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ABSTRACT: Investigations on factors that affect the fate and
transport of nanoparticles (NPs) remain incomplete to date. In
the present study, we conducted column experiments using 8
and 52 nm silica NPs to examine the effects of NPs’
concentration and size on their retention and transport in
saturated porous media. Results showed that higher particle
number concentration led to lower relative retention and
greater surface coverage. Smaller NPs resulted in higher
relative retention and lower surface coverage. Meanwhile,
evaluation of size effect based on mass concentration (mg/L)
vs particle number concentration (particles/mL) led to
different conclusions. A set of equations for surface coverage
calculation was developed and applied to explain the different

results related to the size effects when a given mass concentration (mg/L) and a given particle number concentration were used.
In addition, we found that the retained 8 nm NPs were released upon lowered solution ionic strength, contrary to the prediction
by the Derjaguin—Landau—Verwey—Overbeek (DLVO) theory. The study herein highlights the importance of NPs’
concentration and size on their behavior in porous media. To the best of our knowledge, it is the first report of an improved
equation for surface coverage calculation using column breakthrough data.

B INTRODUCTION

The rapid growth of nanotechnology is giving rise to mass
production and widespread application of NPs." During their
production, application, and disposal, the NPs inevitably enter
the environment. Because of their potential toxicity as well as
their role as carriers for sorbed contaminants, the release of NPs
may lead to environmental contamination.

Retention and transport of NPs in subsurface environment,
especially in saturated porous media, has received considerable
attention. For example, the retention and transport of
manufactured Cg,> "> carbon nanotubes,"* ' and oxide
NPs>'7** in saturated porous media have been intensively
studied. In these studies, factors that affect NPs’ retention and
transport have been evaluated, for example, flow velocity,”'®*°
NPs surface potential,”> and presence of organic species.”>>°
Nevertheless, the investigations to date are still largely
incomplete. For instance, while the uniqueness of NPs (e.g.,
small size, large surface to volume ratio, and high reactivity) has
been acknowledged,”” systematic study on the effect of particle
size on NPs' environmental fate remains limited.”>**™>' A
general conclusion from previous investigations on size effect
using TiO,, aluminum, and Fe® NPs is that larger NPs have
higher retention.”>*>*®3! Nonetheless, it is difficult to draw
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definite conclusions because TiO,, aluminum, and Fe® NPs are
easily agglomerated, leading to size changes during transport™”>*
and making it difficult to determine whether, how, and to what
extent particle size played a role in their transport. Further
investigation of NPs’ size effect that uses relatively stable NPs is
therefore necessary. On the other hand, Auffan et al.** reported
that inorganic NPs with sizes <30 nm show different properties
from those >30 nm and proposed that the definition of NPs be
modified from 1~100 nm to 1~30 nm, whereas studies on NPs’
environmental fate with stable sizes smaller than 30 nm are
almost nonexistent.

Another factor that deserves more attention is the effect of
particle concentration on NPs’ retention and transport in porous
media. The previous studies have demonstrated significant
influence of input concentration on rates and retention
mechanisms of micrometer-size particles (e.g,, bacteria, latex,
and aggregated TiO, particles).****™*” Concentration effect of
NPs, however, has not been fully evaluated.*®” Studies that have
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Table 1. Experimental Conditions, Deposition Rate Coefficients (ky), Attachment Efficiencies (@), and Mass Recoveries of the
Column Transport Experiments”

exp. particle size input concentration ionic strength  water approach velocity deposition rate attachment mass recovery”
no. (nm) (particles/mL) (mM) (m/s) coefficient’ (h™") eﬂiciencyb () (%)
1 52 2.7 x 10" 1 146 X 107° (L5 £2.5) x 107 (25+4.1)x107™* 98%
2 52 2.7 x 10" 100 1.46 X 107° (14 +£0.3) x 107! (23 +04) x 1073 90%
3 52 1.4 x 102 1 148 X 107° (5.1 £2.6) x 107> (8.5 +44)x107* 95%
4 52 1.3 X 10" 100 147 x 107° (14 +03) x 107! (23+£04)x107° 91%
S 52 1.3 x 10" 1 1.48 X 107° (32 +24)x 1072 (53 +4.0) x 107* 98%
6 52 12 x 108 100 147 X 107° (9.0 £2.6) x 1072 (1.5 +04) x 1073 93%
7 8 0.9 x 10" 1 1.51 X 107° (L5 +0.3) x 107! (58 +1.0) x 107* 89%
8 8 1.7 X 108 100 1.51 X 107° (32+03) x 107! (12+£01)x 1073 85%
9 8 3.5 x 10™ 1 1.48 X 107° (41+£27)x 1073 (1.6 £ 10) x 107° 100%
10 8 3.5x 10" 100 145 x 1073 (1.5 +£02) x 107 (56 +1.0) x 107* 92%
11 8 1.3 x 10" 200 147 X 107° (58+0.3) x 107! (23+0.1)x 1073 57%

“Sands (210 g) were packed in each column with column porosity at ~0.340; solution pH was maintained at 10. ” “ +

bey~ represents the uncertainty of

the value, based on >9 steady-state data points. “Mass recovery was calculated as ratio of the number of NPs in effluent (phases 1 and 2) and the

number of NPs in influent.

investigated effects of size used the same mass concentrations
when comparing the behavior of differently sized NPs.*>***! It is
not clear whether the comparison is conclusive because at the
same mass concentration (mg/ L), particle number concen-
tration (particles/mL) can be orders of magnitude different
when particles being compared span a wide size range. To date
the potential implications of using mass or particle number
concentrations in this type of studies on interpretation of particle
size effect have not been adequately investigated. Similarly,
standard protocols have not been developed to guide studies that
examine the size-dependent toxicological behavior. For example,
Simon-Deckers et al.** evaluated NPs’ size effect on the toxicity
using the same mass concentration, but Jones et al.*' and Nair et
al** performed the evaluation using the same particle number
concentration. This makes comparison between different studies
and interpretation of results difficult. Therefore, potential effect
of concentrations, in terms of mass concentration and particle
number concentration or namely appropriate concentration
expression, needs to be systematically evaluated. Such
information would be useful in the development and
implementation of standard protocols for future investigations
of NPs’ environmental fate and toxicity.

Besides, most current theoretical description of NPs’ retention
and transport is limited to the classical filtration theory (CFT)*
supplemented by the DLVO***> force representa-
tions.>>72152246=50 g, example, Li et al” investigated fullerene
deposition and transport and observed that the effective collision
efficiency was more than 1 order of magnitude larger than the
value predicted by the DLVO theory. Conventional DLVO
theory uses approximate expressions, for example, Derjaguin
approximation®' to represent electric double layer interaction.
The assumptions under which the approximations hold,** for
example, h < a,, (i.e., separation distance is much less than NPs’
radius) and kh > 1 (i.e., separation distance is much larger than
the Debye length), however, may not be applicable to small NPs.
Because NPs, especially those with sizes <20~30 nm, may have
unique properties (e.g., large specific surface area, exponentially
increased surface atoms, and high interfacial reactivity)>® or are
smaller than the thickness of electrical double layer,*® the
applicability of the DLVO theory for describing their
agglomeration, retention, and transport behavior has been
questioned.>
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The objectives of this study were to (1) investigate effects of
concentration and particle size on NPs’ retention and transport
in saturated porous media, and (2) examine the applicability of
the DLVO theory to describe deposition of small NPs on sand
surfaces. Because silica NPs are stable in suspension®**° and
thereby can be more easily controlled to have constant
concentration and particle size, they were selected as
representative NPs in the present study. In addition, the
equations developed by Guzman et al.”® were used in order to
calculate the DLVO interaction, considering that the equations
exclude the Derjaguin approximation and thus do not need the
assumptions of h < a, and kh > 1.

B MATERIALS AND METHODS

Porous Media. A mixture of Accusands that is composed of
96.9% SiO, and 3.1% CaCO; with a mean diameter of 0.22 mm
(Unimin, Le Sueur, MN) was used in this study. Before use, the
sands were treated to remove metal oxides and other
impurities, >’ following the treatment procedure given in the
Supporting Information (SI).

Silica NPs. Two monodispersed stock suspensions that
contained surfactant-free silica NPs were purchased from the
Nissan Chemical Industries, Ltd. (Tarrytown, NY). The mean
diameters of silica NPs in the two suspensions are 8 + 2 nm and
52 + 1 nm, respectively, based on measurements from
transmission electron microscopy (TEM) images (see SI Figure
S1 and experimental procedure for TEM imaging in the SI). The
manufacturer reported densities of 8 nm and 52 nm NPs are 1.14
g/mL and 1.30 g/mL, respectively. The silica NPs under the
experimental conditions of the present study were stable, which
was confirmed by dynamic light scattering (DLS) measurements
of influent and effluents samples (Zetasizer Nano ZS, Malvern
Instruments) and is consistent with literature reports.54’55
Electrophoretic mobilities of silica NPs were measured using a
Zetasizer Nano ZS (Malvern Instruments) at 25 + 0.5 °C, pH =
10, and with 50—2000 mg/L suspensions, which were then
converted to zeta potentials (Table S1 in the SI) using the Henry
Equation®® (eq S1 in the SI).

Solution Chemistry. Deionized (DI) water and ACS grade
NaCl were used for the preparation of background solutions at
desired ionic strength (IS). Input NPs’ suspensions were
prepared by spiking the background solutions with NPs” stock
suspensions and degassed thoroughly. Solution pH was there-
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after adjusted to 10 with 0.1 mM NaHCO; and 0.1 mM Na,CO,
and subsequently using 0.01 M HCl/NaOH. We used pH as high
as 10 in order to minimize surface charge heterogeneity and also
to ensure attachment of silica NPs under unfavorable
conditions.>**’

Column Transport Experiments. Column experiments
were performed in a 10 cm long acrylic column (i.d. = 3.85 cm)
with similar column setups described elsewhere.***® A summary
of experimental conditions are presented in Table 1. Briefly,
during each experiment, ~20 PVs (pore volumes) of particle-free
background solution was introduced upward to the column with
a peristaltic pump. Background solution amended with bromide
tracer (KBr) was after that pumped to produce the breakthrough
curves for the confirmation of consistency and reproducibility of
the column packing (SI Figure S2).°° Experiments were
thereafter run following a 3-phase procedure to differentiate
primary- and secondary-minimum deposition.*" Successively,
input solution was switched to silica NPs suspension (10 PVs,
phase 1), background solution (4 PVs, phase 2), and DI water (6
PVs, phase 3). Samples of the effluent were collected from top of
the column with a fraction collector. Column dissection was not
performed, considering that the size ratios of silica NPs to media
grains were an order of magnitude smaller than the reported
0.0017 threshold for straining to occur.®’!

Sample Analysis. Silica concentrations were measured by
inductively coupled plasma—optical emission spectrometer
(ICP—OES, Varian VISTA—MPX). Samples were diluted with
acidified (2% HNO;) background solution and the measured
concentrations were corrected for background silica concen-
trations in controls (i.e., effluent samples of background buffer
before introduction of silica NPs). The method detection limits
were estimated 6.3 X 10'! particles/mL for 8 nm silica NPs and
2.0 X 10° particles/mL for 52 nm silica NPs, respectively.

B THEORETICAL CONSIDERATION

Deposition Rate Coefficient (kg) and Attachment
Efficiency (a). The deposition rate coefficient (kg h™') is
determined by the following equation:**%%>

ky= Vfln(%)
(1)

where v, is pore water velocity (cm/min), L is column length
(cm), C, is input NPs’ number concentration (particles/mL),
and C is effluent NPs’ concentration (particles/mL) which was
represented by steady-state concentration, C, (particles/mL), in
the present study.”*>%*

The obtained k4 was then used to calculate the attachment

efficiency (@) using the following equation:>**>
— 4kdac

a= — &%

3(1 = &)y, @)
where a_ is mean collector radius (mm), € is column porosity, 7,
is single collector efficiency, which is determined by the following
correlation equation:62

770 — 2-4Asl/3N£0.081N5e0.715N\?&V32 + O.SSASNII{.SSNI;O.IZS

NS 4+ 022N NGNS
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©)

where Ay is a porosity-dependent parameter, Ny, is aspect ratio,
Np, is Peclet number, N, 4y is van der Waals number, and N is
gravitational number.
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Surface Coverage (6). Surface coverage was coméputed from
a breakthrough curve, using the following equation:**~%

2 ¢ C
naPUaCCO/O (1 - C_0>dt

o= 3L(1 - ¢)

(42)
where a,, is particle radius (nm), U is water approach (Darcy)
velocity (cm/min), and t is duration of time for phase 1
breakthrough experiment (min).

The above equation (see derivation of eq 4a in the SI)
calculates surface coverage using the total loaded particles in the
column at any given time, which includes both the suspended
particles in pore water and the attached ones on collector surfaces
and thereby overestimates surface coverage. The overestimation
would be significant when C, is high and especially the suspended
particles in pore water account for a significant portion of all the
particles in the column. To correct such an overestimation, eq 4b
is developed (see derivation of eq 4b in the SI) to calculate the
corrected surface coverage:

(2
ma,a.Cov,e

¢
7/ l—idt for PV <1
3L(1 —¢)]| Yo Co
kL
—il—e_Pva ,
kq

2
maja.Cyel| pt

Pi‘”’/ 1 S at for v
3L(1 — &) Jo C,

1 _kd
——|1 -]
kd

where PV is pore volume. Figure S3 in the SI shows that after the
correction the surface coverage was significantly reduced in the
present study.

Equation 4b can be further written as follows with several
approximations (see Derivation of eqs 4c and 4d in the SI):

I
A

(4b)

5 ae LPV?
(ﬂapkdco)mv—PT, for PV < 1
9 =
(ﬂ'uzdeO)LL(PV - l), for PV > 1
P 3(1 - 8) Vp 2 (4C)
or
ae kL PV?
MO%L—, for PV < 1
4(1 — £)upp v, 2
acé' de 1
my—————2|PV — —|, forPV>1
4(1 - €)app VP 2 (4d)

where m,, [= (4/ 3)rmng0] is input mass concentration (mg/L)
and p is NP’s density (g/mL). Equation 4c states that 8 is
proportional to ﬂ'a%kPCO and eq 4d indicates that 6 is proportional
to (ky/ aP) for a given mass concentration (my).

Additionally, when using the concept of surface coverage,
assumptions (1) particles form monolayer coverage on collector
surfaces and (2) no particle detachment occurs during deposition
processes, are generally made.'"®” These assumptions are likely
valid in the present study for the following reasons. First, silica
NPs used in this study had same particle-size distributions before
and after experiments, as indicated by DLS measurements,
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consistent with reports in the literature that silica NPs are stable
in suspension.”*>> Second, breakthrough curves reached stable
plateau concentrations, suggesting the lack of ripening effects
(Figure 1la—d). Third, there was little particle detachment as
indicated by the negligible tailing during flushing with particle-
free solution (phase 2)5068 (Figure 1a—d).

(a) 52 nm and 1 mM (b) 8 nm and 1 mM

1.20 1.20
0.80 A—1.3E13 - 0.80 -
§ exp. 5 Q° —0—3.5E14 -
o —o—1.4E12- o exp. 9
0.40 exp. 3 0.40 ——9.0E12 -
—O0-2.7E11 - exp. 7
exp. 1
0.00 &= T T D 0.00
0 5 10 15 0 5 10 15
PV PV
(c) 52 nm and 100 mM (d) 8 nm and 100 mM
1.20 1.20
0.80 1 0.80 1
o o
Q Q —0—3.5E14 -
o 0.40 —0—1.3E12 - © 0.40 exp. 10
0 exp. 4 - —O—1.7E13 -
—0—2.7E11 -
exp. 2
0.00 0.00 Ok
0 5 10 15 0 5 10 15

PV PV

Figure 1. Concentration (C,) effect on retention of 52 nm and 8 nm
silica NPs: (a) 52 nm and IS = 1 mM, (b) 8 nm and IS = 1 mM, (c) 52
nm and IS = 100 mM, and (d) 8 nm and IS = 100 mM.

DLVO Interactions. The DLVO interaction energy (®pyo,
J) between NPs and collectors, which is regarded as sphere-plate
interaction, is a sum of the double-layer repulsion (®,, J) and

retarded van der Waals attraction (@, gy, J):*>
Dprvo = Ry + Paw (8

where

@, = megex(y] +v7)

— coth[k(h + a, — a, /1 — (V/ap)2 )]
+ coth[x(h + a, + a1 — (r/ap)z )]

Qyw,)
+— soesc hlk(h + a,
(WS + Yy rdr

— a1 (r/a)")]

(v
—Z)CSC hlk(h + a,

o\
2
<

- 2
(v, + v,

+a, 1 - (r/ap)2 )]

ALY 4p

h+2aP

(6)

h
h+2aP

(I)vdW =
6| h
?)
where ¢, is free space permittivity (F/m), ¢, is relative
permittivity, k is inverse of Debye length (nm™") (see eq S2 in
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the SI), y, and ¥, are surface potentials of sphere and plate,
respectively, and are usually approximated as zeta-potentials,> h
is minimum surface-to-surface separation distance (nm), and A is
nonretarded Hamaker constant (=6.3 X 1072! J).%7° Equations
6 and 7 were developed by Guzman et al.”® with surface element
integration technique,”* which exclude Derjaguin approximation
and thus do not need the assumptions of h < a, and kh > 1.

B RESULTS AND DISCUSSION

Concentration Effect. Concentration effect of silica NPs on
their transport in saturated porous media was evaluated at IS of 1
mM and 100 mM over a concentration range from 10" to 10"
particles/mL (Table 1), which are within colloidal concentration
range used in relevant studies.”” Breakthrough curves (BTCs) of
silica NPs, that is, relative effluent concentration (C/C,) as a
function of PV, are plotted in Figure la—d. The BTCs of 8 nm
NPs (Figure 1b and d) show that the values of steady-state
effluent concentrations (C,/C,) increased with C, at both IS
values, suggesting that higher C, gave rise to lower relative
retention. On the other hand, the values of C,/C, in the BT Cs of
52 nm NPs reached close to 1.0 (Figure 1a and c), implying that
the retention capacity of the porous media for 52 nm NPs was
low. Because the differences in the breakthrough curves with
respect to 52 nm NPs are so small, which was caused by the
limited retention capacity of the porous media for the 52 nm
silica NPs, a definite evaluation of concentration effect on the
BTCs was not allowed in this case.

Additionally, we evaluated concentration effect on surface
coverage (0) of silica NPs using eq 4b. Figure 2a—d demonstrates

(a) 52 nm and 1 mM (b) 8 nm and 1 mM

90% 90%
—£—1.3E13 -exp. 5 3.5E14 - exp. 9
—0—1.4E12 - exp. 3 9.0E12 - exp. 7
60% —0—2.7E11 -exp. 1 60%
® Y
30% A 30% A
0% 0% m
0 5 10 15 0 5 10 15
PV PV
(c) 52 nm and 100 mM (d) 8 nm and 100 mM
90% 90%
—0—3.5E14 - exp. 10
——1.7E13 - exp. 8
60% 60% A
@ —A—1.2E13 - exp. 6 A
30% - —0—1.3E12 - exp. 4 30% A
——2.7E11 - exp. 2
0% 0%
0 5 10 15 0 5 10 15

PV

PV

Figure 2. Concentration (C,) effect on surface coverage (6) of 52 nm
and 8 nm silica NPs: (2) 52 nm and IS = 1 mM, (b) 8 nm and IS = 1 mM,
(c) 52 nm and IS = 100 mM, and (d) 8 nm and IS = 100 mM.

that higher C, contributed to larger @ at both IS of 1 and 100 mM.
This observation is supported by eq 4c, which shows that surface
coverage is proportional to C, To further evaluate the
concentration effect, we calculated the deposition rate coefficient
(k) and attachment efficiency () using measured C,/C, values
and egs 1 and 2. Table 1 shows that a definite trend of the
dependence of kyand a on C; is not available to the present cases.
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Results from this study are generally consistent with literature
reports based on studies with micrometer-sized particles (e.g,,
latex microspheres, bacteria cells, and asg%regated TiO,
particles).'®**™” Bradford and colleagues®®”” hypothesized
that the concentration-dependent colloid retention and trans-
port are due to (i) concentration-dependent filling of retention
sites and (ii) concentration-dependent mass transfer of colloids
to retention sites. At present, studies of concentration effect on
retention and transport of NPs are very limited.*** Our study
indicates that these proposed mechanisms may also apply to
explain the behavior of very small NPs. Additionally, it was once
reported that greater input concentrations resulted in increased
relative colloidal retention at IS > 0.1 mM,** which is opposite to
the present results, attributing to the ripening effect.** Since the
silica NPs used in the present study were stable, ripening should
be insignificant in the present cases.

The above discussion suggests that it is important to pay
attention to the concentration effects when comparing results
from different studies. Moreover, interpretation of experimental
results involving different concentrations becomes more
complex when the key focus of the studies is to identify
differences between NPs and their larger counterparts. The
additional complexity may arise from inconsistent use of mass or
particle number concentrations. We address the interplay
between particle size and concentration effects in detail in Size
Effect section below.

Size Effect. The breakthrough curves in Figure 3a and b
shows that the relative retention was higher for 8 nm NPs than

(a) 0.9~1.2E13 and 1 mM (b) 1.2~1.7E13 and 100 mM

cre,

(c) 0.9~1.2E13 and 1 mM

—O0—52 nm -exp. 5

—O—8 nm -exp. 7 60%

—{1—52 nm - exp. 6

30% —O—8 nm - exp. 8

0%
15 0 5
PV

10 10

15
PV

Figure 3. Size effect on retention of silica NPs: (a) IS =1 mMand (b) IS
=100 mM and on surface coverage (6) of silica NPs: (c) IS = 1 mM and
(d) 1S = 100 mM. Comparisons are performed under the same particle
number concentrations.

for 52 nm NPs at both 1 and 100 mM IS. On the other hand,
Table 1 indicates that 8 nm NPs have larger k, values than 52 nm
NPs at both 1 and 100 mM IS (exp. 7 vs exp. S and exp. 8 vs exp.
6, respectively). These results suggest that, at the same particle
number concentration, the smaller 8 nm NPs would deposit
faster. There are likely two mechanisms that are responsible for
the observed size effect. First, size affects directly the interaction
energies between NPs and sand surfaces, as shown by eqs 6 and 7.
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Second, size affects NPs physical and/or chemical properties, for
example, zeta-potential as shown in SI Table S1, and thereby
indirectly and further affects the interaction energies. In both
mechanisms, size is the origin to the observed different retention
and transport behaviors.

Table 1 also shows that the attachment efficiencies (a) of 8 nm
NPs were almost similar to that of 52 nm NPs at the two IS values
(exp. 7 vs exp. S and exp. 8 vs exp. 6). The results indicate that
faster deposition rate is not a guarantee for higher attachment
efficiency, because attachment efficiency is determined by both
the deposition rate coefficient (k;) and collector contact
efficiency (77,), not by k4 alone (see eq 2). In addition, Figure
3¢ and d demonstrates that, at both IS values, the smaller 8 nm
NPs had lower surface coverages. This is reasonable because, at
the same particle number concentration (C,), smaller particles
have much smaller total projection area (ﬂag) than the larger
ones (see eq 4c).

Analyses of the results from this study also reveal that,
interpretation of size effect on NPs’ retention and transport
would lead to different conclusions, depending on whether the
interpretation was based on mass concentration (mg/L) or
particle number concentration (particles/mL). For example,
under similar particle number concentrations, the larger NPs (52
nm) had lower relative retention, but higher surface coverage
(Figure 3a—d) than the smaller NPs, whereas under similar mass
concentrations, relative retention of both 52 nm and 8 nm NPs
was similar but the smaller NPs had higher surface coverage
(Figure S4a—d in the SI). The discrepancy suggests that, when
studies are conducted with the goal to reveal potential behavior
of NPs relative to their larger counterparts (both on environ-
mental fate and toxicity), special attention should be paid to the
potential effect of concentrations, in terms of mass concentration
and particle number concentration or namely appropriate
concentration expression. In fact, the apparent discrepancy can
be explained by eqs 4c and 4d. Equation 4c shows that, for a given
particle number concentration (C,), & can be higher for larger
NPs because it is proportional to ﬂagdeO, if the k4 value does not
decrease a lot in comparison to that of the increase in ag, which is
true according to Table 1. Meanwhile, eq 4d indicates that, for a
given mass concentration (m,), 6 is higher for smaller NPs,
where the k4 value is similar according to eq 1 because of the
nearly identical C,/C, . We believe that using particle number
concentration as the basis for comparisons of NPs’ fate and
toxicity may provide additional insights. In aerosol research, it
has been reported that surface area and particle number
concentrations are better predictors than mass concentrations
of risks associated with NPs’ exposure and toxicity in air.>*>’

The above results demonstrate that the smaller NPs (8 nm vs
52 nm) corresponded to higher relative retention, faster
deposition, and lower surface coverage. These results are
contrary to the previous reports that the smaller NPs (e.g,
TiO,, aluminum, and Fe® NPs) had less relative reten-
tion.”>*>**3! This could be because the comparison was made
previously based on the same NPs’ mass concentration. In
addition, it is likely that particle size was not well controlled due
to agglomeration, leading to particle size and particle number
concentration change during the experiments. As such, it is
difficult to make a definite evaluation on the effect of NPs’ size in
those studies.

Applicability of DLVO Theory. The results in Figure 4a and
b show that both 8 nm and 52 nm silica NPs were released upon
introduction of DI water during phase 3 (from 14 to 20 PVs).
However, the release of 8 nm silica NPs was much more
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(a) 8 nm (b) 52 nm
3.00
..... O 1mM
exp. 7 @@88@
44444 & 100 mM O+ 1mM
2.00 exp. 8 exp. 5
°
g A iggnﬁﬂ R~ R R I S 1 N - 100 mM
exp. 6

Figure 4. Reversibility of deposition of (a) 8 nm and (b) 52 nm silica
NPs under various IS.

pronounced than 52 nm particles. Mass balance analysis
indicated that ~100% of the deposited 8 nm silica NPs at IS =
100 mM was released, whereas the release of 52 nm NPs was
~2%.

The limited release of 52 nm silica NPs can be explained by the
DLVO theory. According to the DLVO calculation, the depths of
secondary energy minima (@) are in the range of 0—1.4 kT
(Table 2). These @, values are smaller than the average kinetic

Table 2. Calculated Maximum Energy Barriers (®,,,.),
Secondary Energy Minimum Depths (®,,.), and their

Respective Separation Distances of DLVO Interaction
Profiles between Silica NPs and Sands”

1S [ ()
height (kT) depth (kT)
(mM) 8nm S2nm 8nm S52nm 8nm S52nm 8nm S52nm

1 03 1014 53 16 0 0 /° /°
100 1.8 30.8 0.6 0.5 0 1.4 /b 5.6
200 11 N/A° 06 N/A° 0 N/A° /% N/AC
“Hamaker constant is 6.3 X 107! ]69'70 and pH = 10. bd)sec does not
exist. “None available.

‘max sec

distance (nm) distance (nm)

energy (1.5 kT) associated with particles’ Brownian motion,®*”3

therefore, limited retention in and release from the secondary
energy minima is expected for 52 nm NPs. On the other hand,
the significant release of 8 nm silica NPs is inconsistent with the
DLVO prediction. This is because the DLVO calculation
suggests likelihood of primary minimum deposition (due to
low energy barrier heights) rather than retention in secondary
minima (due to minimal ®,,. values) (Table 2), whereas the
experimental observation of the significant release indicates that
there was large deposition of 8 nm NPs in the secondary energy
minima.

The above results clearly indicate that the DLVO theory is not
applicable to describe the behavior of 8 nm NPs. This might be
that, in addition to the double layer repulsion and van der Waals
attraction, other short-range interactions (e.g, hydration and
solvation) may also play an important role, resulting in the failure
of the DLVO prediction. Hahn and O’Melia”* have pointed out
that the release of deposited particles can occur at separation
distances of a few nanometers where the DLVO theory usually is
not able to provide a quantitative description due to significant
contribution of other types of interactions. On the other hand,
when NPs are very small so that the overlap of diffuse double
layers is complete, DLVO theory may not be valid; rather, the
Bronsted concept based on the Transitional State theory of
interacting ions has been applied.>> In addition, our recent
study’* indicated that surface roughness, mainly in the form of

large valleys on sand grains, can locally increase the energy barrier
as well as depth of the secondary energy minima, which would
allow additional retention of particles in the secondary energy
minima. Moreover, we found that the asperities on sand surfaces
would shield depositing particles from hydrodynamic shear from
being detached. Both roughness effects might be also responsible
for the significant reversible release of 8 nm NPs as was observed
during the phase 3 experiments.

‘While mechanisms for the failure of the DLVO theory to very
small NPs may need to be systematically studied further, the
above results in Figure 4a and b suggest that careful experimental
scrutiny on NPs release from the porous media is quite necessary,
especially when the size reduces to very small value (e.g., 8 nm in
this case). Pronounced release of deposited NPs in porous media
may occur upon lowering of pore water IS (e.g, in the event of
rainfall), which is not predicted by the DLVO theory but could
exert severe environmental consequences.
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