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Abstract.  An understanding of particle-particle interactions in filtration requires studying the detachment as well as the attachment
of nanoparticles. Nanoparticles captured in a granular media filter can be released by changing the physicochemical factors. In this
study, the detachment of captured silver nanoparticles (AgNPs) in granular media filtration was examined under different ionic
strengths, ion type, and the presence or absence of natural organic matter (NOM). Filtration velocity and ionic strength were chosen
as the physical and chemical factors to cause the detachment. Increasing filtration velocity caused a negligible amount of AgNP
detachment. On the other hand, lowering ionic strength showed different release amounts depending on the background ions,
implying a population of loosely captured particles inside the filter bed. Overall detachment was affected by ionic strength and ion
type, and to a lesser degree by NOM coating which resulted in slightly more detachment (in otherwise identical conditions) than in
the absence of that coating, possibly by steric effects. The secondary energy minimum with Na ions was deeper and wider than with
Caions, probably due to the lack of complexation with citrate and charge neutralization that would be caused by Ca ions. This result
implies that the change in chemical force by reducing ionic strength of Na ions could significantly enhance the detachment
compared to that caused by a change in physical force, due to a weak electrostatic deposition between nanoparticles and filter media.
A modification of the 1-D filtration model to incorporate a detachment term showed good agreement with experimental data;
estimating the detachment coefficients for that model suggested that the detachment rate could be similar regardless of the amount

of previously captured AgNPs.
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1. Introduction

The use of nanoparticles has increased in various areas
such as medical (Farokhzad and Langer 2009, Bobo et al.
2016, Ramos et al. 2017, Kwon et al. 2018), material (Zhu
et al. 2004, Berglund and Burgert 2018), cosmetics (Mu and
Sprando 2010, Katz et al. 2015, Santos et al. 2019), and
energy applications (Serrano et al. 2009, Lee et al. 2015,
Zhe and Yuxiu 2018, Jun ef al. 2019) and is expected to
grow further in the near future (Zingg and Fischer 2019).
Consequently, the release of nanoparticles to the
environment from industrial sources or households can be
anticipated (Nowack and Bucheli 2007, Benn et al. 2010,

Nowack et al. 2016, Giese et al. 2018, Williams et al. 2019).

Concerns about the potential harm from nanoparticles to
humans and the environment are growing as the likelihood
of exposure to nanoparticles becomes evident.

So far, the industrial sectors have focused on the
beneficial uses of nanoparticles, which has contributed to
the growth of nanotechnology, though the public perception
on nanotechnology has more likely been negative as the
demand for the regulation has grown (Larsson ef al. 2019).
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However, it should be noted that knowledge about
nanoparticles can be selectively utilized by the people’s
viewpoint (Currall 2009). This lack of consensus on
nanoparticles has made risk assessment and decision-
making difficult. Therefore, a balanced evaluation of
nanoparticles is still required.

Predicting human and environmental exposure to
nanoparticles requires research on the transport of
nanoparticles. A considerable amount of research has been
conducted on the transport of nanoparticles in granular
media filtration (Petosa et al. 2010, Molnar et al. 2015,
Molnar et al. 2019). Since granular media filtration can
mimic the soil or groundwater environment, it has been
used to understand the migration of nanoparticles in such
environments. Less attention has been given to the study of
nanoparticle removal in granular media filtration at
conditions reflecting drinking water and wastewater
treatment.

Nanoparticle-filter media interaction can be divided into
two sections; attachment and detachment. Most previous
studies have focused on attachment. The effects of various
particle characteristics (Lecoanet et al. 2004, Wang et al.
2012, Fan et al. 2015, Taghavy and Abriola 2018, Xia ef al.
2019), solution chemistries (Solovitch ef al. 2010, Xia ef al.
2017, Kamrani et al. 2018, Xu et al. 2018), and operational
conditions (Lecoanet and Wiesner 2004, Kim et al. 2017,
Adrian et al. 2018) on attachment have been investigated.
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Despite their tiny size, nanoparticles can be captured in
granular media filter by controlling environmental
conditions. However, the release of captured nanoparticles
was reported when operational conditions changed
chemically (e.g., ionic strength reduction (Franchi and
O'Melia 2003, Tian et al. 2010, Dong et al. 2016, Wang et
al. 2017, He et al. 2019, Liang et al. 2019), pH rise (Ryan
and Elimelech 1996, Godinez and Darnault 2011), and
cation exchange (Shen et al. 2012, Torkzaban et al. 2013,
Zhang et al. 2018)). For particles larger than 2 pm,
detachment also occurred by an increase in filtration
velocity (Bergendahl and Grasso 2000, Torkzaban et al.
2015).

Generally, attachment and detachment are highly
affected by electrostatic forces produced by the surface
charges of particles. Based on DLVO theory (Derjaguin and
Landau 1941, Verwey and Overbeek 1948), the interaction
energy between a spherical particle and a planar surface can
be expressed as the combination of electrostatic repulsion
and van der Waals attraction. Such a net energy moves
deeply downward (toward attraction) as the separation
distance decreased to quite small values. This region is the
primary energy minimum where the attachment becomes
irreversible. As the separation distance increases, the net
energy passes the peak repulsive energy point called the
energy barrier in the case of unfavorable conditions, then
further dips slightly into an attractive region. This second
attractive region is known as the secondary energy
minimum, where reversible attachment can occur.
Detachment was believed to occur when attractive forces
are weak in terms of electrostatic interaction, that is, when
particles stay in the secondary energy minimum (Hahn and
O'Melia 2004). However, this belief was challenged by
Shen et al. (2012) who suggested a possible detachment
from the primary energy minimum. All things considered,
the exact mechanism is still unclear as to how nanoparticles
are captured reversibly in granular media filters. Since
detachment of nanoparticles in granular media filtration has
not received much attention, detachment of nanoparticles
under varying environmental conditions needs to be
investigated.

This study selected silver nanoparticles (AgNPs) as the
target material because they are the most widely used
nanoparticles in consumer products. The objective of this
study was to investigate the effect of physical and chemical
forces on the detachment of AgNPs in granular media
filtration. A series of laboratory scale granular media
filtration tests was conducted under varying filtration
velocities, ionic strengths, ion types, and the presence or
absence of NOM to quantify the amounts of AgNPs
captured and subsequently released when a physical or
chemical condition was changed. Further, by assuming a
homogeneous particle size and a spherical shape for the
nanoparticles, the 1-D filtration model was explored to
elucidate the detachment of AgNPs wunder various
experimental conditions.

2. Theoretical calculations

Energy of interaction. The sum of the repulsive energy
(VR), attractive energy (Va) and Born repulsion (V) was
used to calculate the energy of interaction (Egs. (1)-(3))
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(Elimelech et al.1995).
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Filtration model. Filtration models typically start from
a one dimensional advection-diffusion equation, as
described in Eq. (4), by assuming first order attachment
kinetics (Li et al. 2008).
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N is the effluent number concentration at steady-state
condition (#/L3), t is the time period after filtration starts (T),
x is the distance from the surface of filter bed parallel to
flow (L), D is the diffusion (plus dispersion) coefficient
(L¥T), and vo is the filtration velocity (L/T). The
attachment coefficient (ki) is calculated by Eq. (5) (Wang

et al. 2008a):
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L is filter depth (L), and Ny is the initial AgNP number
concentration (#/L*). To describe the detachment profile, the
model was modified as shown in Eq. (6) by adding a term
to include detachment from the solid-phase, dependent on
the amount captured on the filter media (Wang et al. 2008b).
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Kget is the detachment coefficient (1/T), S is the specific
deposit attached to the filter media (#/M), py is the bulk
density of the filter media (M/L?), and ¢ is the volumetric

water content, i.e., the porosity (-). S can be expressed in a
whole filter as shown in Eq. (7):

S(x) = to‘gk#ttl\loexp(—% xj )
b 0
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where to is the AgNP injection period.

To solve Eq. (6), a numerical scheme that employs a
finite difference method in space and the Crank-Nicolson
method in time was used. In this study, the boundary and
initial conditions were set as follows:

N(x=0, t<30 min)=N,
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N(x=0, t>30min)=0
N(x, t=0)=0

Using the first order finite difference scheme of
backward facing steps, this equation can be solved
numerically using MATLAB (The MathWorks, Natick,
MA).

3. Materials and methods

Citrate-capped  AgNPs  were purchased from
Nanocomposix (San Diego, CA). Citrate was chosen
because it is one of most commonly used capping agents in
AgNP synthesis (Tolaymat ef al. 2010). The laboratory
analysis confirmed the spherical shape and the
monodispersed size distribution of approximately 50 nm of
AgNPs. To prevent any changes in AgNPs characteristics,
the solution was kept at 4°C and away from light.

Spherical glass beads purchased from MO-SCI (St.
Louis, MO) were used for filter media. The glass beads
were mainly composed of SiO and were sieved to a narrow
size range between 300~350 pm. To remove impurities
from the surface before use, the glass beads were subjected
to an intensive washing procedure (Tobiason 1987).

Filtration experiments were conducted in a laboratory-
scale acrylic cylindrical column. The inner diameter of the
column was 3.81 cm and the depth of the filter bed was 10
cm. The porosity of the packed bed was determined
gravimetrically to be 0.42. The two influent streams, AgNP
suspension and background water, were separately prepared
and pumped via a gear pump (Micropump, Cole Parmer)
and a peristaltic pump (Easy-load II, Masterflex),
respectively, and mixed immediately before entering into
the column. The flow ratio of AgNP suspension to the
background water was kept at 1:20 to maintain constant
influent AgNP concentration.

The ionic strength was controlled by NaNOs or
Ca(NOs), added to the background water. Since a sufficient
amount of attachment is needed to achieve detachment,
ionic strength of 100 mM with NaNO3z and 10 mM with
Ca(NOs), were chosen. In the experiments with NOM,
Suwannee River Fulvic Acid (International Humic
Substances Society, MN) was used to have 3.5 mg TOC/L
background water to coat AgNPs and filter media. pH was
controlled with 0.025 mM bicarbonate buffer at pH 7 to
prevent significant changes in surface charge by pH. The
filtration velocity was controlled at 2 m/hr, which is in the
range used in conventional drinking water treatment plants,
but far faster than groundwater flow.

Six filtration tests were conducted with varying ion
types, ionic strengths, and/or filtration velocities (Table 1).
Prior to the filtration test, the filter bed was flushed for 30
pore volumes by the background water. Each test consisted
of three steps: 1) 25 pore volumes of filtration with AgNPs,
2) 25 pore volumes of flow at the same velocity and the
same chemical conditions without AgNPs, and 3) 25 pore
volumes of flow with either near zero ionic strength
(deionized water) or with increased velocity. To achieve

Table 1 Summary of the filtration tests

Experiment # NOM coating Ionic strength ~ Detachment
10 mM Decreasing
110-Ca-T No Ca(NOs)2 ionic strength
10 mM Decreasing
110-Ca-FA-I Yes Ca(NOs)2 ionic strength
1100-Na-I No  100mM NaNO;  Decreasing
ionic strength
10 mM Increasing
110-Ca-v No Ca(NO3)2 velocity
10 mM Increasing
110-Ca-FA-V Yes Ca(NO3)2 velocity
1100-Na-V No 100 mM NaNO;  [ereasing
velocity

*The | value is the ionic strength (mM), the chemical name
is the source of the ionic strength, FA refers to fulvic acid
coating, | refers to ionic strength reduction, and V refers to
filtration velocity increase.

detachment of the captured AgNPs after 50 pore volumes,
ionic strength was reduced to close to 0.025 mM or the
filtration velocity was doubled from 2 to 4 m/hr. Samples
were collected every 1 or 2 minutes during both filtration
period and the detachment periods. AgNP samples were
immediately acidified with trace metal grade HNOs to
dissolve AgNPs (sample pH < 0.5). The acidified samples
were stored at 4°C overnight. The dissolved Ag
concentration was analyzed using an inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Varian).
The surface charge of AgNPs and filter media was
measured by electrophoretic light scattering (ELS, Malvern
Zetasizer). Direct observations of AgNPs and filter media
were conducted by transmission electron microscopy (TEM,
FEI Tencai) and scanning electron microscopy (SEM,
Zeiss).

4. Results and discussion

The experimental breakthrough curves are presented in
terms of the relative concentration by pore volume (Fig. 1).
Relative concentration is the normalized effluent
concentration, or the fraction of the influent concentration
remaining in the effluent. The detachment was relatively
insignificant in all but one of the filtration tests. The most
significant detachment occurred when the ionic strength
was reduced from 100 mM NaNOs to near zero.

When the filtration velocity was doubled to allow a
greater hydrodynamic drag force on the AgNPs already
captured in the filter, there was only a negligible amount of
AgNP detachment regardless of ionic strength, ion type, or
NOM presence. Note that the required velocity to detach
nanoparticles is theoretically considered to be more than
100 m/hr (Zhang 2012) which is far greater than any of
those used in this study. Even with a wide and deep
secondary energy minimum at 1=100 mM of NaNOs;, the
deposition is expected to be strong enough to withstand the
hydrodynamic force applied in this study (though there was
a tiny amount of detached AgNPs by the velocity change).
This result does not refute the fact that hydrodynamic shear
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Fig. 1 Breakthrough curves of citrate AgNPs with detachment

Table 2 Percent of the originally attached AgNPs that
became detached

Experiment # IlO_Ca_IIIO-Ca- 110-Ca- 110-Ca- 1100- 1100-

\% FA-1 FA-V Na-l Na-V
Detached
AgNPs/
Attached 1.23 0.40 7.33 0.61 2550 0.68
AgNPs
(%)

can affect the AgNPs deposited probably in the secondary
energy minimum. However, it provides an insight that
detachment can occur more easily with a chemical change
rather than a physical one. In fact, more AgNPs can be
attached at the leeward flow stagnation zone due to the local
effect of hydrodynamic force (Chen et al. 2017). As long as
the stagnation zone is available, the substantial AgNP
detachment is unlikely to occur even at higher flow rates.
The presence of such dead spaces indicates the spatial
limitation of the hydrodynamic force in the AgNP release.

It should be noted that these filtration experiments were
relatively short and designed primarily to test whether some
of the capture of particles was in the range of the secondary
minimum of the energy curve. The small amount of
detachment with the velocity change in these experiments
does not mean that detachment would not occur to a
significant degree with the same velocity change after
filtration of thousands of pore volumes (as occurs in water
treatment practice). In that case, deposits might have
significant thickness, and a change in the velocity could
induce more detachment than seen in these experiments.

Even after the detachment period, AgNPs remained in
the filter, yielding the amount of AgNPs that withstood the
detachment condition. When the ionic strength was reduced,
the remaining AgNPs in the filter were considered to be
irreversibly attached in the primary energy minimum. In all

tests, the amount of AgNPs remaining in the filter
(irreversibly attached) was quantified for the AgNP mass-
balance. The ratio of the detached AgNPs to the originally
attached AgNPs was calculated from the experimental data
(and converted to a percent) and is shown in Table 2 for all
of the experiments. The overall mass balance for each
experiment is shown in Fig. 2.

In the case of the I=100 mM NaNOjs test, the ratio of the
detached to the originally attached AgNP mass was
approximately 1:4. Assuming the detachment occurred for
all particles attached in the secondary energy minimum, it
suggests that one-fourth of AgNPs which could approach
the primary energy minimum were stopped in the secondary
energy minimum. Though the distance to the secondary
energy minimum from the filter media surface was
calculated to be only 4.19 nm (Table 3), the release of
AgNPs seemed affected by the degree of the change from
attraction to repulsion energy despite the small physical
distance from the filter media. Also, since the influent
AgNP concentration was in the low range (less than 100
ug/L), the number of the AgNPs injected to the filter was
insufficient to fully cover every filter media surface.
Therefore, multilayer AgNP deposition was unlikely to take
place in this study. One might argue that =100 mM of
NaNO; could promote the aggregation of AgNPs in the
suspension, leading to the deposition of AgNP aggregates
on the filter media. However, the empty bed contact time
was only approximately 1.18 min which is thought to be an
insufficient time for AgNPs to be aggregated. Therefore, the
significant amount of detachment is attributed to the
detachment of the AgNPs that had been deposited in the
secondary energy minimum.

With regard to the classical DLVO theory, the energy of
the interaction between AgNPs and filter media was
calculated (Fig. 3(a)). This calculation was conducted
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Table 3 Results of the energy of interaction calculations

Surface potential at ~ Energy barrier

Experiment #

Energy barrier
distance from

Distance from the surface

Secondary energy at the secondary energy

pH7 (mV) height (J) surface (nm) minimum depth (J) minimum (m)
110-Ca-1 -20.26 1.08x1020 3.22 -1.62x10°%! 15.08
110-Ca-FA-I -16.20 7.01x102! 3.60 -1.70x10%! 14.46
1100-Na-I -50.75 2.81x10%0 0.99 -1.18x10%0 4.19

assuming a spherical particle and a flat plane since the size
ratio of AgNP to filter media was close to 0.00015. A
relatively deep and wide secondary energy minimum was
calculated for the 100 mM NaNOs; case while the other
conditions showed no such significant secondary energy
minimum. The surface potentials of AgNPs and glass beads
were more negative at [=100 mM of NaNOs3 in comparison
to the other two conditions, and that caused the greater
repulsive energy reflected in the Fig. 3(a). The surface
potentials for the three conditions were calculated from
zeta-potential measurements and are shown in Table 3. It
seems that the electric double layer suppression by the 100
mM ionic strength also led to the suppression of energy of
interaction curves toward the filter media surface, resulting
in a higher energy barrier and a deeper secondary energy
minimum. Note that the secondary energy minimum
disappeared when the ionic strength was greatly reduced,
assuming the surface potentials of AgNPs and filter media
were unaffected (Fig. 3(b)). Considering the experimental
results for detachment in light of the energy interaction
calculations, it is believed that the primary reason for AgNP
detachment was their release from the secondary energy
minimum.

A comparison of the detached AgNP amounts from 110-
Ca-FA-I and 110-Ca-I (Fig. 2) shows that the NOM coating
on the AgNP caused measurable detachment when the ionic
strength was reduced. Since the location and the depth of
the secondary energy minimum were almost identical
regardless of NOM presence (Table 3), it is assumed that
the steric effect rather than electrostatic effect by NOM
coating might cause a weak AgNP deposition which is
vulnerable to the ionic strength decrease. At I=10 mM of
Ca(NOs),, the steric effect by NOM coating appears to be
the main factor because the surface charge becomes
equalized regardless of the NOM coating due to Ca-citrate
complexation, considering the higher affinity of citrate to
Ca than Na (Walser 1961).

Nevertheless, the overall results highlighted that the
change of ionic strength (which affects electrostatic
repulsion) of Na ions had the most direct effect on the
magnitude of detachment of AgNPs.

The filtration model derived from 1-D advection-
diffusion equation was used as a tool to model the effluent
profile of AgNPs, and all model outputs in this study were
the concentrations at the outlet of the filter. This model was
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Fig. 3 Energy of interaction between citrate AgNPs and filter media (a) at the ionic strength during filtration and (b) at the
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Table 4 Estimated detachment coefficients from six
filtration tests

110-Ca- 110-Ca- 110-Ca- 1100- I100-
\Y FA-I FA-V._ Nal Na-V

0.018 0.69 0.82 0.016 0.17 0.0032

Experiment # 110-Ca-I

kdet
(104shH

run by using the known value of vy and calculating kay, and
S directly from the experimental results from the attachment
period. The diffusion plus dispersion coefficient was taken
to be the particle diffusion coefficient, even though
dispersion was probably greater than this value; the primary
reason for using the model was to estimate the detachment
coefficient, so this choice for the diffusion coefficient was

deemed unimportant. The remaining parameter, kqee was
estimated to fit the model to the experimental result during
the detachment period between 50 and 60 pore volumes.
Overall, this model effectively simulated the sharp increase
and decrease of citrate AgNPs in the experiments (Fig. 4).
The assumption of first order attachment kinetics was
reasonable because the surface areca of filter media is
substantially greater than the surface area of injected AgNPs.
Also, the kg derived in each test condition allowed good
agreement with experimental results. This result
demonstrates that the transport of 50 nm AgNPs in granular
media filtration was primarily affected by diffusion and
advection and that 1-D advection-diffusion equation was
applicable to the conditions of the experiments.
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Fig. 4 Comparison of experimental results and model predictions for all filtration tests. Each column shows the cases of the
detachment caused by ionic strength reduction (left) or by filtration velocity increase (right). Experimental condition varies
from top to bottom (top: 1=10 mM Ca(NOs)2, middle: 1=10 mM Ca(NOs), with fulvic acid, bottom: 1=100 mM NaNO;

This model was fitted to the detachment profile for each
experimental condition. Values of kg were estimated using
the root-mean-square error in the short detachment period
(50~60 pore volumes), and they are shown in Table 4.

At higher pore volume values, the detachment
coefficient was estimated to be as low as 107 s! which
indicates almost no detachment. The likelihood of further
detachment after the first ten pore volumes of the
detachment period was insubstantial because the
detachment might be caused solely by eliminating the
secondary energy minimum whose effect appeared
immediately, just as turning off a switch.

Interestingly, the detachment coefficients from the two
tests with the most detachment (I=10 mM of Ca(NO3), with
fulvic acid and I=100 mM of NaNO; without NOM) were
estimated to be similar, even though the amount of detached
AgNPs was significantly different between those tests. The
seemingly identical detachment coefficient with different
amount of detachment was attributed to the different
amounts of attachment. In other words, the detachment
coefficient is the parameter which determines the
detachment rate of a system independent of the amount of
attachment. The similarity of results in these two
experiments suggests that the steric effect by NOM coating
causes as much detachment potential as the elimination of

secondary energy minimum. Thus, the detachment
coefficient is a preferred parameter to interpret the
detachment potential from different experimental conditions.

5. Conclusions

In this study, the detachment of AgNPs could be
attributed mainly to the secondary energy minimum in
terms of the amount of the detached AgNPs. The significant
reduction in ionic strength resulted in effective detachment
by eliminating the secondary energy minimum. Less
detachment was observed with =10 mM of Ca(NOj3), than
=100 mM of NaNO; because Ca ions were able to
effectively neutralize the surface charges, presumably by
Ca-citrate complexation. The steric effect by NOM coating
could lead to a weak AgNP deposition resulting in more
detachment than in the absence of NOM. The velocity
increase showed a negligible effect on the detachment
because the velocity range applied here was much lower
than the velocity level required to enable nanoparticle
detachment. The remaining AgNPs after filtration and after
a sudden decrease of the ionic strength was applied were
considered to be irreversibly deposited in the primary
energy minimum. The model derived from 1-D advection-
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diffusion equation with attachment and detachment terms
was successfully used to fit to the experimental results and
estimate the detachment coefficients. The detachment
occurred rapidly in a brief period immediately after the
ionic strength decreased or filtration velocity increased, and
the detachment coefficients were estimated using data from
that period. The comparison of the detachment coefficients
demonstrated the contribution of the steric effect to
detachment.
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cC

Symbols

A Hamaker constant [J]

ap Particle radius [nm]

D Particle diffusion coefficient [cm?s™']

Katt Attachment coefficient [s7]

Ket Detachment coefficient [s]

N Fluid-phase particle number concentration [#-L!]
s Surface to surface separation distance [nm]
S Solid-phase particle concentration [pg-g™]
Va van der Waals attractive energy [J]

Vs Born repulsive energy [J]

Vr Electrostatic repulsive energy [J]

Vo Fluid velocity [mhr-1]

€ Porosity [-]

£ & Permittivity in water [C>-J''m™!]

K Inverse characteristic length of diffuse layer [nm™]
A Characteristic wavelength [nm]

Pb Bulk density [g-cm™]

Pp Particle density [g-cm™]

War Surface potential of a media [mV]

Yoo Surface potential of a particle [mV)





