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• Migration of AgNPs in the Ultisol was
low due to high surface area and reten-
tion sites.

• Increased transport occurred at higher
particle concentration and smaller par-
ticle size.

• Surface coatings promoted AgNPs trans-
port by effectively blocking the solid-
phase sites.

• The 1- or 2-species model successfully
described the behaviors of AgNPs in
soil columns.
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Soils are considered as amajor sink for engineered nanoparticles (ENPs) because of their inevitable release to the
subsurface environment during production, transportation, use and disposal processes. In this context, the trans-
port and retention of silver nanoparticles (AgNPs) with different input particle concentration, particle size, and
surface coating were investigated in clay loam using water-saturated column experiments. Our results showed
that the mobility of AgNPs in the soil was considerably low, and N73.9% of total injected AgNPs (except for no
coating condition) was retained in columns. This is primarily due to the high specific surface area and favorable
retention sites in soil. Increased transport of AgNPs occurred at higher input concentration and smaller particle
size. The presence of surface coatings (i.e., polyvinylpyrrolidone (PVP) and citrate) further promoted the trans-
port and reduced the retention of AgNPs in soil, which is likely due to their effective blocking of the solid-
phase sites that are originally available for AgNPs retention. Although the shape of retention profiles (RPs) of
AgNPs was either hyperexponential or nonmonotonic that is different from the colloid filtration theory predic-
tion, the 1-species (consider both time- and depth-dependent retention) and/or 2-species (account for the re-
lease of reversibly deposited AgNPs) model successfully described the transport behaviors of AgNPs in soil
columns under all the investigated conditions. This study proves the applicability of mathematical model in
predicting the fate and transport of ENPs in real soils, and our findings presented herein are significant to ulti-
mately develop management strategies for reducing the potential risks of groundwater contamination due to
ENPs entering the environment.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

After over 20 years of basic and applied research, nanotechnology is
undergoing rapid development and industrialization. The overall mar-
ket value of products incorporating nanotechnology is projected to be
about $3 trillion by the year of 2020 (Roco, 2011). Engineered nanopar-
ticles (ENPs) are increasingly incorporated into many industrial and
consumer products. According to the Consumer Products Inventory
(CPI), currently there are 1814 consumer products in 32 countries
(Vance et al., 2015) in a wide range, such as textile, paint, clothing, sun-
screen, cosmetics, antimicrobial agents, medicine, food additives, pesti-
cides, etc. (Council NR, 2012; Kah et al., 2013; Kah and Hofmann, 2014).
In particular, silver nanoparticles (AgNPs) are the most frequently used
nanomaterial type, accounting for 435 products (or 24%) of the total
nanomaterials produced (Vance et al., 2015).With the increasing appli-
cation of AgNPs environmental seepage are inevitable, whichmay occur
through multiple pathways, such as atmospheric deposition, irrigation
with wastewater effluent, land application of sewage sludge, and
stormwater runoff (Gardea-Torresdey et al., 2014; Gottschalk et al.,
2009; Klaine et al., 2008; Wiesner et al., 2006). The released AgNPs
would eventually enter the major repository, that is, soil. In this regard,
a thorough understanding of the fate and transport of AgNPs in soils is of
critical significance for their benign use, risk assessment, and waste
management.

During the last decade, most of the research on the fate and trans-
port of AgNPs were performed using well-defined model porous
media (e.g., quartz sand and glass bead) (El Badawy et al., 2013; Liang
et al., 2013b; Lin et al., 2011; Mitzel and Tufenkji, 2014; Tian et al.,
2010). While natural soils are highly complex and heterogeneous with
respect to their physicochemical characteristics, such as varied soil pH,
soil organic matter (SOM) and cation exchange capacity, mineral com-
position and specific surface area, broad grain size distribution, as well
as complex pore structure (Wang et al., 2014a, 2014b, 2015). For exam-
ple, AgNPs dissolutionwas only detected in 6 soils of 16 soil suspensions
with a wide range of physicochemical properties, which was possibly
attributed to the strong partitioning of dissolved Ag+ ions to soil grains
(median Kd = 1791 L kg−1) (Cornelis et al., 2012). Moreover, the
partitioning process became more significant predominantly with in-
creased SOM content. X-ray microtomography analysis suggested that
AgNPs transport in natural soil was strongly influenced by soil aggre-
gate size (Sagee et al., 2012). And they found that chemical interactions
between AgNPs and soil grains were of pivotal importance as a reten-
tionmechanism. Retained AgNPswere strongly associatedwith soil col-
loids composed of Si, Fe, Al, and organicmatters (Makselon et al., 2018).
Therefore, information obtained from those studies in model porous
media may have limited applicability for predicting the fate and
transport of AgNPs in natural soils (Cornelis et al., 2012, 2013;
Darlington et al., 2009; Jaisi and Elimelech, 2009; Sagee et al., 2012;
Yopasá Arenas et al., 2018). In addition, most AgNPs incorporated
into commercial products are typically modified with capping
agents, such as ligands (e.g., citrate) and polymers
(e.g., polyvinylpyrrolidone, PVP). These coatings are thought to
strongly affect the surface chemistries, subsequently, impact on
their mobility, reactivity, and toxicity in natural environments (El
Badawy et al., 2011, 2012; Levard et al., 2012).

Laboratory column experiments were conducted to systematically
investigate the effects of input particle concentration, particle size, and
surface coating on the transport and retention of AgNPs in soil, which
was a complement to our previous work (Wang et al., 2014a) examin-
ing effects of soil grain size, solution ionic strength and composition,
flow rate, and capping agent concentration. Again, attempts were
made to better understand the mechanisms behind AgNPs mobility
using 1-species and/or 2-species transport model. The overall goal of
this study is to deepen our current knowledge of key physicochemical
factors controlling the fate and transport of AgNPs in real subsurface en-
vironments (i.e., soil and sediment).
2. Materials and methods

2.1. Chemicals

Deionized water (resistivity: 18.2 MΩ cm, Milli-Q, Millipore, USA)
was utilized for preparing all aqueous solutions. Analytical reagent-
grade KNO3, AgNO3 and citric acid were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Biotech-grade PVP (MW
= 40,000 g mol−1) was purchased from Biosharp (Hefei, China).

2.2. Soil

Surface soil (0–20 cm)was sampled from the Ecological Experiment
Station of Red Soil, Chinese Academy of Sciences (Yujiang County,
Jiangxi, China). Prior to use, the soil was air-dried, gently ground, and
sieved to obtain median grain size of 650 μm (soil size distribution of
600–710 μm). The soil was classified as clay loam with 30% sand, 43%
silt, and 27% clay. Additional properties were documented in our previ-
ous publications (Wang et al., 2014a; Wang et al., 2014b) and also re-
trieved in Supporting Information (SI) Table S1. Briefly, this soil had a
pH of 4.6, organicmatter content of 6.6 g kg−1, cation exchange capacity
of 8.5 cmol kg−1, and a specific surface area of 24 m2 g−1. The clay frac-
tion consisted of kaolinite, montmorillonite and hydromica. The surface
charge of the soil in 1 mM KNO3 solution was determined to be−15.0
± 1.1 mV using a NanoBrook 90Plus PALS apparatus (Brookhaven In-
struments, USA).

2.3. AgNPs suspensions

Silver nanoparticles (AgNPs) with two different sizes were used in
this study. Commercial AgNPs (denoted as small AgNPs) were pur-
chased from the Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing,
China). In-house AgNPs (denoted as large AgNPs) were synthesized as
per Yu et al. (2014) method with a slight modification, details were de-
scribed in the Supporting Information Text S1. AgNPs stocks were
stored at 4 °C in the dark before use. Aliquots of AgNPs stock solution
were transferred into 1 mM KNO3 electrolyte solution containing 0.5%
PVP or 0.5% citrate. Subsequently, the mixture of AgNPs with 0.5%
PVP/citrate coating was vigorously stirred for 1 h, followed by sonica-
tion for 30 min prior to the column transport experiments. The pH
value of AgNPs solutions was unbuffered and ranged between 4.5 and
5.3.

The scanning spectra of small and large AgNPs were obtained using
an UV–Vis spectrophotometer (UV-2700, Shimadzu corporation, Japan)
at the wavelength ranging from 200 to 800 nm. Their zeta potentials
and hydrodynamic diameters (Dh) were examined with NanoBrook
90Plus PALS analyzer (Brookhaven, USA) at room temperature. Mor-
phological images of AgNPs were taken using a transmission electron
microscope (TEM, JEM-2100, Japan), in which particle size distribution
was calculatedusingNanomeasurer 1.2 software based on randomly se-
lected ~100 particles from 10 TEM images.

2.4. Column transport experiments

Transport experiments were performed in duplicates using glass
chromatography column with 1.2-cm inner diameter and 10-cm in
length. Both ends of column were capped with polytetrafluoroethene
and stainless-steel mesh (80-μm opening) to support the packed bed.
The vertically-oriented columns were dry-packed by carefully adding
1–2 cm increments of soil grains (650 μm) followed by gentle vibration
to eliminate any layering (Wang et al., 2012a). The packed height was
around 8.5 cm. A well-established procedure of saturating and condi-
tioning the packed column was applied to stabilize the soil colloids
and to avoid pore clogging (Wang et al., 2014a, 2014b, 2015). Detailed
protocol was stated in SI Text S2. A nonreactive tracer (bromide) exper-
iment was performed to obtain the fluid pore-water velocity and
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dispersion coefficient of packed columns, whichwere then used for nu-
merical simulations of AgNPs transport (described in Section 2.5).

Afterwards, three sets of columnexperimentswere conducted to ex-
amine the roles of particle properties in the transport and retention of
AgNPs in soil. The first set investigated the input AgNPs concentrations
(C0= 2.5, 5.0, 10mg L−1) with the presence of 0.5% PVP acting as a sta-
bilizer. Secondly, the effect of particle sizes (size=15.0 and 27.4 nm) on
the transport of AgNPs in soil was examined. The third set explored dif-
ferent surface coatings (i.e., PVP and citrate). The experimental ionic
strength and flow rate were maintained constantly at 1.0 mM KNO3

and 0.25 mL min−1, respectively. For each set of experiment, the
AgNPs suspensions of interest were injected into the column using a
peristaltic pump (YZП-15, Baoding Longer Precision Pump Co., Ltd.,
China) for 20 pore volumes (PVs), followed by elutionwith background
electrolyte (1.0 mMKNO3) until a low and stable absorbance signal was
obtained. Meanwhile, the AgNPs suspension was continuously stirred
with a magnetic stirrer to disperse the AgNPs at the duration of experi-
ments. It should be mentioned that very limited dissolution (b3%) of
AgNPs occurred over the time frame of transport experiments (Wang
et al., 2014a). So, the dissolution effect was deemed to be negligible in
this study. The AgNPs effluents were regularly collected using a fraction
collector (BS-100A, Huxi Analytical Instrument Factory Co., Ltd., China)
and immediately determined with UV–Vis spectrophotometer (UV-
2700, Shimadzu corporation, Japan) at awavelength of 400 nm to quan-
tify AgNPs concentrations (SI Text S3 and Fig. S1).

After the completion of each columnexperiment, the soil grain in the
column was carefully excavated in 1-cm increment (8 layers). The soil
segment was dried in an oven at 85 °C, then ground and digested by
HNO3-HF acids. Total Ag in the digestionwasmeasuredwith inductively
coupled plasma-atomic emission spectroscopy (ICP-AES, PerkinElmer,
US). Finally, the mass balance was calculated based on the mass of
AgNPs in the effluents, retained in soil, and the total injected amount.

2.5. Mathematical model

In this study, the one-dimensional convection–dispersion equation
(CDE) coded in CXTFIT (Toride et al., 1999) was used to evaluate the
fluid pore-water velocity and dispersion coefficient by fitting tracer
breakthrough curves (BTCs). The 1-species or 2-species model was ap-
plied to describe the observed BTCs and retention profiles (RPs,
i.e., hyperexponential and nonmonotonic) of AgNPs in soil. The
HYDRUS-1D code (Simunek et al., 2008) was used to numerically eval-
uate the transport parameters of AgNPs by inverse fitting to the exper-
imental BTCs and RPs with a non-linear least square optimization
routine based on the Levenberg-Marquardt algorithm (Marquardt,
1963).

When experimental RPs were hyperexponential shape, a single mo-
bile species (i.e., species 1) is considered, and the aqueous and solid-
phase mass balance equations for AgNPs are given as (Bradford et al.,
2006):

∂ θwC1ð Þ
∂t

¼ −∇ J1−θwψblockk1C1 þ ρbk1 detS1 ð1Þ

∂ ρbS1ð Þ
∂t

¼ θwψblockk1C1−ρbk1 detS1 ð2Þ

where θw is the volumetric water content [−], C1 is the AgNPs concen-
tration in aqueous phase of species 1 [M L−3; where M and L denote
units of mass and length, respectively], t is the time [T; where T denotes
theunit of time], J1 is the total soluteflux for species 1 [N L−2 T−1;where
N denotes number], ρb is the soil bulk density [M L−3], S1 is the solid-
phase concentration of species 1 [N M−1], k1 and k1det are the first-
order deposition and detachment rate coefficient for species 1 [T−1], re-
spectively, and ψblock is a dimensionless function to account for both
time and depth-dependent retention for species 1 [−]. When ψblock
= 1, an exponential distribution of AgNPs is predicted with depth
(Yao et al., 1971). Nonetheless, ψblock can be b 1 when it is given as
(Bradford et al., 2006; Liang et al., 2013a):

ψblock ¼ 1−
S1

S max1

� �
d50 þ z
d50

� �−β1

ð3Þ

where β1 is an empirical parameter controlling the shape of the spatial
distribution of AgNPs for species 1 [−], d50 is the medium grain size of
porous media [L], Smax1 is the maximum solid-phase concentration of
AgNPs for species 1 [N M−1], and z is the down gradient distance from
the column inlet [L]. The first term on the right hand of Eq. (3) describes
time-dependent deposition according to the Langmuirian approach
(Adamczyk et al., 1994). This term implies that deposition decreases
with time and that RP becomes uniform with depth as S1 approaches
Smax1 (Liang et al., 2013a). The second term on the right hand of
Eq. (3) is used to account for depth dependent deposition, that is, a de-
creasing deposition rate with depth. Note that when β1 = 0, this term
goes to 1, and an exponential distribution of AgNPs is predicted with
depth. Conversely, when β1 N 1 is employed, then the RP of AgNPs ex-
hibits a hyperexponential shape (i.e., a higher deposition rate adjacent
to the column inlet) (Bradford et al., 2003).

The above 1 species model can describe time dependent BTCs and
RPs that are exponential, uniform, or hyperexponential with depth,
but is not applicable for nonmonotonic RPs (i.e., a peak in particle depo-
sition down-gradient from the column inlet) that have been observed in
this study. Hence, a release term is incorporated in Eq. (2) to account for
observed nonmonotonic RPs, which produces a second reversibly
retained species (i.e., species 2) at a different rate than species 1. In
this case, the mass balance equations for species 1 and 2 of AgNPs are
given as (Bradford et al., 2006):

∂ θwC1ð Þ
∂t

¼ −∇ J1−θwψblockk1C1 þ ρbk1 detS1 ð4Þ

∂ ρbS1ð Þ
∂t

¼ θwψblockk1C1−ρbk1 detS1−ρbk12 Fp ð5Þ

∂ θwC2ð Þ
∂t

¼ −∇ J2−θwk2C2 þ ρbk2 detS2 þ ρbk12 Fp ð6Þ

∂ ρbS2ð Þ
∂t

¼ θwk2C2−ρbk2 detS2 ð7Þ

where the subscript 2 on C, J, and S denotes the reversible species 2, k12
is the first-order production rate coefficient to account for the release
rate of reversibly deposited AgNPs into the aqueous phase [T−1], k2
and k2det are the first-order deposition and detachment rate coefficient
for species 2 [T−1], respectively, and Fp is the production function for
species 2 [N M−1]. It is assumed that a critical value (Scrit1) of S1 needs
to be reached before deposited AgNPs can be released into the aqueous
phase (Fp N 0). The value of Fp is therefore defined as the maximum of
(S1 − Scrit1) and 0, where Scrit1 is the critical concentration of S1 when
reversible deposition starts [N M−1]. For values of S1 b Scrit1, no release
of deposited AgNPs occurs, and Fp = 0 (Bradford et al., 2006).

3. Results and discussion

3.1. Properties of AgNPs suspensions

The UV–Vis scanning spectra and TEM images of the small and large
AgNPs used in this study are presented in Figs. S2 and 1, respectively.
The maximum absorption peak of small AgNPs is more uniformly dis-
tributed, and the half peak width is narrower, in comparison to that of
large AgNPs, indicating that the particle size distribution of small
AgNPs is narrower and the uniformity is better. The TEM images
showed that the AgNPs exhibited monodisperse; small AgNPs were



Fig. 1. Representative TEM images (a, c) and particle size distribution (b, d) of small (a, b) and large (c, d) AgNPs. Figure (a, b) is cited fromWang et al. (2014a). Copyright: 2014 Elsevier.
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spherical-shaped with a homogeneous distribution, and large AgNPs
mostly showed irregular shape and an uneven particle size. The calcu-
lated TEM particle sizes were 15.0 ± 3.6 nm (Wang et al., 2014a) for
small AgNPs and 27.4 ± 8.2 nm for large AgNPs, respectively.

Table 1 gives the zeta potentials and hydrodynamic diameters (Dh)
of AgNPs at various solution chemistries. TheDh value of AgNPswithout
surface coating was measured at 106 nm, which is much larger than
their TEM size (15.0 nm), indicative of AgNPs aggregates for Dh mea-
surements. Surface coatings (i.e., PVP and citrate) can greatly affect
the electrokinetic properties of AgNPs. The presence of PVP increased
the zeta potential of AgNPs from −24.9 mV to −11.8 mV, consistent
with the results in the literature (Wang et al., 2014a). The Dh of small
AgNPs decreased from 106 nm to 63.9 nm when 0.5% PVP was added,
due to the dominant role of steric repulsion in inhibiting AgNPs aggre-
gation (El Badawy et al., 2012; Thio et al., 2012). Conversely, large
AgNPswith a smallerDh (45.7 nm)was observed,which can be partially
explained by the more negative zeta potential (−13.9 mV) of large
AgNPs suspension with the addition of 0.5% PVP. Citrate slightly de-
creased the aggregation of AgNPs via repulsive electrostatics (El
Badawy et al., 2012; Thio et al., 2012), as the zeta potential of AgNPs de-
clined to −26.7 mV in the presence of 0.5% citrate.

3.2. Effect of particle concentration

When TEM size = 15.0 nm and surface coating = 0.5% PVP, the ob-
served and simulated BTCs and RPs of AgNPswith various input particle
concentrations (C0 = 2.5, 5.0, and 10 mg L−1) are plotted in Fig. 2. The
normalized effluent concentration (C/C0) of AgNPs increased in re-
sponse to the increase of input concentration (C0); the higher C0, the
steeper slope of BTC (Fig. 2a). This concentration-dependent transport
behavior of AgNPs can be reasonably explained by blocking effect
(Bradford and Bettahar, 2006), that is, attachment sites are occupied
rapidly over time at higher C0. Liang et al. (2013b) observed shape tran-
sition of RPs from hyperexponential to nonmonotonic, and then to uni-
form when C0 was increased from 1 to 5, and then to 10 mg L−1. They
attributed the development of nonmonotonic RPs for time-dependent
blocking (Liang et al., 2013b). Similar results have also been reported
Table 1
Summary of column experimental parameters and electrokinetic properties of AgNPs
suspensions.

AgNPs (mg L−1) TEM size (nm) Coatings Dh (nm) Zeta potential (mV)

2.5 15.0 0.5% PVP 65.8 −11.8
5.0 15.0 0.5% PVP 63.0 −11.8
10 15.0 0.5% PVP 63.9 −11.8
10 27.4 0.5% PVP 45.7 −13.9
10 15.0 0.5% PVP 63.9 −11.8
10 15.0 0.5% Citrate 104 −26.7
10 15.0 No coating 106 −24.9
in other publications (Kasel et al., 2013; Sun et al., 2015). Input particle
concentrations exerted significant effect on the shape of RPs.
Nonmonotonic distributions of retained AgNPs were observed
(Fig. 2b). Particularly, the depth of deposition peaks in the
nonmonotonic RPs increased as particle concentrations increased. For
example, as C0= 2.5mg L−1, the peak depthwas 4 cm from the column
inlet, whereas it increased to 8 cmwhen C0= 10mg L−1 of AgNPs, sug-
gesting greater down-gradient mobility of AgNPs with higher concen-
tration. In our previous paper (Wang et al., 2014a), nonmonotonic RPs
of PVP-AgNPs were also obtained in a wide range of physicochemical
factors (i.e., soil grain size, ionic strength and composition, flow rate,
and PVP concentration).

Table 2 provides the summary of mass recovery of transport exper-
iments and 1- and 2-species model-fitted parameters of k1, Smax1/C0,
Scrit1, k12, k2, k2det, and correlation coefficients (R2). Soils are highly com-
plicated and heterogeneous in terms of physicochemical characteristics,
moreover, the AgNPs concentrations were quantified using two differ-
ent methods (UV–Vis and ICP-AES for quantifications of AgNPs in col-
umn effluents and retentates, respectively), which altogether will
likely cause minor errors in calculating the mass recovery of AgNPs in
this study. Nevertheless, relatively high mass balance (Mtot = 79.4%–
101%) was obtained (except for the one without surface coating; Mtot

= 58.7%; Table 2), which is in accordance with the findings in our pre-
vious work (Wang et al., 2014a).

While not all (100%) of AgNPs were recovered, judging from R2 N
0.93, the 1-species (for hyperexponential case) or 2-species (for
nonmonotonic case) model still successfully described the BTCs and
RPs of AgNPs under different investigated conditions in this study. For
example, a huge difference of Smax1/C0 values between different tested
conditions (e.g., pre-treat PVP vs. pre-treat citrate vs. no coating) was
observed, suggesting that the model-fitted parameters can be used to
reliably explain AgNPs transport mechanisms in soils (while Mtot was
not high). The values of deposition rate coefficient for species 1 (k1) in-
creased linearlywith increasing particle concentration (C0),meanwhile,
the values of critical solid-phase concentration for species 1 (Scrit1) were
reversibly relatedwith C0, indicating a time-dependent retention (Liang
et al., 2013b; Wang et al., 2014a). At the highest input concentration
(10 mg L−1), the solid-phase migration of AgNPs approach the lowest
Scrit1 value (8.3 × 10−3 cm3 g−1) while at the highest deposition rate
k1 (0.33 min−1), apparently, the time for blocking those retention
sites is less. Hence, a rapid increase of BTC and a much deeper down-
gradient migration of RP simultaneously occurred at input concentra-
tion of 10 mg L−1 (Fig. 2 and Table 2). In addition, for species 2, the de-
position rate coefficients (k2) were remarkably larger than detachment
rate coefficients (k2det), resulting in more than 78.5% of applied AgNPs
were retained in soil columns (Table 2). Consequently, the mobility of
AgNPs in the soil was considerably lower than that observed in glass
bead- and quartz sand-packed columns (Liang et al., 2013b; Lin et al.,
2011). The retained AgNPs level reached the highest concentration of
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Fig. 2. Observed and simulated BTCs (a) and RPs (b) for AgNPs at different input concentrations (C0). The BTCs are plotted as normalized effluent concentration (C/C0) of AgNPs as a
function of PVs. The RPs are plotted as normalized solid-phase concentration (S/C0) versus depth from the column inlet. Open symbols are experimental data and solid lines are fitted
results using the 2-species model since nonmonotonic RPs occur. Error bars represent the standard deviations in duplicate experiments.

106 J. He et al. / Science of the Total Environment 648 (2019) 102–108
199.5 mg/kg soil for large AgNPs with 0.5% PVP surface coating in the
present work, which was about 10-fold higher than reported solid-
phase concentrations of AgNPs on sand (Liang et al., 2013b). This is
likely due to the high specific surface area and favorable sites of the
soil for AgNPs retention (Wang et al., 2014a). Negatively charged
AgNPs were preferentially retained by positively charged edges of clay
minerals and Fe oxides (Cornelis et al., 2012; Wang et al., 2014a).
Makselon et al. (2017, 2018) and Zhang et al. (2017) provided strong
evidence that the retention and remobilization of AgNPs and CNT in
soil were highly associated with soil colloids.

3.3. Effect of particle size

When C0= 10mg L−1 and surface coating=0.5% PVP, the observed
and simulated BTCs and RPs of AgNPs with two different particle sizes
(15.0 and 27.4 nm) are presented in Fig. 3. Negligible amounts (0.21%)
of large AgNPs (27.4 nm)were detected in the effluents, while the efflu-
ent concentration of small AgNPs (15.0 nm) increased over time,
achieving the maximum C/C0 of 0.61. These results agree with previous
findings (Litton and Olson, 1996; Pelley and Tufenkji, 2008). Noticeably,
the RPs of AgNPs were significantly different. Hyperexponential shape
with 81.8% of AgNPs retained near the column inlet (1–3 cm) was ob-
served for large AgNPs (27.4 nm), by contrast, nonmonotonic deposi-
tion of small AgNPs (15.0 nm) was noticed with the peak depth at
8 cm. We speculated that quite different RPs are related to the inherent
size (i.e., TEM size). Since larger AgNPs tend to experience a rapid sedi-
mentation due to strong gravitational force effect (Yao et al., 1971), they
are expected to have higher mass transfer rate from the aqueous phase
to the solid phase (collector surface). Additionally, chemical heteroge-
neity of soil grains can partially explain the hyperexponential RP of
larger AgNPs because of stronger interaction between more negatively
Table 2
Mass recovery of column transport experiments, and fitted parameters based on 1-species and

AgNPs (mg L−1) TEM size (nm) Coatings k1 (min−1) Smax1/C0 (cm3 g−1) S

2.5 15.0 0.5% PVP 0.10 23.8 0
5.0 15.0 0.5% PVP 0.15 12.8 0
10 15.0 0.5% PVP 0.33 224 8
10 27.4 0.5% PVP 0.31 1.2 × 105 N
10 15.0 0.5% PVP 0.33 224 8
10 15.0 Pre-treat PVP 0.28 187 7
10 15.0 0.5% Citrate 0.20 2.0 × 105 N
10 15.0 Pre-treat Citrate 0.24 1.3 × 105 N
10 15.0 No coating 0.12 26.4 9

k1 is the first-order deposition rate coefficient for species 1; Smax1 is themaximum solid-phase c
species 1; k12 is the first-order production rate coefficient; k2 and k2det are thefirst-order deposi
coefficient; Meff, Mret, andMtot are the mass percentages of AgNPs in the effluents, retained in
charged larger AgNPs and positive edges of clay and iron oxides
(Wang et al., 2014a).

The hyperexponential and nonmonotonic RPs of AgNPs were simu-
lated using the 1-species (R2 = 0.97) and 2-species model (R2 =
0.99), respectively (Fig. 3b and Table 2). The value of Smax1/C0 for large
AgNPs (27.4 nm) was 1.2 × 105 cm3 g−1, which was 3-order of magni-
tude larger than for small AgNPs (15.0 nm, Smax1/C0 = 224 cm3 g−1).
The fitted results suggested that large AgNPs cannot completely occupy
the retention sites adjacent to the column inlet, consequently,
hyperexponential RP is expected to occur (Bradford et al., 2011; Wang
et al., 2014a).

3.4. Effect of surface coating

When C0 = 10 mg L−1 and TEM size = 15.0 nm, the observed and
simulated BTCs and RPs of AgNPs with different surface coatings
(i.e., PVP and citrate) are shown in Fig. 4. PVP and citrate enhanced
the transport and reduced the retention of AgNPs in soil columns to dif-
ferent extents. Without surface coating, the maximum C/C0 was 0.29,
and this increased to 0.61 and0.45 in the presence of PVP and citrate, re-
spectively. The enhanced transport of AgNPs by PVP is likely due to the
steric repulsion preventing AgNPs approach to soil surface (El Badawy
et al., 2012; Thio et al., 2012). The presence of citrate promoted themo-
bility of AgNPs can be explained by the repulsive electrostatics as zeta
potential of AgNPs slightly decreased with the addition of 0.5% citrate
(Table 1).

Many studies (Wang et al., 2012b, 2014c) have revealed that cap-
ping agents (e.g., PVP and citrate) were not only grafted on the ENPs
surface, but also freely remained in the suspension. In this study, the
freely-existed PVP and citrate are expected to preferentially adsorb
onto the soil grains, thereby impairing the overall available sites for
2-species models.

crit1 (cm3 g−1) k12 (min−1) k2 (min−1) k2det (min−1) R2 Meff Mret Mtot

.1 0.91 41.3 0.39 0.96 2.02 78.5 80.5

.01 2.9 × 10−3 35.7 0.40 0.97 2.78 83.7 86.5

.3 × 10−3 5.9 × 10−1 23.0 0.78 0.99 2.72 80.9 83.6
A NA NA NA 0.97 0.21 90.6 90.8
.3 × 10−3 0.59 23.0 0.78 0.99 2.72 80.9 83.6
.3 × 10−3 0.04 21.6 0.69 0.98 5.45 73.9 79.4
A NA NA NA 0.95 2.79 98.4 101
A NA NA NA 0.93 3.04 87.5 90.5
.06 × 10−3 1.0 × 10−3 36.3 0.45 0.97 1.16 57.5 58.7

oncentration of AgNPs for species 1; Scrit1 is a critical value of solid-phase concentration of
tion and detachment rate coefficient for species 2, respectively; R2 is the squired regression
soil and total, respectively; NA denotes not applicable.
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AgNPs retention. To evaluate the role of surface coatings (i.e., PVP and
citrate), either freely existed in aqueous solution or loosely associated
with nanoparticle, in the transport and retention of AgNPs in soil, addi-
tional experiments were carried out under the same solution chemistry
did before, except that the column was pre-conditioned with 3 PVs of
0.5% PVP or 0.5% citrate solution before injection of AgNPs influents.
The results clearly demonstrated that free aqueous PVP and citrate fur-
ther increased the breakthrough of AgNPs resulting in higher mass re-
covery in the effluents (Meff = 5.45% for PVP and Meff = 3.04% for
citrate, respectively) (Fig. 4 and Table 2). These results imply that PVP/
citrate can effectively block the solid-phase sites that are originally
available for AgNPs retention (Liang et al., 2013b; Wang et al., 2014a;
Wang et al., 2014c). This finding is in good agreement with Wang
et al. (2014c) study. They found that residual polyacrylic acid-
octylamine polymer preferentially adsorbed onto the Ottawa sand sur-
face near the column inlet, thereby preventing quantum dots
attachment.

Again, 1-species or 2-speciesmodel accurately fitted BTCs and RPs of
AgNPs with varying coatings (Fig. 4 and Table 2). Interestingly, the
shape of RPs was nonmonotonic for PVP tests, differed from the
hyperexponential-shaped RPs for citrate (Fig. 4b). The different shapes
of RPs can also be explained by the time-dependent retention of
AgNPs. The Smax1/C0 value was ~105 in 0.5% citrate, AgNPs cannot fully
fill these retention sites of solid surface, thus hyperexponential RPs
were obtained. Compared to citrate, the Smax1/C0 for PVP was 3-order
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of magnitude smaller, which was occupied rapidly, thereby yielding
the nonmonotonic RPs.

4. Conclusions

In this work, the effects of input particle concentration, particle size,
and surface coating on the transport and retention of AgNPs in soil-
packed columns were systematically examined. The mobility of AgNPs
increased with increasing input particle concentration and decreasing
particle size. The shapes of AgNPs RPs were sensitive to the investigated
experimental conditions. The observed nonmonotonic RPs can be ex-
plained by the time-dependent retention and thedown-gradientmigra-
tion of AgNPs was increased in response to the increase of input
concentration. The presence of surface coatings promoted the transport
and reduced the retention of AgNPs in soil, which is likely due to the ef-
fective blocking of the solid-phase sites that are originally available for
AgNPs retention. Note that the migration of AgNPs was considerably
low and N73.9% of the injected AgNPs (except for no coating condition)
were retained in soil columns.Most importantly, the experimental BTCs
and RPs of AgNPs were successfully descripted using 1-species and 2-
species models in this study. It should be mentioned that in this re-
search, complemented our previous work (Wang et al., 2014a, 2015),
clearly elucidated that the transport behavior of AgNPs in natural soils
was extremely complicated, whichwas jointly determined by the phys-
icochemical properties of soil, pore-water solution, NP, as well as
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species model, respectively. Error bars represent the standard deviations in duplicate



108 J. He et al. / Science of the Total Environment 648 (2019) 102–108
hydrodynamics. And the capping agents (e.g., PVP and citrate) greatly
increased the mobility and thus potential risks of AgNPs migration
down to the groundwater. Fortunately, the mathematical model is ap-
plicable and promising to predict ENPs' fate and transport in real soil.
The modelling outcomes will greatly help us expedite the prediction
of potential risks of ENPs in complicated subsurface environments like
soils and sediments.
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