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Abstract
The environmental implications and applications of engineered nanomaterials (ENMs), 

like buckminsterfullerene (C60), have received considerable interest from stakeholders. 
Much of this interest is attributed to the belief that ENMs will demonstrate unique behaviors 
in environmental media, with particular concern paid to nanoparticle mobility (exposure) 
in aqueous systems. The objective of this study was to compare and contrast the mobility 
of C60 ENMs to that of three differently sized nanospheres having well-defined surface 
chemistries. The inherent goal was to evaluate the ability of media filtration to remove 
nanomaterials from aqueous streams. Like the nanospheres, C60 mobility was a complex 
function of size and solution chemistry, and the latter’s impact on particle interfacial 
behavior. Under favorable deposition/attachment conditions C60 and nanosphere retention 
increased with particle size. Nanoparticle mobility in saturated porous media generally 
followed expectations based on colloid filtration theory until a particle size of approximately 
20 nm was reached. Nanoparticles smaller than this critical size demonstrated unique 
mobility behaviors, which were attributed to the so called nano-effect.
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Introduction
Sand remains as an important, and often used, media in filtration systems in 

potable and wastewater treatment systems. It therefore serves as a barrier to a wide-
range of contaminants, including Engineered Nanomaterials (ENMs). ENMs like 
buckminsterfullerene (C60) have elucidated great interest from a variety of manufacturing 
and scientific fields. As the number of ENM containing commercial products increases so 
too has interest in understanding their environmental and public health implications [1-
13]. An area that has received considerable interest is improving our understanding of ENM 
mobility across engineered filtration systems [14,15]. Unlike nano-scale metal oxides, like 
titanium dioxide, C60ENMsdo not have natural colloidal analogs. Coupling this with findings 
on the possible toxicity of these nanoparticles provides strong motivation for improving 
our understanding of C60 removal in water treatment processes, like media filtration [16].

From the literature, it has been concluded that the following variables affect C60 
mobility in saturated porous media: the preparation method used to produce the aqueous 
C60suspension, physical and chemical characteristics of the interacting surfaces, and 
hydrodynamic conditions within the porous media [17-25]. Chen and Elimelech found that 
the method used to produce aqueous suspensions of C60 clusters (nC60) affected their mobility 
in the porous media [21]. This was due to difference in the physical and chemical properties 
of the nanoparticles, which differ according to preparation method used [26]. Lecoanet and 
Wiesner also studied the mobility of different types of nC60 and determined that derivitized 
forms were more mobile relative to non-derivitized ones [27]. This was explained in terms 
of differences in attachment efficiencies to the collector media, which were lower for the 
derivitized forms of the nC60. The importance of the attachment efficiency in determining 
ENM removal was highlighted by Hassan et al., [28]. These researchers determined that 
slow sand filters serve as poor barriers to cerium dioxide ENMs irrespective of their 
influent concentration under constant particle loading conditions [28]. This was attributed 
to the low attachment efficiency between the cerium dioxide and the sand media. According 
to Espinasse et al, solution ionic strength, Darcy velocity, and the presence of organic 
matter all affected the mobility of nano-C60in porous media [19]. The influences of organic 
matter on nC60 mobility and their aggregation state have been studied in detail by different 
research groups [19,29-31]. These efforts collectively found that like for colloids, organic 
matter is capable of adsorbing to C60 surfaces resulting in enhanced electrostatic and steric 
interactions, and in turn greater mobility in aqueous systems. A general conclusion from 
these earlier efforts is that in many ways, C60 mobility in saturated porous media is similar 
to that of colloidal materials and is generally affected by the same variables. In other words, 
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C60removal by sand media is expected to be a function of the two 
efficiency terms that contribute to filtration efficiency: attachment 
efficiency and collision efficiency. 

The objective of this study was to determine if C60 displays unique 
mobility characteristics in saturated porous media, representative 
of filter media, relative to other nanoparticles having similar 
surface chemistries. Specific goals associated with meeting the 
overall objective this research effort included: (i) evaluate the role 
of Derjaguin-Landau-Verwey-Overbeek (DLVO) interactions in 
determining C60 mobility in saturated porous media, (ii) characterize 
the relationship between mobility and particle size, and (iii) establish 
whether surrogate nanoparticles may be used for predicting the 
mobility and removal of C60 in and by porous media.

Theoretical
Clean-bed filtration theory has been found to adequately describe 

the mobility of nano-scale clusters of C60 (nC60) in saturated porous 
media [19,23,26,32]. In clean-bed filtration theory, particle mobility 
is a product of the collision efficiency (η0) and attachment efficiency 
(α) between a given particle and collector surface. The attachment 
efficiency, α is the fraction of particle collisions, either with each 
other or with the collector surface, that result in particle attachment 
[33]. Both physical and chemical interactions can contribute to α. The 
significance of these interactions (physical and chemical) is a function 
of particle size and in turn the nanoparticle aggregation state [34]. 
The attachment efficiencyα between particle and collector surfaces 
was determined from packed column experiments using Equation 1:
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Where rc is the collector radius; L is the length or depth of the 
porous media bed; η0 is the single collector collision efficiency, which 
for nanoparticles is primarily due to diffusion; C and C0are respectively 
the effluent and influent (L = 0) nanoparticle concentrations to the 
packed column [35]. Another approach for calculating α involves 
batch adsorption tests to characterize nanoparticle adsorption onto 
collector surfaces. Adsorption capacity (A) is defined as the mass 
of nanoparticles (Mn) that contact and adsorb to some unit mass of 
collectors (Mc) at a given condition.
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The A is normalized to the maximum observed adsorption 
capacity (Amax) to determine α.
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Where Amax is the adsorption rate under favorable attachment 
conditions. Theoretically, α is a function of the surface energy 
components of any two interacting surfaces. Nanoparticle attachment 
to the filter media was assessed within the context of the extended 
Derjaguin–Landau–Verwey–Overbeek (XDLVO) model [36]. In the 
XDLVO model the total interaction energy between two surfaces 
is the summation of electrostatic (EEDL), VanderWaals (ELW), and 
acid-base(EAB) interactions. To model these interactions one must 
determine the surface energy components of the relevant surfaces. 
The EL component is modeled using zeta potential as a surrogate 
parameter for surface charge. The LW and AB surface energy 
components must be calculated based on measured contact angles 
formed between the relevant solid surface and a polar and polar 
liquid. 

The Surface Element Integration (SEI) technique (Equation 4) was 
used to scale each of the interaction energy components as a function 
of separation distance assuming a sphere-plategeometry [37]. The 
SEI technique computes the total interaction energy between two 
bodies by numerically integrating the interaction energy per unit 

area between two differential elements over the entire surface. This 
approach uses a cylindrical coordinate system with the origin located 
at the center of the particle. Each interaction energy component (E) 
is function of separation distance (h), which his integrated over the 
entire particle radius (a).
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Where D is the separation distance between the two interacting 
surfaces (sphere-plate);and r is the radial coordinate in the polar 
coordinate system.

The hydraulic conditions within the filter media were 
characterized in terms of the Reynolds and Peclet numbers. The 
Reynolds number was calculated according to Equation 5.
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Where Re is the Reynolds number for flow around a spherical 

collector; ρw is the density of water at the relevant temperature; v is 
the filtration rate (superficial velocity); d is the collector diameter; 
and µ is the dynamic viscosity of water at the relevant temperature. 
The Peclet number, Pe, which describes the relative significance of 
advection and dispersion in particle transport to a collector surface, 
was determined using Equation 6.
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Where dp is the particle diameter; kB is the Boltzmann constant; 
and T is the absolute temperature. 

Experimental
a. Reagents

All salts used in this study were acquired from Fisher Scientific 
and were reagent grade or better. Ultrapure water, having a resistivity 
of 18 mΩ-cm and an average pH = 7.5, was used to make all test 
solutions. Solution ionic strength was adjusted using reagent grade 
sodium chloride. (Fisher Scientific).

b. Characterization of nanoparticle and filter media 
surface chemistry

Nanoparticle and collector surface chemistry was characterized 
with respect to their van der Waals (γLW), electron acceptor (γ+), and 
electron donor (γ--) surface energy components. These components 
were determined using the procedure detailed in Brant and Childress 
[36]. Contact angles were measured using the sessile drop technique 
on thin-films of the respective nanoparticles. Nanoparticles were 
deposited onto a non-porous membrane (TFC-XR, Koch Membranes 
Systems) to form a thin-film. For these tests, 300 mL of a 5 mg L-1 

particle suspension was permeated through the membrane using a 
dead end filtration apparatus. As the water permeated through the 
membrane the nanoparticles were rejected to form a thin-film on top 
of the membrane. When permeation was complete the membrane 
was removed and dried for a minimum of 24 hrs in a dessicator 
cabinet. The dried membrane was then cut into strips and placed 
into a holder to prevent curling. The membrane was then placed on 
the goniometer stage and the contact angle was measured using the 
sessile drop method. Contact angles were measured using a computer 
interfaced goniometer (Easy Drop, Kruss Scientific, Hamburg, 
Germany). All measurements were done with a liquid droplet volume 
of 5 µL. Measurements were done using two polar (ultrapure water 
and formamide) probe liquids and a single a polar (diiodomethane) 
probe liquid. The surface energy components of these liquids that 
were used in this work have been reported elsewhere [36]. Average 
contact angles were calculated based on a minimum of five contact 
angles measured per sample on no less than three different samples.
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Spherical nanospheres, composed of a polystyrene core and a 
hydroxylated surface coating, were obtained from Phosphorex Inc. 
Nanospheres having diameters of 25 nm, 50 nm and 100 nm were 
used. Nanospheres were used to develop comparative mobility 
assessments for ENMs having the same surface chemistry, but 
different, yet narrow, size distributions. The hydroxylated surface of 
the nanospheres, approximates that of the nC60. It has previously been 
determined that the nC60 can be approximated as a hydrophobic core 
having hydroxyl surface groups [27]. In this way the nanospheres 
were used as surrogates for the nC60 where the particle size would 
be carefully controlled for drawing a comparative analysis to the nC60.

f. Filter Media
Borosilicate glass spheres (Potters Industries Inc.) were used as 

filter media in this study. The size of the glass spheres were determined 
using sieve analysis with 425 µm and 150 µm sized meshes and using 
Field Emission Electron Microscopy (FESEM). Those fractions of 
media that were smaller than the 425 µm mesh, but retained by the 
150 µm mesh sieve were used in filtration studies. These fractions of 
media were further characterized using FESEM. The size distribution 
of the glass spheres was determined through analysis of FESEM 
images of the media. The glass spheres had a relatively narrow size 
distribution (150 to 425 μm), a mean diameter of 308 μm, and were 
spherical in geometry ( Figure 2). The measured isoelectric point 
(pHiep) for the glass spheres was2.2. The contact angle with water for 
glass was 21.7° ± 3.0, with corresponding calculated surface energy 
values of γLW = 36.5, mJ m-2, γ+= 1.9 mJ m-2and γ-= 48.3 mJ m-2. 

g. Batch adsorption tests
Batch adsorption tests were done under varying pH and 

ionic strength conditions to quantify the affinity of the nC60 and 
nanospheres to the different filter media. For the batch adsorption 
tests as a function of solution pH, a series of three 30mL nC60 aqueous 
suspensions having an ionic strength of 10 mM NaCl and nC60 = 5 mgL-

1were prepared in 50 mL Teflon bottles. Solution pH was adjusted to 
values of 3, 7, or10 using hydrochloric acid or sodium hydroxide. 
Initial and subsequent nanoparticle concentrations were measured 
using UV-Vis analysis. The mass of glass spheres (= 15 g per vessel) 
used in the adsorption tests was based on a surface area ratio of the 
media to nC60 of 64:1. The nC60-media mixture was mixed for 48 hrs 
using a rotary mixer, after which the media was allowed to settle out 
of suspension. A similar procedure was followed when investigating 
the effect of ionic strength (0, 1, 10, or 100 mM, pH = 7) of adsorption. 

c. Surface Charge
Particle surface charge (zeta potential) was calculated from 

measured electrophoretic mobility values. Electrophoretic mobility 
was measured using laser Doppler velocimetry and phase analysis 
light scattering. Zeta potential was calculated from electrophoretic 
mobility using the Smoluchowski approximation which is valid for 
systems where the thickness of the electric double layer is much less 
than the particle radius [38]. Electrophoretic mobility was measured 
as a function of solution ionic strength and pH through automatic 
titration using concentrated solutions of sodium chloride, sodium 
hydroxide, and/or hydrochloric acid. Zeta potential as a function of 
solution ionic strength was measured by adjusting the solution pH to 
7.0 and then titrating the sample with a 1 M sodium chloride solution. 
Streaming potential measurements (Surpass Electrokinetic Analyzer) 
were done on the glass spheres to calculate a zeta potential using the 
Helmholtz-Smoluchowski equation [38]. Streaming potential was 
measured at two different solution ionic strengths (2 and 10 mM 
potassium chloride) as a function of solution pH, which was adjusted 
using potassium hydroxide and hydrochloric acid.

d. Nanoparticle Size and Aggregation State
Nanoparticle size was measured using a combination of 

dynamic light scattering (DLS, Zetasizer, Malvern Instruments) and 
Transmission Electron Microscopy (TEM, Hitachi H-7000). DLS was 
used to measure the mean hydrodynamic diameter (dh), number 
weighted size distribution, and intensity weighted size distributions 
of the nanoparticle suspensions. TEM measurements were done by 
placing a dilute droplet of a nanoparticle suspension onto a copper 
mesh grid that was air dried for 10 mins. Nanoparticle size, and its 
evolution (aggregation), were measured as a function of solution pH 
and ionic strength. 

e. Nanoparticles
Crystalline buckminsterfullerene (C60) [purity = 99.95%] 

was purchased from the Materials and Electrochemical Research 
Corporation and used without further purification. Suspensions of 
stable C60 aggregates (nC60) were synthesized using the methodology 
previously detailed by Andrievsky et al., [39]. ThenC60suspensions 
were passed through a hydrophilic 0.45 µm filter to remove any large 
aggregates prior to their use. The filtrate was stored in a sealed brown 
glass container at 5°C. Multiple batches of nC60 were prepared and 
used to form a single stock solution having a concentration of 16 mg 
L-1. Based on TEM images of the nC60 the nanoparticles had a spherical 
geometry with diameters ranging from 20 to 60 nm (Figure 1).

Figure 1: Representative TEM image of nC60 in ultrapure water. 
The mean nanoparticle size for the reported TEM image was 21.9 
± 9.2 nm (n = 27).

Figure 2: Representative FESEM image of the glass spheres used 
in the nanoparticle filtration experiments.
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h. Media filtration test apparatus
All filtration experiments were done using a packed column 

apparatus consisting of a syringe pump (Model 33, Harvard 
Apparatus), column (C Column, GE Health Care), and a flow-through 
UV-Vis system (UV-1800, Shimadzu). The UV-Vis system included 
a flow-through quartz cell for measuring the effluent particle 
concentration from the column as a function of time. The column 
had an inner diameter of 16 mm and a length of 20 cm. The media 
bed height for all tests was 18 cm accounting for the retaining mesh 
used to prevent displacement of the media during the filtration 
tests. The porosity and pore volume of the packed column were 
determined using gravimetric analysis, where the pore volume was 
equal to the mass of water retained by the media bed. The average 
porosity and pore volume of the glass spheres were 0.43 ± 0.02 and 
16.3 mL, respectively. The measured porosity for the glass media 
approximated that of sand (0.4 to 0.43) used in potable rapid rate 
filtration systems.

i. Nanoparticle filtration experimental procedure
All filter media was cleaned prior to use. The media was soaked 

in a 1 M hydrochloric acid solution for 12 hours and then rinsed 
with ultrapure water. It was then placed in a beaker and sequentially 
sonicated for 30 min in solutions of 0.01 M sodium hydroxide, 
ultrapure water, 1 M nitric acid, and then ultrapure water. The media 
was dried in an oven set at 110ºC for 24 hrs and then loaded into the 
column. As the media was loaded into the column it was agitated to 
remove voids and facilitate consolidation. When the packed column 
was placed into the test apparatus it was flushed with a minimum of 
10 pore volumes of ultrapure water to further consolidate the media. 
A tracer test was done prior to each mobility test using nitric acid to 
assess the media’s hydraulic characteristics. After each tracer test, the 
column was flushed with a minimum of 10 pore volumes of ultrapure 
water and then 10 pore volumes of the background electrolyte 
solution that was used in the subsequent filtration experiment. The 
background electrolyte solution was allowed to equilibrate with 
the media for at least 30 mins prior to flushing. All solutions were 
pumped through the packed column in an up-flow configuration.

Nanoparticle suspensions (Co = 5 mg/L) were prepared using a 
1 M sodium chloride solution to adjust ionic strength, followed by 
pH adjustment using hydrochloric acid or sodium hydroxide. Prior to 
each test, the nanoparticle suspension was mixed on a roller mixer for 
1 hr to ensure that it had reached an equilibrium aggregation state, 
at which point its size and zeta potential was measured. After the 
tracer test was completed and the column was flushed with 10 pore 
volumes of the background electrolyte solution, the nanoparticle 
suspension was injected into the bottom of the column. Once at least 
10 pore volumes of the nanoparticle suspension had passed through 
the column the feed was switched to the background electrolyte 
solution to observe the descending portion of the breakthrough 
curve. All experiments were done at a superficial velocity of 0.07 cm/
sec (2.52 m/hr), which corresponded to pore velocities (vpore) of 0.16 
cm/sec for the glass spheres. The superficial velocity used here are 
on the lower end of the spectrum for rapid rate media filters, which 
employ velocities of 5 to 15 m/hr, but higher than those used in slow 
sand filtration (0.08 to 0.25 m/hr). The hydraulic conditions for those 
tests using the glass media were laminar based on the calculated 
Reynolds number (Re= 0.21). Because Re < 1 the flow through the 
media was characterized as creeping flow (viscous flow behavior), 
where the fluid followed distinct streamlines through the media. For 
all experimental combinations Pe ~ 104, indicating that advection 
was the primary transport mechanism. 

Results and Discussion
Contact angle with water and surface energy values (γLW, γ+, γ--) 

for the nC60 and hydroxylated nanospheres are reported in Table 1. 
Both types of nanoparticles were hydrophobic based on their contact 
angles with water (~90°). The cores of both nanoparticles are 
hydrophobic moieties, carbon in the case of the nC60 and polystyrene 
for the nanospheres. Similarly, both had hydroxyl surface groups, 

which impart a negative surface charge over a pH range of 3 to 10 
(Figure S2). The negative surface charge of the nC60 is in agreement 
with previous studies [18]. The nC60 were more negatively charged 
than the nanospheres over the studied ionic strength (Figure S3) 
and pH conditions. The largest nanosphere (dp = 100 nm) was 
characterized by a more negative zeta potential under any given 
condition relative to that measured for the 25 nm and 50 nm 
nanospheres; however, the magnitudes of the zeta potential values 
for each of the nanospheres were comparable. 

a. Nanoparticle Behavior in Water
The intensity and number weighted dh values for the nanoparticles 

are reported as a function of solution chemistry in Table 2. At pH 
7 the critical coagulation concentration for the nC60 was 100 mM. 
At this point, the height of the energy barrier (φmax) between two 
interacting nC60 was 0 kT, compared to 225 kT at 10 mM (pH 7). At 
10 mM the nC60 were stable over a pH range of 3 to 10, though some 
increase in particle size was observed at pH 3. Similar results were 
obtained for the three different nanosphere size fractions. Exceptions 
to this observation were that each of the nanosphere size fractions 
aggregated at pH 3 (10 mM) and that the 100 nm sized nanospheres 
remained stable at 100 mM (pH 7). Based on these results all of the 
nanoparticles were charge stabilized; however, the magnitude of the 
interfacial interactions scaled with particle size. 

b. Filtration of Nc60 by Model Media
From Figure 3, retention of the nC60was minimal at ≤ 10 mM; 

however, it increased to an average value of 74%at 100 mM. The 
breakthrough profiles shown in Figure 3 followed expectations based 
on DLVO theory. The φmax decreased from 260 kT to 0 kT for the nC60-
glass system as the ionic strength increase from 10 to 100 mM at pH 
7.The higher retention at 100 mM may be attributed, at least in part, 
to nC60 aggregation and the affinity of free flowing nC60  for previously 
deposited nanoparticles resulting in an increase in α (Table 2). If the 
interfacial interaction between any two nanoparticles is repulsive, 
as was the condition at ≤ 10 mM, then they should elute from the 
column once the available attachment sites in the glass media are 
exhausted. Physical straining/blocking may also have played a role 
particularly at 100 mM and would have occurred at the contact points 
between the glass spheres. The average pore size in the glass media 
(dpore= 46.4 µm) was at least three orders of magnitude larger than 
the aggregated nanoparticles resulting in a dp/dpore = 0.01. Physical 
straining was expected to become a primary removal mechanism at a 
dp/dpore ≥ 0.0541; however it could occur if the interstitial pore size has 
become reduced through particle attachment.

Figure 3: Average breakthrough curves forthe nC60through the 
glass packing media as a function of solution ionic strength (ε = 
0.454; T=23°C; vDarcy = 0.07 cm sec-1; vPore = 0.154 cm sec-1; n = ≥ 2, 
pH 7 ± 0.05). The feed was switched to the particle free background 
electrolyte solution at t = 330 secs (black vertical line).
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The attachment efficiencies for the nC60 to the glass media based 
on the breakthrough curves (α,Breakthrough), were relatively low for ≤ 10 
mM (pH 7), which was due to the poor nanoparticle retention that 
was measured under these conditions. At 100 mM the α, Break through 
was 22% (retention= 74%) compared to 0.1% at 10 mM. A more 
dramatic contrast was observed in theα values calculated from the 
batch adsorption experiments (αBatch). The αBatch increased from 
approximately 6.4% at 1 mM to 74% at 100 mM. The calculated φmax 
between the nanoparticles and glass media under the aforementioned 
conditions decreased from approximately 260 kT to 0 kT. The higher 
α that was determined through the batch measurements, relative to 
that determined using clean bed filtration theory, may be attributed 
to a variety of factors, such as the differences in the mixing, or 
contacting, conditions in the two types of experiments [33].

From Figure 4, nC60 elution was highest (C/Co~ 1.0) and retention 
lowest at pH ≥ 7, and was more rapid at pH 10. At pH 3, nC60 retention 
in the glass media was nearly complete (= 97%) further indicating 
that nC60 attachment was charge regulated. The high retention 
at pH 3 can be attributed to the aggregated state of the nC60under 
these conditions, resulting in pore blockage over time and the 
high affinity of nanoparticles in the bulk solution to nanoparticle 
deposits on the glass media. These scenarios may be evidenced by 
the increase in nanoparticle retention over time seen in Figure 4 
at pH 3. Another consideration is the relatively low energy barrier 
(φmax= 11 kT) between the nanoparticles and glass media. While the 
overall retention values were similar at pH ≥ 7 there were distinct 
differences in the shapes of the respective breakthrough profiles. At 
pH 10 the break through time for the nC60 was comparable to that for 

the tracer indicating negligible retention within the media (Figure 4). 
At pH 7 the inflection point in the breakthrough profile points to some 
retention within the media, and the retention increasing after roughly 
140 secs. The increase in retention may be attributed to the creation 
of favorable attachment sites in the form of nanoparticle deposits on 
the glass media. It is also possible that the nanoparticles are accessing 
different flow paths as the test proceeds. This could happen as the 
most accessible flow paths become blocked by deposited particles in 
the beginning of the test resulting in the nanoparticles being forced 
to take longer, more tortuous flow paths.

The αBatch values for the nC60 and glass at pH 7 (0.14 ± 0.03) and pH 
10 (0.24 ± 0.06) were higher relative to αBreakthrough, with the exception 
to those values determined at pH 3.At pH 3, Breakthrough (0.85  0.03) and 
αBatch (0.71 ± 0.18) were comparatively similar, which agreed with the 
high retention values (~ 97%) that were measured. TheαBatch results 
suggest that nanoparticle attachment to the glass media can, and 
does, occur at both pH 7 and 10; however, retention within the glass 
media under these conditions was negligible. Note that there was no 
statistical difference in the αBatch values determined at pH 7 and 10 (P = 
0.087,> 0.05). It is interesting that such a low average retention value 
was obtained at pH 10 despite a relatively high αBatch value. Thus, vpore 
may be of sufficient magnitude relative to the adhesive force between 
the nanoparticle(s) and glass to prevent fixed attachment. 

c. Predictors of nanoparticle retention
The same mobility experiments that were done for the nC60were 

carried out using the three different nanosphere size fractions to 
identify what variable may best be used to predict nanoparticle 

nC60

Nanospheres

25 nm 50 nm 100 nm
Zeta Potential

(10 mM))
pH = 3
pH = 7

pH = 10

-20.5
-48.5
-61.8

-13.8
-11.0
-23.2

-7.9
-11.0
-27.0

-7.9
-27.4
-31.0

Zeta Potential (pH = 7)
I = 1 mMNaCl

I = 10 mMNaCl
I = 100 mMNaCl

-54.3
-48.5
-27.9

-31.8
-11.8
-3.0

-29.3
-12.0
-3.0

-37.5
-27.4
-10.1

θwater 95.0°± 2.8° 87.8° ± 9.4°

Surface Energy
γLW(mJ/m2)
γ+(mJ/m2)
γ--(mJ/m2)

43.16
0.61
1.66

41.45
6.84

17.18

Table 1: Zeta potential, contact angle with water and corresponding surface energy values for the nC60 and hydroxylated Polystyrene 
nanospheres.

Hydrodynamic Diameter, nm
(pH7)

Hydrodynamic Diameter, nm
(10 mM)

0 mM 1 mM 10 mM 100 mM pH3 pH10

nC60

110.5
(41.1)

138.1
(47.4)

112.4
(38.5)

542.0
(43.0)

151.5
(69.0)

117.9
(37.0)

25 nm
35.3

(23.4)
34.2

(20.8)
31.3

(24.3)
146.2
(26.0)

126.6
(28.9)

30.5
(22.0)

50 nm
60.2

(46.5)
57.8

(45.1)
60.1

(43.5)
90.3

(48.2)
81.1

(45.5)
62.1

(43.7)

100 nm
98.8

(81.8)
95.0

(77).0
95.1

(78.3)
98.0

(81.8)
143.8
(80.9)

98.0
(85.2)

Table 2: Intensity (number) weighted hydrodynamic diameters for the nanoparticles under those solution chemistries used in the mobility 
experiments (n≥ 3, T=25°C).
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mobility. Two different conditions were considered: 1) unfavorable 
attachment (pH 7, pH 10 at 1 mM and 10 mM, respectively) and 
2) favorable attachment (pH 3, 10 mM and pH 7, 10 and 100 mM). 
Representative breakthrough profiles for the unfavorable attachment 
conditions for thenC60and three different nanosphere size fractions 
are summarized in (Figure 5). All of the different nanoparticles were 
highly mobile, with minimal retention in the glass media. The 50 
nm nanospheres exhibited a marginally higher retention (= 3.2%) 
relative to the other nanoparticles. Under these conditions each of the 
nanoparticles was stable suggesting weak interactions with particle 
deposits if present. The α Breakthrough values for the nanoparticles 
were approximately zero. At pH 7 the interaction energy profiles for 
the nanoparticles and glass media were characterized by a repulsive 
energy barrier, with φmax increasing for the nanospheres from 12 to 
116 kT as dh increased from 34 to 95 nm. The nC60were similarly sized 
as the 100 nm nanospheres; however, their number weighted dh (47.4 
nm) was more comparable to the 50 nm nanospheres (45.1 nm) 
(Table 2). Under the unfavorable attachment all of the nanoparticles 
had similar breakthrough profiles (Figure 5a). 

Distinctly different breakthrough profiles were observed for 
the three nanosphere size fractions when the solution pH and ionic 
strength were increased to 10 and 10 mM, respectively relative to that 
seen at 1 mM (pH 7). From each of the nanospheres exhibited non-
monotonic break through profiles (Figure 5b). The non-monotonic 
breakthrough may be attributed to a variety of factors like interactions 
with previously deposited particles and/or the blocking of favorable 
flow paths by particles deposits (short-circuiting). Therefore, it was 
difficult to assign a specific retention values under these conditions. 
Even when the feed flow was switched to the nanoparticle-free 
background electrolyte solution, the C/Co value continued to increase 
with time, suggesting that particles were being released from the 
glass media. The relative breakthrough order for the nanospheres 
under these conditions was that the 100 nm nanospheres were 
most mobile while the 50 nm nanospheres were least mobile. In 
comparison, the nC60 were not retained to an appreciable extent in 
the glass media under these conditions. No obvious trends between 
nanoparticle retention and energy barrier height or particle size, 
existed to explain the observed results.

Breakthrough curves for then C60 and the three different 
nanosphere size fractions under the favorable deposition conditions 
are summarized in Figure 6. The nC60 were poorly retained (0.6%) by 
the glass media under these conditions; however, the nanospheres 
were each retained to varying degrees unlike what was observed 
at 1 mM and pH 7 (Figure 6a) (Figure 5a). The 25 nm nanospheres 

were the least retained (4.7%), while both the 50 nm and 100 nm 
nanospheres were better retained by the glass media. The C/Co 
plateau values for both the 50 nm and 100 nm nanospheres did not 
reach a steady-state value and instead tended to creep upward with 
time similar to what was observed at pH 10 (Figure 5b). Interestingly 
the 100 nm nanospheres were less mobile in the glass media under 
these conditions relative to the 25 nm nanospheres as opposed 
to what was seen at pH 10. The error associated with interpreting 
these non-monotonic profiles hinders making definitive conclusions 
about the differences in nanosphere mobility. Increasing the 
solution ionic strength to 100 mM (pH 7), or reducing the solution 
pH to 3 (10 mM), resulted in the relative disappearance of the non-
monotonic breakthrough profiles for the nanospheres (Figure 6b-
6c). Additionally, the retention of the nanospheres by the glass media 
under these conditions now followed more convention as retention 
increased with increasing particle size based on the number 
weighted dh (Table 2). If particle size is interpreted in terms of the 
intensity weighted dh then size no longer correlates with retention. 
The disappearance of the non-monotonic breakthrough behavior 
for the nanospheres suggests that its origins lay in the interfacial 
interactions between the nanospheres themselves in solution and 
with the glass media; however, it is not captured in the interfacial and 
transport 

To better understand what role, if any, particle size and 
interfacial conditions played in determining particle mobility the 
average retention values for the different nanoparticles were plotted 
as a function of number weighted dh and φmax. Recall that some 
breakthrough profiles for the nanospheres were non-monotonic in 
nature and thus determining an exact value for R was difficult. Also, 

Figure 4: Average breakthrough curves forthe nC60through the 
glass packing media as a function of solution pH (I = 10 mMNaCl; ε 
= 0.454; T=23°C; vDarcy = 0.07 cm sec-1; vPore = 0.154 cm sec-1; n ≥ 2). 
The feed was switched to the particle free background electrolyte 
solution at t = 330 secs (black vertical line).

Figure 5: Average breakthrough curves for the nC60 and three 
nanosphere size fractions under unfavorable attachment 
conditions in the saturated glass media. Condition 1 was (a) 1 mM 
NaCl and pH 7, while Condition 2 was (b) 10 mM NaCl and pH 10 ε 
= 0.454; T=23°C; vDarcy = 0.07 cm sec-1; vPore = 0.154 cm sec-1; n ≥ 2).
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the reported dh for any nanoparticle is the that which existed for the 
particle solution entering into the packed column. From Figure 7a, 
there appears to be a reasonably good correlation between retention 
and particle size. This relationship best describes those conditions 
characterized as favorable for attachment. When attachment 
conditions were less favorable the correlation becomes less strong or 
disappears all together. One consideration is that under unfavorable 
attachment conditions retention is expected to be zero and thus 
no correlation with particle size would be expected. At least for 
favorable attachment conditions and/or when particle aggregation 
had occurred particle mobility was inversely proportional to particle 
size. 

Plotting the average retention value for each of the different 
nanoparticles as a function of φmax found no correlation between 
these two variables (Figure 7b). No correlation existed for the global 
population of nanoparticles regardless of whether the intensity 
or number weighted dh (the number weighted value is reported in 
Figure 7b was used to calculate the φmax. There are however, a number 
of interesting observations that may be made from Figure 7b. First, 
is the linear (R2 = 0.9) relationship between retention and φmax that 
existed for the 25 nm nanospheres. Mobility increased (decreasing 

retention) for the 25 nm nanosphere as φmax decreased, which is 
counter to conventional expectations where we would expect mobility 
to decrease as the interfacial conditions become more favorable for 
attachment. The observations made here cannot be attributed to 
differences in nanosphere size, which would affect the calculated max, 
as the number weighted dh remained between 20 to 29 nm for all of 
the tested solution chemistries. The opposite scenario existed for the 
nC60 where mobility increased (minimal to no retention) onceφmax 
was ≥ 20 kT. The number weighted dh for the nC60 was comparable 
to the 50 nm nanosphere under all of the tested conditions though 
their retention values were distinctly different (Table 2). This may 
be attributed to at least two different factors: 1) the comparatively 
higher polydispersity of the nC60 suspension makes it more difficult 
to describe the system with a single calculate a single φmax value, and 
2) the nature of the breakthrough profiles for the nanospheres makes 
determining a single retention value complex at best. 

Conclusions
ENMs, like C60, are often associated with, or predicted to have, 

unique behaviors in engineered and natural environments. Based 
on the results presented here, C60 nanoparticles, or aggregates, do 
not possess mobility characteristics in saturated porous media, 
representative of that used in conventional filtration processes, which 
are unique from that displayed by other nano-scale particles having 
similar size and surface chemistries. Instead, like other materials 
their mobility is a function of both size and surface chemistry. The 
XDLVO model, combined with the SEI scaling technique, provided a 
reasonably good prediction for when a nanoparticle transitions from 
being mobile in saturated porous media to immobile. Under favorable 
deposition/attachment conditions nanoparticle retention by the 
media increased with particle size. Nanoparticle mobility followed 
conventional expectations until a size of approximately 20 nm was 

a)

b)

c)

Figure 6: Average breakthrough curves for the nC60 and three 
nanosphere size fractions under favorable attachment conditions 
in the saturated glass media. Condition 1 was (a) I = 10 mM NaCl 
and pH 7; Condition 2 was (b) I = 100 mM NaCl and pH 7, and 
condition 3 was (c) I = 10 mM NaCl and pH 3 ( ε = 0.454; T=23°C; 
vDarcy = 0.07 cm sec-1; vPore = 0.154 cm sec-1; n ≥ 2).

a)

b)

Figure 7: Nanoparticle retention as a function of (a) mean 
number weighted hydrodynamic diameter (dh) and (b) interfacial 
interaction energy barrier height (φmax).
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reached. At and below this size the nanoparticles demonstrated 
unique mobility behaviors, which may be attributed to the so called 
nano-effect. 
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