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Effect of humic acid on the sedimentation and transport
of nanoparticles silica in water-saturated porous media
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Abstract
Purpose Nano silicon particles (nSiO2) is one of the most widely used industrial engineered nanomaterials (ENMs). The
extensive applications of nSiO2 may pose potential risks to aquatic ecosystems and human health. Humic acid (HA) is a major
component of soil and water that exists widely in the natural environment and adsorbs to the surface of nanoparticles, which
affects the fate and transport of ENMs in soil. Therefore, it triggers the necessity to study the chemical reaction of HA controlling
the sedimentation and transport of nSiO2.
Materials and methods The sedimentation kinetics and transport breakthrough curves of nSiO2 with/without HA in water-
saturated porous media were studied in two electrolyte (NaCl and CaCl2) solutions. The likely mechanisms were explored with
both multiple technologies and numerical modeling including TEM-EDX, particle size distribution, zeta potentials, and the two-
site kinetic attachment model (TSKAM).
Results and discussion Our experimental results showed that the existence of HA generally increased the suspensivity and the
transportability of nSiO2 in NaCl and CaCl2 solutions in packed sand columns at acidic pH. This result was attributed to the HA
adsorption leading to the more negatively charged surface and the smaller size of nSiO2 aggregates. However, the formation of
coordination complexes associated with larger cluster among nSiO2 between HA and Ca2+ contributed to the increased sedi-
mentation of nSiO2 at alkaline pH. Subsequently, the presence of HA inhibited the transport of nSiO2 in CaCl2 solution at pH 9.0.
Comparably, in NaCl at pH 9.0, HA showed the negligible effect on the nSiO2 deposition in sand. Both the attachment and
detachment parameters, which were obtained from fitting the breakthrough curves of ENMs using the TSKAM, could be used to
well describe the transport behavior of nSiO2 with HA under various conditions. In particular, the irreversible attachment
parameters at site 2 on sand were positively related to the retention of nSiO2 with HA.
Conclusions The fate and transport of nSiO2 can be distinctly affected byHAdepending on the ion composition, ion strength, and
pH in soil. This study will provide insights for assessing the mobility of nSiO2 with HA in subsurface soil and aquatic
environments.
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1 Introduction

With a rapid development in the nanotechnology industry, there
are increasing concerns about the production and application of
engineered nanomaterials (ENMs) (USEPA, 2007). Nano silica
(nSiO2), as one of industrial inorganic ENMs, are widely used in
various fields like paint (Diener et al. 2013), rubber (Cochrane
and Lin 1993), plastics (Cho and Sul 2001), pigments (Yuan
et al. 2008), biology, and medicine (Li et al. 2012). It is inevita-
bly released into the soil and water environments during process
and usage which result in the potential hazard to human health
and environment (Oberdörster et al. 1994; Adams et al. 2006;
Nel et al. 2006). Some studies have been carried out on the toxic
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effects of nSiO2 on animals, microorganisms, plants, and human
being cells (Fruijtier-Polloth 2012). Although, there is no evi-
dence from limited animal studies that nSiO2 induce reproduc-
tive or developmental toxicity. nSiO2 may enter the body in
particulate or dissolved form, which depended on aggregate size
of silica particles and pH (Cho et al. 2009). Also, the nSiO2 pose
potential hazards to human by penetrating the intracellular tar-
gets in the lung and systemic circulation (Napierska et al. 2010).

Because these ENMs could be released into the environment
during application or transportation, more and more researchers
are paying attention to the fate and transport of ENMs. The
mutual electrostatic reactions between receptors and ENMs
may result in the difference in deposition of ENMs (Jiang et al.
2010; Li et al. 2012), which were affected by many factors in
natural environment: ionic species, ionic strength (Solovitch et al.
2010), bacteria, pH, surfactant, and organic matter. Except that,
the surface roughness of soil (Redman et al. 2001), charge het-
erogeneity of ENMs (Johnson and Elimelech 1995), and vari-
ability in the characteristics of colloid (Bolster et al. 1999) con-
tributed to the different retention of ENMs in soil. As a kind of
natural organic matter (NOM), humic acid (HA) is formed by
complex biochemical reactions of animals and plants debris
which present in the groundwater and soil environments. HA is
consist of large amount of carboxylic and phenolic functional
groups (Amirbahman and Olson 1995). Therefore, HA adsorp-
tion can alter the ENMs surface properties, and consequently
impacts their transport patterns: nanoparticle zero-valent iron
(nZVI) (Johnson et al. 2009), fullerenes (Espinasse et al. 2007;
Loon and Menachem 2008), titanium oxide (TiO2) (Ben-Moshe
et al. 2010; Doshi et al. 2008; Fisher-Power and Cheng 2018;
Chen et al. 2018), zinc oxide (ZnO) (Jiang et al. 2010), natural
colloids (clays) (Kretzschmar et al. 1999; Hahn and O’meliae
2004), biochar (Wang et al. 2013), and hydroxyapatite nanopar-
ticles (Wang et al. 2012b). For instance, NOM showed distinct
effects on the transport behavior of rutile TiO2 in quartz sands
(Chen et al. 2012). NOM was found to facilitate the transport of
rutile TiO2 at low pH but have no effect under alkaline condition.
The combined factors of HA and bacteria favor the transport of
nTiO2 (Guggenberger et al. 2008). Additionally, HA also could
facilitate the transportability of bare nZVI (Jung et al. 2014). As
known, the distinct physicochemical properties of ENMs and the
subtly different compositions of soil and water contributed to the
different transport behavior (Bayat et al. 2015). Currently, the
particle size and phosphate have been reported to influent the
nSiO2 transport in water-saturated porous sand (Wang et al.
2012a; Liu et al. 2017). However, there is li information available
on the mobility or transport behavior of nSiO2 with HA.

In this study, the HA effect on the sedimentation and trans-
port of nSiO2 in the water-saturated sand medium were
researched in monovalent (Na+) and divalent (Ca2+) electro-
lyte solutions. Besides, the zeta potentials and hydrodynamic
radius of nSiO2 with HAwere measured correspondingly. The
underlying mechanism controlling the transport behavior of

nSiO2 with HAwas described using a two-site kinetic attach-
ment model (TSKAM) to imitate their breakthrough curves
(BTCs) in sand porous media.

2 Materials and methods

2.1 Preparation of nSiO2 suspension

The nSiO2 with a purity of 99.9 % is obtained from the Aladdin
Reagent Company. The nSiO2 samples characterized by pow-
der X-ray diffraction (XRD, D8-Focus, Bruker AXS Co., Ltd.,
Germany) are spherical particles. The particle size of nSiO2 was
~ 15 × 20 nm, which was the mean values based on the mea-
surements from five different locations performed using trans-
mission electron microscopy (TEM, FEI Tecnai G2 F20 S-
Twin, USA). Its characteristic surface area was 200 m2 g−1,
which was estimated by a nitrogen multi-point BET isotherm.

Before transport experiments, 50 mg L−1 nSiO2 suspension
was prepared in NaCl or CaCl2 electrolyte solution containing
different HA (purchased from Sigma-Aldrich company) con-
centrations (0–3 mg L−1) at certain pH. The tested nSiO2 and
HA concentrations were consistent with those reported in the
literature (Redman et al. 2002; Chen et al. 2012; Chowdhury
et al. 2012; Wang et al. 2012a, b). Previous researchers used
pH as high as 10.0 in order to minimize surface charge het-
erogeneity and also to ensure attachment of silica nanoparti-
cles under unfavorable conditions (Bradford et al. 2009;
Zhang et al. 2010; Wang et al. 2012a). Thus, the pH values
of 6.0 and 9.0 were chosen in this study, which were consistent
with other studies on ENMs transport in the presence of HA
(Chen et al. 2012; Wang et al. 2012b). And then the nSiO2

suspensions were homogenized by a magnetic stirrer for 1 min
and sonicated for another 30 min for better dispersivity. In
addition, all the chemical reagents (AR) used in this study
were obtained from the Chinese medicine group.

2.2 Measurements of zeta potentials and hydraulic
radius

A set of nSiO2 (50 mg L
−1) suspensions with or without HA (1

and 3mgL−1) in electrolyte solutions were adjusted to pH values
of 6.0 and 9.0 using a diluted HCl or NaOH solution. Then,
samples were sonicated for 30 min before further analysis.
Finally, a Zeta-sizer Nano ZS90 (Malvern Instruments Ltd.,
Malvern, UK) was employed to exam the hydrodynamic radius
of particles and the dynamic light scattering (DLS) measurement
was used to determine their zeta potential at room temperature.

2.3 Sedimentation experiments

Sedimentation experiments were conducted to investigate the
dynamics of the aggregation process using a spectrophotometer
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(UV-2450, Shimadzu Scientific Instrument, Japan). Briefly, after
ultrasonication for 30 min, the suspensions of nSiO2 with or
without HA were placed in a cuvette of spectrophotometer.
The samples were read at 5-min intervals over 2 h and the
concentration of nSiO2 in cuvette was directly determined using
a UV-Vis spectrophotometer based on pre-established calibra-
tion curves (Fig. S1a, Electronic Supplementary Material -
ESM) in supporting information (SI) at 250 nm, where HA
show almost no adsorption effect on detection of nSiO2 (Fig.
S1b - ESM). Sedimentation curve was analyzed by calculating
the concentration ratio (C/C0) of nSiO2 as a function of time, in
which C0 and C are the concentrations of SiO2 at initial and the
certain time of sedimentation, respectively. Supposed that no
dissolution of the nSiO2 happened in any of the solutions.
Thus, any decrease in nSiO2 concentration over time was on
the account of sedimentation.

2.4 Column transport experiments

Quartz sand used in all the transport experiments was pretreated
(Chen et al. 2015). Glass chromatography columns (2.5 cm inner
diameter and 20 cm long) were filled evenly with the pretreated
quartz sands as the porous media, which were covered with the
80-μm nylon net film at both ends. Once filled, the columns
were saturated with deionized water for more than 24 h. The
procedural details were mentioned in previous studies (Xu
et al. 2017). Briefly, 4 pore volumes (PVs) of electrolyte solution
was pumped upward to columns at a constant flow rate
(1 mL min−1). It has been reported that the addition of HA in
the presence of Ca2+ resulted in decreased critical coagulation
concentration of silicon nanoparticles from 0.4 to 0.1 M (Liu
et al. 2011). Therefore, 100–300 mM NaCl or CaCl2 were used
as electrolyte solutions in this study. Then, another 4 PVs of
particle suspension which was homogenized by a magnetic stir-
rer at the same time, was introduced at the same flow rate (phase
I). After that, 4 PVs of electrolyte solution was pumped toward
columns during phase II and 4 PVs of deionized water was
flushed as well until no nSiO2 detected in column effluents dur-
ing phase III. Finally, the breakthrough curves (BTCs) of C/C0

(where the concentrations of nSiO2 in influent (C0) and effluent
(C) passing through columns) were determined as a function of
PV. The corresponding physical parameters for transport exper-
iments were summarized and presented in Table S1 (see ESM).
The Si analysis was based on the silicon molybdenum yellow
method by colorimetry (Liu et al. 2017).

2.5 Modeling

The mass transfer of ENMs between the aqueous and solid
phases has been successfully described using an improved
form of the advection-dispersion equation (ADE) and the
TSKAM (Bradford et al. 2003; Schijven and ŠimŮnek
2002). Currently, there is little information available on

describing the transport behavior of nSiO2 with HA in porous
media using TSKAM. In this work, TSKAM was used to
simulate the breakthrough curves (BTCs) of nSiO2 with HA
in water-saturated sand using the HYDRUS-1D code
(Simunek et al. 2016), which used a nonlinear least-squares
optimization routine based on the Levenberg-Marquardt algo-
rithm to fit nSiO2 transport parameters (Chen et al. 2015;
Esfahani et al. 2014; Xu et al. 2018). The corresponding equa-
tions are defined in text in the SI.

3 Results and discussion

3.1 Zeta potential of nSiO2 with and without HA

The zeta potential (ZP) of NPs is a significant influence factor
for particle aggregation or stability in solution. As the repre-
sentative, NaCl and CaCl2 electrolyte solutions were chosen
to investigate the zeta potentials of nSiO2 with HA at certain
pH values (6.0 and 9.0). The surface charges of nSiO2 became
less negative as increasing the ion concentration (IC) of elec-
trolyte because of the charge shielding effect and the compres-
sion of the surface double layer. In NaCl, the nSiO2 surface
was more negatively charged as the HA concentration in-
creased (Fig. 1a, b). Specifically, the ZP of nSiO2 in
200 mM NaCl solution was − 13.93 mV in the absence of
HA and − 17.87 mV in the presence of 3 mg L−1 HA at
pH 6.0. The ZPs at pH 9.0 (Fig. 1b) were more negative than
that at pH 6.0 (Fig. 1a). It attributed to that a larger charge
density was formed on the surface of nSiO2 after deproton-
ation of surface hydroxyl (Svecova et al. 2008) under the
alkaline pH. Furthermore, the ZPs of nSiO2 were negligibly
changed with the increase of HA, due to subtle adsorption of
HA at high pH.

Considering the specific absorption occurred which refers
to the Ca2+ adsorption on the surface (Schulman 1960), the
individual nSiO2 surface became more positive in CaCl2
(Fig. 1c–d) than that in NaCl at the same pH (Fig. 1a–b). In
the presence of HA, the negative charge on the nSiO2 surface
increased (Fig. 1c–d), since Ca2+ adsorbed to the surface of
nSiO2 can react with HA to form coordination complexes (Liu
et al. 2011).

3.2 Sedimentation kinetics of nSiO2 with and
without HA

The sedimentation kinetics of nSiO2 with/without HA were
investigated in Na+ and Ca2+ solutions at pH 6.0 and 9.0
(Fig. 2). In 300 mM NaCl solutions at pH 6.0, the percentage
normalized concentration (C/C0) of nSiO2 without HA
dropped down quickly in the first 30 min and then remained
38 % for 2 h. With the addition of 1 mg L−1 HA, the C/C0

(45 %) increased slightly and presented a little better stability
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compared to individual nSiO2 (Fig. 2a). This was because of
the stronger electrostatic repulsion due to the more negatively

charged surface with the increase in HA (Fig. 1a). As a result,
the particle size decreased gradually with increasing the HA as
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the intensity-weighted particle size distribution in NaCl at
pH 6.0 shown in Fig. 3a. When pH increased from 6.0 to
9.0, the stability of nSiO2 with and without HA was signifi-
cantly improved (Fig. 2b vs. Fig. 2a). It might be due to the
more negatively charged at pH 9.0 (Fig. 1b) than that at pH 6.0
(Fig. 1a). HA had subtle effects on the stability of nSiO2 in

NaCl solution. As supported, the particle size distribution
showed negligible change (Fig. 3b), due to the subtle absorp-
tion of HA onto nSiO2.

Notably, in 50 mM CaCl2 solution at pH 6.0, HA signifi-
cantly improved the dispersivity of nSiO2 suspension
(Fig. 2c). In detailed, the individual nSiO2 continuously
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settled down and only 30 % of nSiO2 remained in suspension.
However, this value increased to 80 % finally with the addi-
tion of HA, which was contributed to slightly lower absolute
values of surface charge (Fig. 1c). This result was consistent
with the smaller sizes of particles with HA as shown in
Fig. 3c. For instance, the size of individual nSiO2 in 50 mM
CaCl2 was mainly distributed around 1484 nm, whereas that
was around 712 nm after addition of 1 mg L−1 HA.
Conversely, HA did inhibit the dispersion of nSiO2 in 1 mM
CaCl2 at pH 9.0. As shown in Fig. 2d, about 82 % of individ-
ual nSiO2 remained stable in suspension, whereas C/C0 of
nSiO2 decreased to 73 % with the addition of HA. At
pH 9.0, the individual nSiO2 in 1 mM CaCl2 was mainly
around 90 nm, while the particles size was distributed at

160 nm after the HA present in solution (Fig. 3d). This result
appeared the HA increased the size of nSiO2 in Ca

2+ solution
at alkaline pH, which can be supported by the formation of
larger coordination complexes among nSiO2 by a bridge be-
tween HA and Ca2+ (Liu et al. 2011). In order to verify this,
TEM images were taken to show that the regular nanoparticles
of SiO2 were relatively distributed in NaCl solution after HA
was added (Fig. 4a). Nevertheless, with the addition of HA,
the large aggregates were formed in Ca2+ solution (Fig. 4b).
These aggregates were composed of the agglomerated nano-
particles with unclear and irregular surface (Fig. 4c), which
were consisted of Si, O, and Ca elements (Fig. 4d). This result
suggested that large nSiO2 aggregates were formed with inter-
play between HA and Ca2+.
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3.3 Transport of nSiO2 with and without HA

The BTCs of nSiO2 with and without HA in packed quartz
sands simulated by a TSKAM were shown in Figs. 5 and 6,
and the related model parameters were concluded in Table 1
under various experimental conditions. Note that the R2 values
obtained from fitting the models were all greater than 0.97,
which suggested that the model showed a good simulation in
the nSiO2 transport in the presence of HA.

Generally, the transport parameters (k1, k1d, k2) from
TSKAM were first-order coefficients [T−1]. It was shown in
Table 1 that the irreversible straining coefficient (k2) at site 2
on sand is obviously less than the reversible attachment and
detachment coefficients (k1 and k1d) at site 1 in all experi-
ments. This implied that the retention of nSiO2 was reversible
during phase I and II. As expected, nSiO2 could be detected in
effluent during phase III regardless the existence of HA
(Figs. 5 and 6). Furthermore, the values of k1 were clearly
greater than those of k1d, even though the k1 had a magnitude
similar to k1d. As a result, the values of k1d/k1 were lower than
1 for nSiO2 with and without HA. It indicated that the attach-
ment interaction between nSiO2 (with or without HA) and
quartz sand was stronger than the detachment. It was consis-
tent with the transport behavior of silver (Liang et al. 2013)
and zinc oxide (Zhu et al. 2005) NPs in soil. Noted that the k1d/
k1 values for nSiO2 with HA in NaCl and CaCl2 solutions

were more than that without HA at pH 6.0 (Table 1).
Accordingly, the transport of nSiO2 was facilitated by the
addition of HA under acidic condition (Fig. 5a vs. b and d
vs. e), which was consistent with the facilitated transport of
hydroxyapatite by HA (Wang et al. 2012b). However, the
different phenomenon was observed at pH 9.0. Especially, in
NaCl solution, the k1d/k1 values for nSiO2 with HA were al-
most similar as those without HA at pH 9.0 (Table 1), which
was consistent with the negligible difference between nSiO2

with and without HA (Fig. 6a vs. b). This was possibly be-
cause HA showed an insignificant effect on the stability
(Fig. 2b) and particle size of nSiO2 (Fig. 3b) in Na+ solution
at pH 9.0, due to low adsorption of HA on SiO2. This result
was consistent with slight change in zeta potentials of nSiO2

after HA was added in NaCl solution at pH 9.0 (Fig. 1c). In
CaCl2 at pH 9.0, the k1d/k1 values for nSiO2 with HAwere less
than those without HA (Table 1). This suggested that the de-
tachment at site 1 on sand was decreased by the presence of
HA. As previously discussed, the larger coordination com-
plexes among nSiO2 by a bridge of HA-Ca2+ (Liu et al.
2011) might contribute to the increased deposition of nSiO2

with HA in sand at alkaline pH (Fig. 6c vs. d).
In addition, high pH decreased the values of k2 regardless

of the HA existence. For example, with the increase in NaCl
(100–300 mM), the k2 value for nSiO2 with 1 mg L−1 HAwas
in the range of 0.007~0.022 min−1 and 0.006~0.009 min−1 at
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Fig. 6 Breakthrough curves of
nSiO2 with the absence (a) and
presence of 1 mg L−1 (b) humic
acid (HA) in NaCl electrolyte,
and with the absence (c) and the
presence of 1 mg L−1 HA (d) in
CaCl2 electrolyte at pH 9.0
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pH 6.0 and 9.0 (Table 1), respectively. It was also consistent
with the variation of k1d/k1. It indicated the straining process of
nSiO2 at site 2 on sand decreased. The reason could be that the
hydrodynamic size became larger as the pH decreased in NaCl
(Fig. 3a vs. b). In CaCl2 solution, zeta potential experimental
results suggested that the surfaces of nSiO2 with and without
HAwere positively charged at pH 6.0 and negatively charged
at pH 9.0 (Fig. 1c vs. d). In contrast, quartz sand was usually
negatively charged (Liu et al. 2017). The charge heterogeneity
resulted in an increase of straining at site 2 at pH 6.0 compared
to that at pH 9.0. This increased the irreversible attachment

interaction of nSiO2 in CaCl2 at pH 6.0. As a result, the low
pH favors the deposition of nSiO2 independent of HA.

Given that values of k1 and k2 for individual nSiO2 increased
with increasing the IS (Table 1). This suggested that the greater
retention of nSiO2 was related to the depth of the secondary
minimum (Toloni et al. 2014; Tufenkji and Elimelech 2005).
However, the different change trend of parameters took place
after the addition of HA: k1 decreased and k2 increased with
increasing the IS. Also noted, k2 with HA was less than that
without HA under the same conditions. For example, the k2
for individual nSiO2 increased from 0.011 to 0.042 min−1 with

Table 1 Fitted parameters of the TSKAM as estimated from the breakthrough data for packed quartz sands under different experimental conditions

IC (mM) HAc (mg L−1) pH k1
d (min−1) k1d

e (min−1) k1d/
k1

k2
f (min−1) R2g MR12

h (%) MR3
i (%)

100a 0 6.0 0.199 0.168 0.844 0.011 0.989 81.27 12.0

200a 0 6.0 0.868 0.478 0.551 0.027 0.999 60.21 14.98

300a 0 6.0 1.284 0.631 0.491 0.042 0.976 11.46 27.39

100a 1 6.0 0.525 0.474 0.903 0.007 0.987 88.78 9.75

200a 1 6.0 0.430 0.359 0.835 0.020 0.985 73.17 13.58

300a 1 6.0 0.332 0.249 0.750 0.022 0.985 62.56 17.43

100a 3 6.0 0.599 0.555 0.927 0.009 0.990 85.82 4.81

200a 3 6.0 0.433 0.383 0.885 0.016 0.993 75.31 11.08

300a 3 6.0 0.365 0.308 0.844 0.023 0.993 74.14 16.83

50b 0 6.0 0.140 0.081 0.579 0.046 0.993 50.25 20.16

100b 0 6.0 0.404 0.201 0.498 0.077 0.995 22.19 42.54

200b 0 6.0 0.724 0.259 0.358 0.096 0.994 10.21 61.22

50b 1 6.0 0.033 0.021 0.636 0.033 0.982 60.86 28.34

100b 1 6.0 0.158 0.088 0.557 0.042 0.982 55.42 42.18

200b 1 6.0 0.533 0.254 0.477 0.087 0.973 15.33 50.55

100a 0 9.0 1.469 1.360 0.926 0.005 0.993 86.88 4.43

200a 0 9.0 3.368 3.250 0.965 0.006 0.998 89.83 3.64

300a 0 9.0 5.660 5.280 0.932 0.009 0.994 87.92 3.66

100a 1 9.0 1.138 0.925 0.913 0.006 0.991 86.26 7.75

200a 1 9.0 0.970 0.819 0.944 0.008 0.987 85.82 8.43

300a 1 9.0 0.405 0.330 0.915 0.009 0.987 88.99 6.39

1b 0 9.0 0.566 0.534 0.943 0.012 0.989 79.34 2.22

2b 0 9.0 0.821 0.779 0.949 0.013 0.999 77.62 3.85

5b 0 9.0 1.513 1.435 0.948 0.016 0.995 72.75 6.51

1b 1 9.0 2.330 2.123 0.911 0.015 0.989 81.24 4.53

2b 1 9.0 0.906 0.804 0.887 0.017 0.994 72.87 8.93

5b 1 9.0 0.563 0.501 0.890 0.018 0.993 68.22 9.50

a Concentration of the NaCl electrolyte solutions
b Concentration of the CaCl2 electrolyte solutions
c Initial HA concentration injected into the saturated sand columns
d First-order attachment coefficient on site 1
e First-order detachment coefficient on site 1
f First-order retention coefficient on site 2
g Squared Person’s correlation coefficient
h The mass recovery of phase I and phase II
i The mass recovery of phase III
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the increase of Na+ at pH 6.0, while that with the HA ranged
from 0.007 to 0.022 min−1 (Table 1). This result was consistent
with the facilitated transport of nSO2 with HA due to the de-
creased irreversible retention resulting from HA adsorption
(Fig. 5a vs. c and d vs. e). However, in Ca2+ at pH 9.0, k1 with
HAwas greater than that without HA, which was again due to
the formation of larger coordination complexes among nSiO2 by
a bridge between HA and Ca2+ (Liu et al. 2011). As supported,
the value of k2 was slightly increased by the presence of HA at
alkaline pH (Table 1). This indicated that the HA increased the
irreversible deposition of nSiO2 in CaCl2 solution at pH 9.0
(Fig. 6c vs. d). To elucidate the direct influence of HA on the
transport of nSiO2 in soils containing calcium, additional exper-
iment was conducted: HAwas injected to the SiO2 andCa

2+ pre-
deposited sand column at pH 9.0. The breakthrough curves
(BTCs) of particulate nSiO2 was presented in Fig. S2 (ESM).
The shape of the BTCs for nSiO2 in phases I and II was similar
to that for individual nSiO2 in CaCl2 at pH 9.0 (Fig. 6c).
However, a certain amount of nSiO2 with HA in CaCl2 influent
was flushed out from sand column by DI water during phase III
(Fig. 6d). However, almost no nSiO2 with HA could be detected
during phase III (Fig. S2 - ESM). This result demonstrated that
the pre-deposited nSiO2 in sand was irreversible, which was
difficult to leach from sand column, but prone to deposition by
the formation of larger complexes between HA and Ca2+.

4 Conclusions

The sediment and transport behavior of nSiO2 with HA in
porous media was investigated in the system. The impacts of
IC, HA concentration, and pHwere studied in great detail. HA
could adsorb to the surface of nSiO2, which lead to the more
negatively charged surface and smaller particle size of nSiO2,
thus improved the suspension stability of nSiO2 and facilitated
their transport in NaCl and CaCl2 at acidic pH. This effect was
strengthened with the increase of HA level. However, HA can
form coordination complexes with calcium ions which
adsorbed to the nSiO2 surface in CaCl2 electrolyte at alkaline
pH and resulted in the larger complexes, thus increased the
sedimentation rate and inhibited the transport of nSiO2.
Particularly, due to the specific absorption occurred between
Ca2+ and nSiO2, the surface of nSiO2 was positively charged
at larger calcium concentrations. The two-site kinetic attach-
ment model fitting results showed that the combined values of
the attachment/detachment coefficients at site 1 and the
straining coefficient at site 2 are responsible for the retention
of nSiO2 with HA in porous sand media. Owing to numerous
complex substances in the soil and underground water system,
further work will be required on the transport of nSiO2 in soil
to better understand the transport behaviors of nSiO2. Overall,
the information presented herein may be useful for assessing
the environmental exposure and risk of nSiO2 in natural

system with the enrichment of HA and for eventually devel-
oping regulations for such ENMs.
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