (Figure 2d, other results not shown due to
space limitations). Observed behaviors, which exhibited signifi-
cant MWCNT retardation for the first pulse, were significantly
different than these simulation results. This suggests that clean
bed behavior, where an effluent steady state concentration is
rapidly achieved and maintained for the duration of particle
injection, could not adequately describe observed experimental

Figure 2. Breakthrough curves of MWCNTs at the low pore water velocity I = 7.5 mmol/L in (a) 476 μm, (b)175 μm, (c)80 μm, (d) 50 μm sand
packed columns. Open circles represent conservative tracer data, diamonds represent MWCNT data and solid lines represent the results of simulation
(noted as sim.) For Figure 2d simulated lines represent mechanisms associated with traditional colloid filtration theory (CFT); traditional colloid
filtration theory with site blocking (CFT + site blocking) and dual deposition with site blocking (DDM + site blocking) Experiments A and B are
replicates. RMSE values provided in SI Table S2 provide estimates of the quality of the modeling fits.
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results. For comparison with subsequent simulations, the root-
mean-square error (RMSE) value of this analysis was 0.167
(SI Table S2).

As previously discussed, observed MWCNT transport beha-
viors (Figures 1a�d and 2a�d) suggest site blocking may be
operative. A site blocking function (ψ in eq 2) was therefore
incorporated in the governing mass balance equations to account

for this observed behavior. This form of ψ suggests that as S
approaches Smax the blocking function approaches zero. This
means that once the surface becomes covered by deposited
MWCNTs, attachment will cease and the normalized MWCNT
effluent concentration will increase to one. The blocking func-
tion would be particularly useful in describing the reduction in
MWCNT retardation between the first and second pulses, and

Figure 3. Breakthough curves of MWCNTs including elution with deionized water (third pulse on graph). Open circles represent conservative tracer
data, diamonds represent MWCNT data.

Figure 4. Breakthrough curves ofMWCNTS for low ionic strength (0.1mmol/L) experiment through (476, 175, 80, and 50) μm sand packed columns.
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the non clean bed plateau observed in some cases where the
normalized concentration of MWCNTs slowly increases with
time (Figures 1 and 2).

For these simulations the values of αi, Smax, and α1 were fitting
parameters (i.e., assuming αii = 0). The inclusion of site blocking
significantly improved the fit to experimental results (RMSE =
0.117), but the model still did not predict MWCNT retardation
(Figure 2d). Furthermore, MWCNT concentrations are over-
estimated until 6.7 pore volumes at which point themodel under-
predict the normalized effluent concentration of MWCNTs
in the first pulse. The model also overpredicted the MWCNT
concentration during the second pulse.

Based on the site blocking function adopted, as more
MWCNTs were injected into the column, the magnitude of
the blocking term should decrease and thus the plateau of the
second pulse should have been higher than the first pulse due to
lower deposition rate as fewer sites remained available for
deposition. However, this was not the case, and thus these model
results suggest that the site blocking function cannot account for
the similar height of the first and second pulses and that, along
with retention at a finite number of sites, other deposition
mechanisms may be operative. Straining is one such mechanism,
but based on the results of the low ionic strength experiments,
was likely not a dominant process. Dual deposition, a process
which may be due to deposition of particles in the secondary
energy minimum and surface charge heterogeneity,13 was thus
considered. Results from the deionized water flush, following the
second MWCNT pulse, support the presence of a secondary
energy minimum (Figure 3). Previous studies have used this type
of model to simulate similar experimental behavior.13,37 Tufenkji
et al.13 found that both favorable and unfavorable sites may be
present on collector surfaces. As such favorable and unfavorable
deposition of particles can occur simultaneously, where a fraction
of the particles experience a fast deposition rate while others
experience a slow deposition rate.

To account for a dual deposition model (DDM), a second
removal rate constant (katt,ii) was incorporated into the solid
phase mass balance equation (eq 2). The site blocking functionψ
was only applied to the fast deposition rate and it was assumed
that site blocking did not play a significant role in slow deposi-
tion. Inclusion of DDM and the site blocking term significantly
improved agreement between the numerical model and experi-
mental results (RMSE = 0.053, Figure 2d). Model results are in
similar good agreement with experimental observations for all of
the experimental data (i.e., both velocities) when both DDM and
a site blocking term are incorporated in the governing mass
balance equations (Figures 1 and 2). Fitted parameters are
presented in Table S2 in the SI.

The values of Smax obtained in this study were similar in
magnitude to previous results for fullerene particles,21 but were
an order of magnitude greater than results obtained previously
for MWCNTs.20 This suggests that the collector surfaces have
significantly larger capacities for theMWCNTs used in this study
in comparison to the MWCNTs used previously.20 At both high
and low pore water velocities, Smax increases as the average
collector grain size decreases consistent with results reported in
the fullerene nanoparticle transport study.21 The increase in Smax

with decreasing grain size is likely due to the increased surface
area of collectors and corresponding total number of deposi-
tional sites. Smax is an exponential function of specific surface area
of collectors (surface area of sphere with diameter equal to the
d50 of the soil divided by its volume) (SI Figure S5). Li et al.21

reported an increase in Smax as pore velocity decreases, for the
same collector sizes, consistent with the results reported here.
The reduction in Smax associated with increased pore water
velocity may be due to increased tangential velocities across
the collector surface which creates a “shadow effect” down
gradient of the collector due to hydrodynamic scattering.34,38 It
should be noted that Smax is a weaker function of pore water
velocity than collector size.

katt,i and katt,ii increase with increasing pore water velocity
consistent with previousCNTs transport studies 17,20 (SI Table S2).
katt,i and katt,ii also generally increased with decreasing mean
collector size. The impact of collector size on katt,i and katt,ii was
less than that of pore water velocity. Attachment efficiency (α),
the total number of attachments to the total number of collisions
between the MWCNT particles and collectors, was calculated
from fitted attachment rates (katt,i and katt,ii) and estimated single
collector efficiencies formulated based onmechanisms associated
with traditional CFT20 (SI Table S2). Attachment efficiency
decreased with pore water velocity and with mean grain size.
Values ranged between 0.01 and 1.20, with the value greater than
unity for the 476 μm sand at 4.2 m/d. The value greater than
unity may be attributed to shortcomings of the single collector
efficiency (η0) relationship used in this study or that unique,
mean values for key MWCNT and soil properties were used in
the calculation. Historically, attachment efficiency was assumed
to only be related to chemical factors (e.g., ionic strength, pH),9

but recent studies suggest that the attachment is also a function of
hydrodynamic factors.10,39�41 Shen et al.10 showed that when
hydrodynamic factors are not considered (i.e., only Derjaguin�
Landau�Verwey�Overbeek (DLVO) interactions and Brow-
nian diffusion were considered), the attachment efficiency was
overestimated. Additional mechanisms (hydrodynamic effects
and van der Waals interactions)42 should likely be included in η0
andmay reduceα below unity. Although inclusion of aDDMand
a site blocking term considerably improved model agreement
with experimental results, the agreement is not perfect. A number
of simplifying assumptions were made in conceptual model
development (i.e., unique porous media grain size and carbon
nanotube dimensions). Solution of a more complex conceptual
model would likely improve agreement between model and
experimental results.

These fitted parameters suggest that under the conditions
investigated themaximum travel distance ofMWCNTs (calculated
as the distance needed to reduce the effluent concentration of
MWCNTs to 0.1% of the initial concentration) observed de-
creases from 1.2 m in fine sand to 0.9 m in silts (SI Table S2) at
the higher pore water velocity. These distances are obtained from
values of katt.ii, but it is unknown if deposition sites associated
with this term are subject to site blocking which could signifi-
cantly increase travel distances of MWCNTs.

’ENVIRONMENTAL IMPLICATIONS

Results from this study suggest that commercially available
MWCNTs are mobile in porous media with collector sizes
ranging from fine sands to silt. Differences in breakthrough
curves between the first and second pulses indicate that the
deposition rate decreases as the experiment progresses and that
site-blocking may be operative. These results could not be
predicted using traditional CFT. However, a dual deposition
model with a site blocking term significantly improved agree-
ment between experimental observations and model results.
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Increased MWCNT retardation with decreasing collector size
was likely due to the increased surface area and depositional sites.
Nonphysiochemical removal mechanisms (e.g., straining) may
influence MWCNTs deposition, but low ionic strength (0.1
mmol/L) results suggest that this contribution is minor.

These findings are based on fundamental experiments incor-
porating ideal porous media systems. The inclusion of organic
matter, divalent cations (e.g., Ca2+ or Mg2+) and both chemical
and physical heterogeneity, as would be expected in subsurface
environments, would impact the mobility of MWCNTs and are
important topics for additional research. Moreover, the CNTs
used in this manuscript were functionalized to make them more
stable in solution. Nonfunctionalized may exhibit different
transport behaviors. More research is needed to fully understand
the complexities of CNT transport. Findings suggest that site
blocking may increase the overall travel distances of MWCNTs
in the subsurface beyond what is expected from traditional CFT.
This study does highlight the importance of collector size on
MWCNT transport and shows that MWCNTs are mobile
through increasingly finer material which are present in subsur-
face environments. Further work is necessary to assess the
toxicity of CNTs that could be dispersed in aqueous solutions,
be mobile in subsurface systems, as suggested in this study, and
contaminate aquifers used as sources of drinking water.
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