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A B S T R A C T

Sand column experiments were performed under saturated conditions to investigate impact of humic acid (HA)
on attachment of nC60 nanoparticles (NPs) in NaCl and CaCl2 at ionic strengths (ISs) from 1 mM to 100 mM and
subsequent detachment via reducing solution IS. The attachment increased with increasing IS due to reduced
repulsive Derjaguin-Landau-Verwey-Overbeek (DLVO) interaction energy and accordingly increased retention in
primary energy wells. More attachments occurred in CaCl2 compared to NaCl because Ca2+ exhibited greater
charge screen ability and served as a bridging agent between the NPs and sand surfaces. The presence of HA
significantly reduced nC60 NPs attachment on sand surfaces (especially on nanoscale physical heterogeneities) in
10 mM NaCl and 1 mM CaCl2 because of enhanced electrostatic and steric repulsions. Interestingly, although the
HA did not cause reduction of attachment in 100 mM NaCl and 10 mM CaCl2 compared to the case in absence of
HA, the HA caused weak attachment of nC60 on sand surfaces and then much more significant detachment by
decreasing IS. The HA did not alter both attachment and detachment in 100 mM CaCl2, because the Ca2+ at the
high concentration caused formation of very stable complex of HA and NPs, and strong interaction of the
complex with the sand surfaces via cation bridge. Our study highlighted that the HA can not only enhance the
transport of NPs by inhibiting attachment as revealed in the literature, but also by the continuous capture and
release of the NPs from surfaces in subsurface environments.

1. Introduction

Buckminsterfullerene (C60), a hydrophobic molecule, consists of 60
carbon atoms with a spherical cage-like structure (Kroto et al., 1985; Li
et al., 2008). The nC60 bears unique physicochemical characteristics
such as antioxidation, and high electron affinity (Chen and Elimelech,
2006; Qu et al., 2012). Therefore, the C60 has gained a variety of ap-
plications including personal care products, pharmaceuticals, and new
high-strength materials (Qu et al., 2012; Zhang et al., 2014a, 2014b;
Haftka et al., 2015; McNew and LeBoeuf, 2016), The C60 can be syn-
thesized in factories or generated in highly energetic nature events
(e.g., lightning discharges) (Klaine et al., 2008; Zhang et al., 2012a,
2012b; Haftka et al., 2015; Sanchís et al., 2018). The production and
use of C60 has caused its distribution in subsurface environments
(Sanchís et al., 2012; Sanchís et al., 2015; Li et al., 2015).

Although the C60 has extremely low solubility in water, surface of

the C60 can obtain negative charges in aqueous systems and stable
nanoscale aggregates (nC60) will be formed (Li et al., 2008). The re-
sulting nC60 nanoparticles (NPs) persist in the environment because
they are resistant to biodegradation (Kümmerer et al., 2011). However,
the nC60 NPs were reported to be toxic to microbes (Chae et al., 2010),
animals (Oberdorster, 2004), and human cells (Dhawan et al., 2006). In
addition, the nC60 NPs can absorb a variety of inorganic and organic
pollutants, and carry them to transport as a vehicle (i.e., the so-called
colloid-facilitated transport of pollutants) (Li et al., 2002; Yang et al.,
2006; Lin et al., 2010; Bai et al., 2013). Therefore, it is critical to un-
derstanding the mechanisms governing the nC60 NPs transport in the
subsurface environments such as soil porous media for accurately
evaluating their environmental risks.

Various studies (Chen and Elimelech, 2006, 2007, 2008; Li et al.,
2008; Tong et al., 2010; Wang et al., 2010, 2012, 2016a; Chen et al.,
2012) have examined the nC60 NPs deposition on collector surfaces and

https://doi.org/10.1016/j.jconhyd.2020.103630
Received 30 October 2019; Received in revised form 4 January 2020; Accepted 20 February 2020

⁎ Corresponding authors.
E-mail addresses: chongyang.shen@cau.edu.cn (C. Shen), libg@cau.edu.cn (B. Li).

Journal of Contaminant Hydrology 231 (2020) 103630

Available online 21 February 2020
0169-7722/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01697722
https://www.elsevier.com/locate/jconhyd
https://doi.org/10.1016/j.jconhyd.2020.103630
https://doi.org/10.1016/j.jconhyd.2020.103630
mailto:chongyang.shen@cau.edu.cn
mailto:libg@cau.edu.cn
https://doi.org/10.1016/j.jconhyd.2020.103630
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconhyd.2020.103630&domain=pdf


their transport in porous media. These studies consistently showed that
deposition of nC60 NPs can be qualitatively explained by the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory. For example, increasing so-
lution ionic strength (IS) reduces repulsive energy barrier. Hence, the
nC60 NPs readily transport over the energy barrier at a higher IS and
attach at primary energy minima (Wang et al., 2016a). The presence of
nanoscale physical asperities (NPAs) and charge heterogeneities can
locally reduce the interaction energy barrier and increase nC60 NPs
deposition in primary minima (Li et al., 2008, 2017; Tong et al., 2010;
Shen et al., 2018, 2019a, 2019b). However, the nC60 NPs deposited
atop NPAs at primary minima can spontaneously detach even by
Brownian diffusion because the NPAs can significantly reduce primary
minimum depth and the adhesion acting on the NPs (Wang et al.,
2016b). The secondary minima were shallow for the nC60 NPs, which
may not cause the immobilization at the energy wells (Li et al., 2008).

The detachment of nC60 NPs in porous media has also been ex-
amined in the literature (Cheng et al., 2005; Wang et al., 2008;
Hedayati et al., 2016). For example, Hedayati et al. (2016) examined
transport of nC60 NPs in silica sand packed columns. They found that
the nC60 NPs were detached by injection of deionized (DI) water and
the amount of release of nC60 NPs was influenced by the IS at which the
nC60 NPs were attached. Wang et al. (2008) showed that to fulfill
substantial detachment of nC60 NPs retained in 100- to 140-mesh Ot-
tawa sand required both decrease of solution IS and significant increase
of pH. This indicated that the nC60 NPs were initially attached at deep
primary minima. In addition to perturbation of solution chemistry,
Cheng et al. (2005) illustrated that a sudden increase of flow rate could
also cause the detachment of nC60 NPs.

As a major component of natural organic matter, humic acid (HA) is
ubiquitous in soil and sediment environments (Li et al., 2018). Conse-
quently, the HA and nC60 NPs likely encounter in the porous soil and
sediments (Chae et al., 2012). It has been widely reported that the
presence of HA reduced aggregation of nC60 NPs due to increase of
electrostatic and steric repulsions between the NPs (Chen and
Elimelech, 2007; Hyung et al., 2007; Duncan et al., 2008; Xie et al.,
2008; Chae et al., 2012; Yang et al., 2013; Jung et al., 2014; Zhang
et al., 2014a, 2014b; Li et al., 2018). Due to a similar reason, the HA
enhanced the transport of nC60 NPs by reducing attachment on collector
surfaces (Chen and Elimelech, 2008; Qu et al., 2012; Wang et al., 2012;
McNew and LeBoeuf, 2016). However, the impact of HA on nC60 NPs
aggregation and attachment was regulated by IS and cation valence
(Franchi and O'Melia, 2003; Chen and Elimelech, 2008; Chae et al.,
2012; Qu et al., 2012; McNew and LeBoeuf, 2016). While the afore-
mentioned studies significantly improved knowledge of the mechan-
isms controlling the nC60 NPs attachment in porous media, very little
attention has been paid to examining the influence of HA on detach-
ment of nC60 NPs (i.e., the opposite mechanism of attachment). The
coupled influence of HA and solution chemistry makes the nC60 NPs
detachment even more complex and requires investigation.

This study, through carrying out saturated sand column experi-
ments, systematically examined the impact of HA on nC60 NPs attach-
ment in different electrolyte solutions (NaCl and CaCl2) with different
ISs and subsequent detachment by IS reduction. We found that while
the HA reduced deposition of nC60 NPs, it also caused a fraction of nC60

NPs weakly attached on sand surfaces and then released upon solution
IS reduction. The detachment of nC60 NPs by the HA was more sig-
nificant if the NPs were initially deposited in NaCl at higher ISs, but was
completely inhibited in CaCl2 at high ISs. The findings in this study
have important implication to water and wastewater filtration using
membranes and developing mathematical models for predicting mobi-
lity of NPs in subsurface environments.

2. Materials and methods

2.1. Quartz sand

Quartz sand with sizes between 210 μm and 297 μm was used as
collectors to pack the columns, which was obtained from Sigma-Aldrich
(St. Louis, Missouri, United States). The approach of Zhuang et al.
(2005) was used to clean the sand grains. Surface morphologies of the
cleaned sand were measured via a Hitachi S4300 scanning electron
microscope (SEM) (Hitachi Corp., Tokyo, Japan). The fine fraction of
the sand was isolated via sonication and used to determine zeta po-
tentials in NaCl and CaCl2 at different solution ISs via a ZetaPlus
(Brookhaven Instruments Corp., Holtesville, New York) (Zhou et al.,
2011; Wang et al., 2016a).

2.2. Fullerene NPs suspension

Fullerene C60 powder (99.9% purity) produced by Sigma-Aldrich
(St. Louis, Missouri, United States) was used. The method used to
prepare the nC60 NPs stock suspension can be found in our previous
study (Wang et al., 2016a). Briefly, the total organic carbon (TOC) of
the prepared nC60 NPs stock suspension was determined to be 9 mg L−1

using a TOC analyzer (TOC-VCPN, Shimadzu, Japan). The nC60 NPs in-
fluent suspensions for column experiments were prepared by adding the
nC60 stock suspension into NaCl or CaCl2 electrolyte solution at dif-
ferent ISs. The resulting ISs of the influent suspensions were 1 mM,
10 mM, or 100 mM, with the concentration of nC60 to be 1.8 mg L−1 by
diluting the stock solution. The dynamic light scattering (Zetasizer
Nano ZS, Malvern Instruments Ltd., Southborough, Massachusetts,
United States) was used to measure the sizes and zeta potentials of the
nC60 NPs in the influent suspensions at different chemical conditions.
The zeta potentials of the nC60 NPs were determined using a ZetaPlus
analyzer (Brookhaven Instruments Corp., Holtesville, New York, United
States).

2.3. Humic acid suspension

Similar to Chen and Elimelech (2007), the humic acid suspension
was obtained by adding 50 mg of humic acid powder (Sigma-Aldrich,
St. Louis, Missouri, United States) in 100 mL DI water. The suspension
was stirred for 24 h under dark conditions, and passed through a
0.22 μm filter membrane. Using the TOC analyzer (TOC-VCPN, Shi-
madzu, Japan), TOC content of the humic acid suspension was de-
termined to be ~210 mg L−1. The HA was added into some nC60 NPs
suspensions to result in a concentration of 5 mg L−1 of the HA for zeta
potential measurements and column transport experiments.

2.4. Column transport experiments

Acrylic columns (3-cm inner diameter and 10-cm long) were
adopted to implement the column experiments. The method of Wang
et al. (2016a) was used to pack the columns. Briefly, a wet-packing
method was used to ensure saturation of the column systems. The sand
was slowly added into the columns filled with water with gentle vi-
brations to avoid layering and air entrapment. The porosities of the
columns were calculated to be 0.36 by using the mass of the sand and
assuming sand density of 2.65 g cm−3.

A Darcy velocity of 4.32 m d−1 was employed for all column
transport experiments. To standardize the physicochemical conditions
of the column systems, background NaCl or CaCl2 electrolyte solution at
pH 7 (adjusted using 0.1 mM NaHCO3) was first injected into the col-
umns upward for over 20 pore volumes (PVs). Then the column was
flushed with 10 PVs of nC60 NPs influent suspension with or without HA
(1.8 mg L−1 of nC60 and 5 mg L−1 of HA) at pH 7 (denoted as Phase 1),
5 PVs of NP-free electrolyte solution (Phase 2), and finally DI water
(Phase 3). This three-step procedure has been widely employed in
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previous studies (Shen et al., 2012; Wang et al., 2016b; Li et al., 2017)
to examine colloid attachment and detachment in porous media. Ef-
fluent suspensions of the column experiments were collected by an
automatic collector (BSZ-100, Huxi Instrument Corp., Shanghai,
China), and the concentration of nC60 NPs was measured by a UV–vis
spectrophotometry (DU Series 800, Beckman Instruments, Inc., Full-
erton, California, United States) at a wavelength of 550 nm. The ef-
fluents at high ISs were sonicated to ensure the monodispersion before
the measurements.

2.5. Calculation of DLVO interaction energies

To reveal the mechanisms controlling nC60 NPs attachment and
detachment, it is necessary to determine the DLVO interaction energies
between the NPs and the sand surfaces (Ryam and Elimelech, 1996;
Ninham, 1999; Hoek and Agarwal, 2006; Wang et al., 2008). The sur-
face element integration (SEI) technique, developed by Bhattacharjee
and Elimelech (1997), was employed for performance of the interaction
energy calculations. Note that the Derjaguin (DA) approach has been
traditionally used to calculate the interaction energies. This approach,
however, contains several assumptions in the calculations, as have been
summarized in Shen et al. (2019a). Specifically, the DA approach did
not consider the curvature effect of particle surface and assumed that
the interaction energy for a particle is only due to a small region of the
particle surface that is closet to the interacting surface. The SEI tech-
nique has overcome the limitations existing in the DA approach and can
give accurate calculations of interaction energy for colloids even at
nanoscale (Lin and Wiesner, 2012).

The total DLVO energy was taken as a sum of van der Waals (VDW)
attractive interaction energy, electrical double layer (DL) interaction
energy, and short-range repulsion. The short-range repulsion was in-
cluded by determining Born (BR) repulsion, as adopted in previous
studies (Hoek and Agarwal, 2006; Bradford and Torkzaban, 2013;
Seetha et al., 2015; Shen et al., 2018). The nC60 NPs were assumed to be
spherical and the sand surface was taken as plate. The use of SEI
technique to calculate energies for sphere-plate interaction can be re-
ferred to previous studies (Wang et al., 2016a, 2016b; Li et al., 2017;
Shen et al., 2018). Briefly, surfaces of both a NP and sand were dis-
cretized into small area elements. The VDW, DL, and BR differential
interaction energies between each pair of area elements on the NP and
sand surfaces were determined using the expressions developed by
Hamaker (1937), Hogg et al. (1966), and Oliveira (1997), respectively.
Summing of the VDW, DL, and BR differential interaction energies for
all pairs of area elements resulted in the total interaction energy for a
nC60 NP.

Considerable wedge-like depressions existed in the sand surfaces, as
will be shown later in the paper. To reveal the role of the wedge-like
depressions in nC60 NPs attachment, the depressions were represented
by two intersecting half planes and the interaction force between a nC60

NP and the model concave surface was determined (Fig. 1). Li et al.
(2017) has shown detailed procedure for calculating interaction force
for the aforementioned interaction configuration. Briefly, the Cartesian
coordinate system was used for the interaction configuration in Fig. 1.
The z axis passed through the line where the two half planar surfaces
intersect, and the two intersecting half planar surfaces were bisected by
the y-z plane. The total forces along the x- (Fx) and y-direction (Fy) were
equal to −( ) ( )F Fcos cosα α

1 2 2 2 .and +( ) ( )F Fsin sinα α
1 2 2 2 , respectively,

where α is the angle between the two half planes, and F1 and F2 are the
interaction forces between the nC60 NP and the left and right half
planar surface, respectively. The values of F1 or F2 were determined
using the SEI technique. The calculation procedure was the same as that
for determining interaction energy shown in the previous section.
However, differential VDW, DL, and BL forces between area elements
were determined (Li et al., 2017) instead of calculating differential
interaction energies.

As will be showing in the following, the nC60 NPs were aggregated
at high ISs. However, we still used the sizes of the primary particles of
the nC60 aggregates for interaction energy calculations at the high ISs.
This is because the colloidal interaction energy for aggregated particles
was similar to those of the primary particles, but was much smaller than
that for an equivalent sphere (e.g., a sphere with the same volume as
that of the aggregate) (Lin and Wiesner, 2012).

3. Results and discussion

3.1. Characteristics of nC60 NPs and collectors

The nC60 NPs used had the same properties as those used in our
previous study (Wang et al., 2016a), which were spherical in shape
with slight angular features accord to transmission electron microscope
(TEM) examinations. Table 1 shows measured zeta potentials of nC60

NPs and collector grains, and sizes of the NPs in electrolyte solutions at
different ISs with or without HA. The zeta potentials were negative for
both the NPs and sand grains under all chemical conditions except at
100 mM CaCl2. The existence of positive zeta potentials in CaCl2 at the
high IS was due to sorption of Ca2+ on the NP and sand surfaces,
causing charge reversal (Kuznar and Elimelech, 2004). The presence of
HA caused more negative zeta potentials of the NPs and sand grains,
which is in agreement with the results in previous studies (Dhawan
et al., 2006; Chen and Elimelech, 2007; Zhang et al., 2014a, 2014b; Lin
et al., 2017). This is because adsorption of the HA onto the nC60 NPs
and sand surfaces increased the negative charges and accordingly re-
sulted in more negative zeta potentials (Zhang et al., 2009; Qu et al.,
2012; Wang et al., 2012). Previous studies (Xie et al., 2008; Qu et al.,

Fig. 1. Schematic illustration of interaction between a spherical colloid and a
wedge-like depression consisting of two half planes. (b) is plan view image of
the interaction configuration of (a). Modified from Shen et al. (2018).

Table 1
Sizes of nC60 NPs and zeta potentials of the nC60 NPs and sand under different
chemical conditions.

Electrolyte IS (mM) Sizes of the NPs (nm) Zeta potential (mV)

nC60 NPs Sand

DI water 0.1 125 ± 0.9 −31.6 ± 0.55 −58.2 ± 6.3
NaCl 1 (HA) 119 ± 0.2 −27.4 ± 3.7 −51.6 ± 8.6

1 122 ± 0.6 −24.5 ± 3.6 −49.3 ± 9.4
NaCl 10 (HA) 119 ± 0.2 −18.1 ± 0.43 −35.9 ± 3.7

10 133 ± 2.0 −14.6 ± 4.4 −32.5 ± 2.8
NaCl 100 (HA) 119 ± 0.3 −9.0 ± 0.64 −23.2 ± 2.8

100 239 ± 22.2 −8.3 ± 0.6 −20.7 ± 4.0
CaCl2 1(HA) 119 ± 0.9 −20.5 ± 3.5 −33.5 ± 3.3

1 132 ± 1.4 −16.8 ± 2.56 −30.0 ± 5.2
CaCl2 10 (HA) 416 ± 18.5 −15.6 ± 3.1 −13.7 ± 0.5

10 422 ± 25.5 −8.3 ± 2.63 −11.6 ± 2.5
CaCl2 100 (HA) 653 ± 25.8 7.2 ± 0.4 1.5 ± 0.3

100 686 ± 29.3 5.9 ± 0.54 3.9 ± 1.3
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2012) showed that the HA increased stability of nC60 NPs suspensions
and reduced the sizes of nC60 NPs aggregates by increasing electrostatic
and steric repulsions. Indeed, the results in Table 1 showed that the
sizes of the nC60 NPs were similar at all ISs in NaCl if the HA was
present due to inhibition of aggregation, while the size of the nC60 NPs
increased with increasing IS in NaCl without HA. However, the size of
the nC60 NPs still increased with increasing IS in CaCl2 even if the HA
was present. This is likely due to the formation of the complexes of HA
and NPs via cation bridge (Chen and Elimelech, 2007). As will be
shown later by SEM examinations in the paper, reticular complexes on
the sand surfaces were formed in CaCl2.

3.2. Attachment of nC60 NPs

Fig. 2 presents breakthrough curves (BTCs) for the nC60 NPs by
plotting the value of C/C0 as a function of PV, where C and C0 are

effluent and influent NP concentrations, respectively. In phase 1, the
nC60 NPs were attached on sand surfaces in NaCl or CaCl2 at different
ISs. Higher IS caused more attachments of nC60 NPs, as have been ob-
served in previous studies (Chen and Elimelech, 2006, 2007, 2008; Li
et al., 2008; Chae et al., 2012; Qu et al., 2012; Bai et al., 2013; McNew
and LeBoeuf, 2015, 2016). The results confirmed that the nC60 can
acquire negative surface charge (although the mechanism is still un-
clear to date), and the attachment of the nC60 was controlled by the
electrostatic interaction in the electrolytes (Chen and Elimelech, 2006).
The increase of attachment with IS can be qualitatively explained by the
energy calculations in Fig. 3 and Table 2. Specifically, increasing IS
reduces repulsive energy barrier and thereby increases attachment in
primary energy wells. At a given IS, the nC60 NPs attachment was more
in CaCl2 than in NaCl. This is because the Ca2+ was more effective for
screening the DL repulsion and can link the NPs to the sand surfaces
(i.e., the cation bridge effect) (Schijven and Hassanizadeh, 2000).

Fig. 2. BTCs for transport of nC60 NPs in (a) NaCl and (b) CaCl2 solutions with (red symbols) or (black symbols) without HA at different ISs (1, 1 mM; 2, 10 mM; 3,
100 mM). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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It should be noted that the attachment of nC60 NPs in the sand
cannot be quantitatively explained by the interaction energy calcula-
tions. For instance, the calculations showed that the interaction energy
barriers were much greater than the average kinetic energy of a colloid
(1.5 kT, k is Boltzmann constant, T is absolute temperature) in NaCl at
IS≤10 mM and in CaCl2 at 1 mM. These large repulsive energy barriers
essentially inhibit the approach of nC60 NPs to primary wells of inter-
action energy profiles. Thus, attach at primary energy minima cannot
occur under these chemical conditions. The prediction by the

calculations, however, was in contrast to the aforementioned experi-
mental observations. The SEM images (Fig. 4) showed that the sand
surfaces were very rough, which contained considerable NPAs. The
NPAs can increase primary minimum attachment by locally reducing
repulsive energy barrier under unfavorable conditions (Shen et al.,
2012a, 2012b; Zou et al., 2015; Rasmuson et al., 2017). In addition, the
sand surfaces may bear charges different from those of bulk sand sur-
faces (Shen et al., 2015; Li et al., 2017). The primary minimum at-
tachment can be further enhanced if the NPAs bear charges different

Fig. 3. Calculated DLVO interaction energies between a nC60 NP and a sand surface in (a) NaCl and (b) CaCl2 solutions at different ISs (1, 1 mM; 2, 10 mM; 3,
100 mM) with (red) or without HA (black) copresent. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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from those of bulk collector surfaces (i.e., physical and chemical het-
erogeneities are coupled). The reason is that the existence of chemical
heterogeneity can increase the depth of primary minimum, which could
compensate for the reduction effect of NPAs on primary minimum
depth (Bradford and Torkzaban, 2013; Shen et al., 2018, 2019a).

Colloids cannot be immobilized if the primary energy wells are very
shallow due to existence of Brownian diffusion.

In addition to the NPAs, Fig. 4 shows that the sand surfaces also
contained large wedge-like depressions. To interpret the role of the
wedge-like depression in nC60 NPs attachment and detachment, the
interaction forces between a nC60 NP and the depression were calcu-
lated using the method in Materials and Methods. Fig. 5 shows the maps
of Fx and Fy for a nC60 NP interacting with the depression on the x-y
plane in 1, 10, and 100 mM NaCl. The force maps were generated by
changing the (x, y) positions of the NP in a rasterized manner. In the
dark areas, the forces were ignored because they could not be de-
termined due to physical overlap between the nC60 NP and the surface.
The scale bar to the top of each plot indicates the forces in units of
×10−12 N. Fig. 5 shows that when the NP is close to the tip of the
concave surface, the repulsive energy barrier could be eliminated even
at low ISs (e.g., 1 mM). This is because the repulsion between the NP
and a half surface was eliminated by the repulsion from the other half
surface in the opposite direction. Therefore, the nC60 NPs were favored
to be attached in primary minima at the locations of concave surfaces
where the repulsive energy barrier was eliminated.

In addition to surface physical and heterogeneities, aggregation of
nC60 NPs (see Fig. 4) may also increase retention of the nC60 NPs
(Taghavy et al., 2015; Babakhani, 2019). While the aggregation of
colloids does not significantly alter the interaction energies (Lin and
Wiesner, 2012), it could increase retention via enhanced sedimentation

Table 2
The values of primary minimum depths Upri), maximum energy barriers (Umax),
and secondary minimum depths (Usec) and distances for the DLVO interaction
energy profiles in Fig. 3. N.A., absence of energy minimum.

Electrolyte IS (mM) Upri (kT) Umax (kT) Usec (kT)

Depth (kT) Distance (nm)

NaCl 1(HA) 4.6 111.4 0.012 101.46
1 5.7 97.7 0.012 104.86

NaCl 10(HA) 2.0 43.4 0.19 21.86
10 4.5 32.4 0.25 20.46

NaCl 100(HA) 4.5 N.A. N.A. N.A.
100 5.6 N.A. N.A. N.A.

CaCl2 1(HA) 9.43 45.2 0.015 90.66
1 12.0 37.3 0.020 85.66

CaCl2 10(HA) 9.3 7.95 0.32 16.66
10 15.1 1.12 0.43 12.46

CaCl2 100(HA) 21.4 N.A. N.A. N.A.
100 22.8 N.A. N.A. N.A.

Note: N.A., absence of energy minimum.

Fig. 4. SEM images of sand surface with attachment of nC60 NP in CaCl2 at different ISs (1, 1 mM; 2, 10 mM; 3, 100 mM) (a) without or (b) with the presence of HA.
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and straining (Porubcan and Xu, 2011; Chrysikopoulos and Syngouna,
2014). Notably, the calculated secondary minima depths were much
smaller than the average kinetic energy of a colloid. Hence, the sec-
ondary minima should not play a significant role in nC60 NPs attach-
ment. Similarly, Li et al. (2008) showed that the secondary minimum
depths were extremely small for the nC60 NPs, which had minor in-
fluence on the deposition of nC60 NPs in sand porous media.

Fig. 2 shows that HA reduced the deposition of nC60 NPs attachment
in the sand. As shown in Table 1, the zeta potentials of both nC60 NPs
and sand surface were increased when the HA was present. Accord-
ingly, the DL repulsion and interaction energy barrier were increased by
the presence of HA (see Fig. 3 and Table 2), causing reduction of the
attachment in primary minima. In addition, the presence of HA in-
creases steric repulsion (Chen and Elimelech, 2008; Zhang et al., 2013;
Yang et al., 2019), which can reduce or even eliminate primary energy

well (Table 2) and thus decrease attachment in primary minima (Wang
et al., 2016b). It should be mentioned that the reduced attachment by
the HA was only significant in 10 mM NaCl and 1 mM CaCl2. There was
only a minor reduction of attachment of the NPs by the HA in 1 mM
NaCl. No influence of attachment by the HA existed in NaCl at 100 mM
and in CaCl2 at 10 mM and 100 mM (i.e., complete attachment both in
the presence and absence of HA).

Two reasons may explain above minor influence of HA on nC60 NPs
attachment at 1 mM NaCl. First, the HA had low sorption on surfaces of
the nC60 NPs and sand in NaCl at this low IS (Qu et al., 2012). Second,
the nC60 NPs were attached in sites where deep primary minima existed
at this IS. The NPs could still attach at these energy wells even if these
primary minima were decreased to a certain degree due to the elec-
trostatic and steric repulsion by the HA. One possible attachment site is
large charge heterogeneity which can significantly reduce or even

Fig. 5. Maps of DLVO interaction force components in (a) y- and (b) x-directions for a nC60 NP interacting with the two intersecting half planes on the x-y plane at
z = 0 at 1 mM, 10 mM, and 100 mM NaCl. The angle of the two intersecting half planes was 120 degree. In the black regions, the interaction force was not calculated
becasue of physical overlap between the NP and the concave surface. The scale bar to the top of each plot indicates the interaction force in units of ×10−12 N. In (a)
and (b), positive values represent the force components along positive y-direction and x-direction, respectively.
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eliminate the large energy barrier that exist at low solution ISs and
cause very deep primary energy wells (Shen et al., 2013). In addition,
Fig. 5 shows that the interaction energy barrier and primary minimum
depth can also be decreased and increased at concave surfaces, re-
spectively. Li et al. (2017) conducted column experiments and SEM
examinations, showing that colloids were preferentially attached in
primary minima at large charge heterogeneities and/or concave sur-
faces at low solution ISs. The primary minimum was very shallow or
even absent in the interaction energy profiles atop the NPAs without
charge heterogeneities copresent at low ISs (Shen et al., 2012a, 2019a;
Bradford and Torkzaban, 2013). Therefore, the nC60 NPs attachment on
NPAs may not be significant at 1 mM NaCl. In 10 mM NaCl and 1 mM
CaCl2 solutions, the NPAs may become available for attachment of nC60

NPs if the primary minima were increased to be deep enough to im-
mobilize NPs. However, the attachment at the NPAs was readily in-
fluenced by the HA. Specifically, the NPAs may be again unfavorable
for attachment if the primary minimum were decreased by the HA
(Wang et al., 2016a, 2016b). This could explain why the HA caused
significant transport of nC60 NPs at 10 mM NaCl and 1 mM CaCl2,
whereas nearly complete deposition occurred when the HA was absent.
In NaCl at 100 mM and in CaCl2 at 10 mM and 100 mM, the primary
minima were further increased atop NPAs, which could immobilize the
NPs even in the presence of HA. Therefore, complete attachment oc-
curred under these chemical conditions both in the presence and ab-
sence of HA.

3.3. Detachment of nC60 NPs

In phase 2 of Fig. 2, the nC60 NPs that were unattached in pore
water were displaced out of the columns by injection of NP-free elec-
trolyte solution. Small tails existed in the BTCs in 1 mM and 10 mM
NaCl with HA present, which were probably due to spontaneous release
of the nC60 NPs from primary minima through Brownian diffusion. The
spontaneous release from primary minimum could occur when the
decreased primary minimum depths by both NPAs and HA were com-
parable to the average kinetic energy of a colloid (Wang et al., 2016a,
2016b). Note that if there were nC60 NPs attached at shallow secondary
energy wells, they could also spontaneously detach by Brownian dif-
fusion and cause the BTC tails (Li et al., 2005; Shen et al., 2016a,
2016b).

In phase 3 of BTCs in Fig. 2, the flush of DI water caused a fraction
of attached nC60 NPs released, as denoted by the peaks in the BTCs. It
has been traditionally regarded that only colloids that were attached at
secondary energy wells could be detached by IS reduction because the
secondary minimum depth decreases with decreasing IS (Hahn and
O'Melia, 2004; Hahn et al., 2004). Colloid attachment in primary
minimum is irreversible because the primary energy wells are deep at
all solution ISs. These viewpoints, however, were based on interaction
energy calculations for colloid-planar surface interactions. Recent stu-
dies (Shen et al., 2012a, 2019a; Bradford and Torkzaban, 2013; Zou
et al., 2015; Torkzaban and Bradford, 2016) showed that colloids

attached atop NPAs can also be detached from primary energy minima
by IS reduction. This is because the NPAs can reverse the trend for the
variation of the primary minimum depth with solution IS (Shen et al.,
2019a). Specifically, the primary minimum depth can decrease with
decreasing solution IS with the presence of NPAs. The primary
minimum can even disappear from interaction energy profiles at low ISs
due to the NPAs. In this case, the interaction energy decreases mono-
tonically with separation distance and the colloid experiences repulsive
forces at all separation distances (Wang et al., 2019). Therefore, the
colloids initially attached atop NPAs at high ISs via primary minimum
association will be detached at the low ISs.

It should be noted that nanoscale charge heterogeneity has also
been frequently used to explain the detachment by IS reduction
(Pazmino et al., 2014; Rasmuson et al., 2017). These studies indicate
that detachment of colloids from nanoscale chemical heterogeneity
could occur because the repulsion between a colloid and bulk surface
may exceed the attraction between the colloid and chemical hetero-
geneity at low ISs. Shen et al. (2018), however, demonstrated that
whether the surface charge heterogeneity is present on surfaces or not
does not change the trend for the variation of primary minimum depth
with the solution IS (i.e., the increase of primary minimum depth with
decreasing IS). In fact, the nanoscale surface chemical heterogeneity
increases the primary minimum depth at all solution ISs under un-
favorable conditions, causing the attachment at primary minima even
more irreversible. Therefore, the detachment of nC60 NPs by reduction
of IS should be mainly due to NPAs. The absence of detachment for the
nC60 NPs initally attached at 100 mM CaCl2 indicates that the nC60 NPs
could not be released even if they were initially attached atop NPAs.
This is likely due to the reason that the high concentration of Ca2+

resulted in strong interactions of the nC60 NPs with the NPAs via cation
bridge.

As shown in Fig. 2 and Table 3, more detachment of nC60 NPs oc-
curred in phase 3 if they were initially attached in the presence of HA
under all conditions except in 100 mM CaCl2. The results clearly in-
dicate that the HA not only inhibited attachment (i.e., increase of C/C0

in phase 1 of BTCs), but also caused more weak attachments. The nC60

NPs via the weak adhesions were subsequently detached by IS reduc-
tion. Table 2 shows that the presence of HA reduced the depths of
primary minima and accordingly adhesive forces and torques. The HA
can even cause the decrease of primary minimum depth with de-
creasing solution IS for the colloid-planar surface interactions due to
exerting steric repulsions (i.e., similar to the NPA effects) (Wang et al.,
2016a, 2016b). The nC60 NPs would be detached with lowering IS if the
adhesive torques were overcome by hydrodynamic torques (Wang
et al., 2016a). The reduction of primary minimum depth and adhesive
force/torque by HA could assist the detachment of colloids attached
especially atop NPAs. Specifically, previous studies (Bradford et al.,
2013; Shen et al., 2015, 2019a) showed that the variation of densities
and curvatures of NPAs caused a distribution of primary minimum
depth. The nC60 NPs that remained attached at low ISs atop some NPAs
may be detached if the HA was present and the adhesive torques were

Table 3
Fractions of nC60 NPs recovered from phase 1 and phase 2 (M12), phase 3 (M3), total recovered particles (MT = M12 + M3), and irreversibly attached colloids
(MI = 1-MT) for BTCs of column transport experiments in Fig. 2.

Electrolyte IS (mM) M12 M3 M3/(1 − M12) MT MI MI/(1 − M12)

HA N.A. HA N.A. HA N.A. HA N.A. HA N.A. HA N.A.

NaCl 1 0.88 0.86 0.06 0.005 0.49 0.04 0.94 0.86 0.06 0.14 0.51 0.96
NaCl 10 0.40 0 0.15 0.10 0.24 0.1 0.54 0.1 0.46 0.9 0.76 0.9
NaCl 100 0.002 0 0.45 0.06 0.46 0.06 0.46 0.06 0.54 0.94 0.55 0.94
CaCl2 1 0.36 0.005 0.013 0.02 0.02 0.02 0.38 0.02 0.63 0.98 0.98 0.98
CaCl2 10 0 0 0.22 0.007 0.22 0.007 0.22 0.01 0.78 0.99 0.78 0.99
CaCl2 100 0.001 0 0.006 0 0.006 0 0.006 0 0.99 1 0.99 1

Note: N.A., absence of HA in the electrolyte.
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reduced to be smaller than hydrodynamic torques. The increased de-
tachment by HA could also be due to the enhanced disaggregation of
the aggregated nC60 NPs. This is because the presence of HA could
cause decrease of primary minimum depth with IS reduction for the
colloid-colloid interaction in the presence the steric repulsion (Omar
et al., 2014; Shen et al., 2019a). The absence of nC60 NPs detachment at
100 mM CaCl2 indicates that the presence of Ca2+ with high con-
centrations caused very stable complex of nC60 NPs and HA (see Fig. 4)
and strong interactions between the complex and surfaces (Schijven
and Hassanizadeh, 2002; Chen and Elimelech, 2007, 2008; Zhang et al.,
2012; Chen et al., 2014).

4. Conclusions

Through carrying out column experiments under saturated condi-
tions, we found that the HA reduced the attachment of nC60 NPs in sand
(particularly on NPAs). However, the influence of HA on attachment
was dependent on solution chemistry. Specifically, the reduction of
attachment was significant only in 10 mM NaCl and 1 mM CaCl2. There
was no influence of HA on the attachment in 100 mM NaCl and 10 and
100 mM CaCl2 (i.e., complete attachment both in the absence and
presence of HA). The reduction of attachment was attributed to the
decrease of attachment atop some NPAs where the primary minimum
wells were shallow and the attachment was readily influenced by the
HA. At 100 mM NaCl and 10 and 100 mM CaCl2, the primary minima
became deep atop the NPAs even in the presence of HA and thus no
influence of HA on attachment was observed. The detachment was
more upon reduction of solution IS if the nC60 NPs were initially at-
tached in the present of HA under all chemical conditions expect at
100 mM CaCl2. The results indicate that HA caused a fraction of nC60

NPs weakly attached on sand surfaces via primary-minimum associa-
tion and then detached by reducing solution IS. However, very stable
complex of HA and nC60 NPs existed and the interaction of the complex
with the sand surfaces was strong at 100 mM CaCl2, causing no de-
tachment. The attachment was also irreversible on large charge het-
erogeneities or concave surfaces due to deep primary minimum wells at
all ISs.

The aforementioned reversible attachment at primary minima by
HA could cause the travel distance of NPs very long in subsurface en-
vironments by continuous capture and release (e.g., when multiple
rainfall events occur). As such, the mobilization of the NPs will be
underestimated in the presence of HA if the mathematic model (e.g., the
convection-diffusion equation incorporating a term of first-order kinetic
interaction with a reduced rate coefficient) only considers the inhibited
attachment. In addition, when using membranes for water treatment,
attached colloids on membrane surfaces in formal treatment may de-
tach during the next treatment with the assistance of HA, causing the
water contaminations. Therefore, our work has important implication
to accurate prediction of fate and transport of NPs and NP-associated
contaminants in subsurface environment and use of membranes for
water and wastewater treatment.
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