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a b s t r a c t

The transport, retention, and long-term release of zinc oxide nanoparticle aggregates (denoted below as
ZnO-NPs) were investigated in saturated, bare and biofilm (Pseudomonas putida) coated sand packed
columns. Almost complete retention of ZnO-NPs occurred in bare and biofilm coated sand when the
influent solution pH was 9 and the ionic strength (IS) was 0.1 or 10 mM NaCl, and the retention profiles
were always hyper-exponential. Increasing the solution IS and biofilm coating produced enhanced
retention of ZnO-NPs near the column inlet. The enhanced NPs retention at high IS was attributed to
more favorable NP-silica and NP-NP interactions; this was consistent with the interaction energy cal-
culations. Meanwhile, the greater NPs retention in the presence of biofilm was attributed to larger
roughness heights which alter the mass transfer rate, the interaction energy profile, and lever arms
associated with the torque balance; e.g., scanning electron and atomic force microscopy was used to
determine roughness heights of 33.4 nm and 97.8 nm for bare sand and biofilm-coated sand, respectively.
Interactions between NPs and extracellular polymeric substances may have also contributed to enhanced
NP retention in biofilm-coated sand at low IS. The long-term release of retained ZnO-NPs was subse-
quently investigated by continuously injecting NP-free solution at pH 6, 9, or 10 and keeping the IS
constant at 10 mM. The amount and rate of retained ZnO-NP removal was strongly dependent on the
solution pH. Specifically, almost complete removal of retained ZnO-NPs was observed after 627 pore
volumes when the solution pH was 6, whereas much less Zn was recovered when the eluting solution pH
was buffered to pH ¼ 9 and especially 10. This long-term removal was attributed to pH-dependent
dissolution of retained ZnO-NPs because: (i) the solubility of ZnO-NPs increases with decreasing pH;
and (ii) ZnO-NPs were not detected in the effluent. The presence of biofilm also decreased the initial rate
and amount of dissolution and the subsequent transport of Zn2þ due to the strong Zn2þ re-adsorption to
the biofilm. Our study indicates that dissolution will eventually lead to the complete removal of retained
ZnO-NPs and the transport of toxic Zn2þ ions in groundwater environments with pH ranges of 5e9.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Metal oxide nanomaterials have been extensively used in a va-
riety of industrial applications. In particular, zinc oxide (ZnO)
ript.
nanoparticles are widely used as raw materials for products in
cosmetic, optical, and chemical industries (Wang and Song, 2006;
Mu and Sprando, 2010; Wang et al., 2009). However, studies have
shown that ZnO can be toxic to humans, plants, and birds (Adams
et al., 2006; Brayner et al., 2006; Lin and Xing, 2007), and that it
may be even more toxic when Zn2þ ions are released in solution
(Xia et al., 2008; Miller et al., 2010; Miao et al., 2010). ZnO nano-
particles quickly dissolve in natural aquatic environments due to
their solubility and large specific surface area (Mudunkotuwa et al.,

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:kshjkim@jbnu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2015.12.009&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
http://dx.doi.org/10.1016/j.watres.2015.12.009
http://dx.doi.org/10.1016/j.watres.2015.12.009
http://dx.doi.org/10.1016/j.watres.2015.12.009


Y. Han et al. / Water Research 90 (2016) 247e257248
2012). Consequently, ecosystems may be adversely affected by the
transport, retention, and subsequent dissolution of ZnO nano-
particles. Information on the transport and fate behavior of ZnO
nanoparticles is therefore needed to evaluate the potential envi-
ronmental and health risks posed by exposure in natural environ-
ments (Wiesner et al., 2006).

A number of studies have investigated the influence of various
environmental factors on the transport and retention of ZnO
nanoparticles. Solution chemistry and organic matter have been
identified as crucial factors affecting the transport and retention of
ZnO nanoparticles (Jiang et al., 2012a; Petosa et al., 2012; Li and
Schuster, 2014; Jiang et al., 2010; Jones and Su, 2014). Biofilms
consisting of bacterial clusters embedded in extracellular polymeric
substances (EPS) at the soil surface (Sussman et al., 1993), have also
been reported to play an important role in the transport and
retention of nanoparticles (Tong et al., 2010; Mitzel and Tufenkji,
2014; Lerner et al., 2012; Tripathi et al., 2012). For example, Tong
et al. (2010) found that the transport behavior of fullerene (C60)
in a sand column decreased in the presence of biofilms. Lerner et al.
(2012) investigated the transport behaviors of iron nanoparticles
coated with acrylic acid (pnZVI) in porous media, and found that
biofilm increase the retention of pnZVI at high ionic strength
(25 mM NaCl) as a result of the polymer bridging. Tripathi et al.
(2012) reported the effects of biofilms and EPS on the transport
and retention of 4 types of nanoparticles in a sand column. The
retention of nanoparticles was observed to be improved in the
presence of the biofilm regardless of the size of the particles or the
type of chemistry for the solution. Unlike the aforementioned
works, Mitzel and Tufenkji (2014) measured the mobility of PVP-
coated silver (Ag) nanoparticles with the age of the biofilms, and
found that sand columns coated with mature biofilms have earlier
breakthrough and lower retention of PVP-coated Ag nanoparticles
than sand columns coated with younger biofilm or without biofilm,
due to an increase of the electrosteric repulsive force between the
PVP-coated Ag nanoparticles and the biofilms.

The above studies suggest that biofilms influence the transport
of nanoparticles, and this is also true for ZnO nanoparticles. Jiang
et al. (2013) found that the retention of bare ZnO nanoparticles in
sand increased in the presence of Escherichia coli biofilm. However,
these packed column tests were conducted at a constant pH of 8,
while the pH level for actual surface water or groundwater envi-
ronments varies over a wide range (e.g., 5.0e9.5) (Kim et al., 2009).
Changes in pH can chemically alter ZnO nanoparticles. Indeed, ZnO
nanoparticles dissolve in the pH range of groundwater environ-
ments, and their solubility increases as the pH decreases (Han et al.,
2014). This information implies that retained ZnO nanoparticles
may be released to the surrounding environment as dissolved Zn2þ,
especially at a lower pH. The toxicity of dissolved Zn2þ may induce
biofilm sloughing, which could potentially trigger additional
release and transport of ZnO nanoparticles.

Although the above scenario is very plausible in natural envi-
ronments, to the best of our knowledge, no study has reported on
the long-term release behavior of ZnO nanoparticles under various
pH conditions in sand with/without biofilm coatings. Hence, our
study was designed to overcome these gaps in knowledge. The
transport and retention of ZnO nanoparticle aggregates (denoted
below as ZnO-NPs) was studied in packed sand columns with/
without a Pseudomonas putida (P. putida) biofilm coating at a fixed
pH of 9, in which almost no ZnO dissolution occurs. The post-
release behavior of ZnO-NPs was then evaluated by changing the
pH of the background solution. Analyses of the transport and long-
term release behavior for ZnO-NPs were conducted using break-
through curves (BTCs) and retention profiles (RPs). The collected
data are needed to accurately assess the long-term risks of ZnO
nanoparticles in groundwater environments.
2. Materials and methods

2.1. Porous media and electrolyte solutions

Ultra-pure quartz sand (99.8% SiO2) with particle sizes ranging
from 212 to 855 mmwere sieved in U.S. standard stainless steel test
sieves (Fisher Scientific), such that the average diameter of the sand
particles (d50) was approximately 475 mm. The quartz sand was
thoroughly cleaned in order to remove any metal and organic im-
purities (Redman et al., 2004). The cleaned quartz sand was re-
hydrated by boiling the mixture in de-ionized (DI) water (Milli-
pore, Billerica, MA) for at least 1 h prior to wet-packing the column.
The zeta potential of crushed porous medium was determined at
desired conditions using an Otsuka Zetasizer ELS-Z.

Three pH (6, 9, and 10) and two ionic strength (IS) (0.1 and
10 mM) values were selected to encompass expected ranges in
typical groundwater environments (Jewett et al., 1995; Kim et al.,
2009). The final pH was adjusted using either 0.1 N HCl or NaOH
solution (denoted as an unbuffered condition below). For some
conditions, a carbonate buffer (a mixture of 9 � 10�4 M NaHCO3
and 1 � 10�4 M Na2CO3) (Delory and King, 1945; Kim et al., 2009)
was utilized to increase the pH of the solution (denoted as a buff-
ered condition below). The IS of the solutions was adjusted using
NaCl as the background electrolyte. All chemicals were reagent
grade (Fisher Scientific).

2.2. ZnO nanoparticles and suspension preparation

ZnO nanoparticles were synthesized using a previously
described procedure (Han et al., 2014). This protocol is used to
prepare ZnO nanoparticles for commercial cosmetics in South Ko-
rea. The Supplementary Information (SI) provides details of the
synthesis and characterization procedure for ZnO nanoparticles,
and their physical properties under dry conditions (Fig. S1 and
Table S1). The protocol used to prepare the ZnO-NP suspension has
also been fully described in the SI. The influent suspension that was
used in the column experiments described below consisted of
20mg/L ZnO-NPs at a pH¼ 9 and IS equal to 0.1 or 10 mMNaCl. The
pH 9 solution was selected for initial ZnO-NPs transport tests to
minimize dissolution and complexities from Zn2þ ions that might
have different transport characteristics. The dissolution character-
istics of ZnO-NPs are presented in Fig. S2. Influent ZnO-NP sus-
pensions were characterized by measuring their size and zeta
potential using a Zetasizer (ELS-Z, Otsuka Eletronics Co., Japan). The
measurements were performed right before the column experi-
ments and were repeated 30e40 times at room temperature
(25 �C).

2.3. Bacterial culture and biofilm formation in quartz sand column

P. putida (KTCT 1641), a representative soil bacterium (Jost et al.,
2010), was provided by the Korea Research Institute of Bioscience
and Biotechnology (KRIBB) for biofilm formation. P. putida was
grown following the protocol provided by the KRIBB. Specifically,
theywere grown in a nutrient brothmedium (Difco) that contained
3.0 g beef extract and 5.0 g peptone per liter, without a pH control.
P. putida cells were inoculated into 500-ml Erlenmeyer flasks con-
taining 200 ml of sterile medium and cultivated aerobically in an
orbital rotary shaker (200 rpm) at 26 �C for 20 h. After growth, the
cells were harvested by means of centrifugation (SIF-5000R, Lab
companion, South Korea) at 3700 g for 15 min and were washed
three times with 10 mL of 1 mM NaCl to remove residuals from cell
surfaces. Cell pellets were then re-suspended in 5mL of 1 mMNaCl,
and this suspension was used as stock for subsequent character-
ization and column tests.
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In order to develop biofilms in quartz sand column, 9 g quartz
sand was put into 50 mL tube with 30 mL P. putida suspension
(~108 cells/mL). The tube was then placed in rotator at 80 rpm and
25 �C for 24 h to allow the bacteria to attach on the sand surface.
Columns were packed in small increments (~1.5 cm) with this
quartz sand that had been saturated and equilibrated with a sus-
pension of P. putida. Mild vibration was applied to the column to
minimize any layering or air entrapment. Columns were allowed to
settle for 24 h after packing in order to allow the bacteria to tightly
attach to the quartz sand. After 24 h, a synthetic nutrient solution
(Liu and Li, 2008) was pumped through the columns at a flow rate
of 1.5 ml/min for 5 day at room temperature. To ensure the uniform
formation and distribution of P. putida biofilm inside the column,
the direction of the flow injection was switched from upflow to
downflow every 12 h (Liu and Li, 2008). The distribution of the
biofilm in the column was analyzed using a previously reported
procedure (Jiang et al., 2013). Briefly, the column media was evenly
dissected into 10 segments, and each segment of the quartz sand
was placed into a beaker containing 50 mL NaCl-MOPS (3-(N-
morpholino)-propanesulfonic acid) solution, composed of 100 mM
NaCl and 2.2mMMOPS in DI water. The pH of the prepared solution
was adjusted to 6.9e7.1 using NaOH, and then the bacterial sus-
pension was sonicated in an ultrasonication bath for 10 min, fol-
lowed by vigorous shaking for 10 s. The cultivable and non-
cultivable bacterial number of the P. putida biofilm was deter-
mined via the pour plate method and using a counting chamber
(BürkereTürk chamber, Marienfeld Laboratory Glassware, Ger-
many) with a phase-contrast microscope (ODEO-2003 triple, IPO-
NACOLOGY). The morphology of biofilm on the quartz sand was
examined using a field emission scanning electron microscope
(SUPRA 40VP, Carl Zeiss, Germany) and an atomic force microscope
(Digital Instruments; Nanoscope IV multimode) in tapping mode,
and this result was compared with bare sand. AFM was performed
in air mode; the Si cantilever had a spring constant of 2 N/m and a
nominal tip apex radius of less than 10 nm. For quantitative anal-
ysis, the root-mean-squared (RMS) roughness (Boussu et al., 2005)
was determined over an area of 10 mm2.

2.4. Transport and release experiments

An adjustable column (Omnifit, Boonton, NJ) with an inner
diameter of 1.5 cm and a length of 10 cmwas used in the transport
experiments. The column experiments were conducted at a flow
rate of 1.14 mL/min (Darcy velocity ¼ 0.25 cm/min), which is
representative of groundwater flow (Chen et al., 2010), using
peristaltic pumps (Masterflex L/S, ColeeParmer Instrument Co.,
USA). In each column experiment, purified quartz sand was wet
packed into the columnwith an average bed porosity of 0.38 ± 0.01.
Once the columnwas packed, more than 10 pore volume (PV) of DI
water was used to flush the column, followed bymore than 10 PV of
the desired electrolyte solution for equilibration.

Five PV of influent ZnO-NP suspension were injected into the
column (bare silica or biofilm-coated sand) in an up-flow mode
using peristaltic pumps. The ZnO-NP suspension was sonicated in
an ultrasonic water bath every 7 min to prevent aggregation prior
to entering the column. Measurement of the size distribution of
ZnO-NPs before and after injection confirmed the stability of the
suspension (Fig. S3a and b shows data for IS ¼ 0.1 and 10 mM NaCl,
respectively). Following the ZnO-NP injection, more than 5 PV of
ZnO-NP free electrolyte solution at the same IS and pH were
injected into the column, and the column effluent was collected in
15 mL centrifuge glass tubes using a fraction collector. The Zn
concentration in the effluent was analyzed using ICP-OES (iCAP
7000DUO, Thermo Scientific).

Following completion of transport experiments, the long-term
release and/or dissolution of the retained ZnO-NPs was studied.
Specifically, an additional 168 h (627 PV) of ZnO-NP-free solution
was injected into the column with the same IS (or the same IS
buffer) but at different pH levels (6, 9 and 10). The column effluent
was collected at 12 h intervals in a 1 L glass flask. Effluent samples
were dissolved in 0.5 N HNO3, diluted by a factor of 2, and then
analyzed by measuring the concentration of Zn via ICP. The con-
centration of retained ZnO-NPs with depth was determined based
on previous works (Jiang et al., 2012a, 2010). Column dissections
were performed at selected times during the post release experi-
ments. Briefly, we carefully excavated the quartz sand (or biofilm-
coated quartz sand) in 1 cm intervals and then placed it into
50 mL tubes containing 0.5 N HNO3. The sand and the acid-filled
tubes were vigorously shaken, and the concentration of the
retained ZnO-NPs was determined using an ICP-OES. The tubes
with sandwere dried at 90 �C overnight to determine the volume of
the liquid and the mass of the sand in each tube. The duplicate
transport-release tests were conducted under an aerobic condition
(dissolved oxygen concentration � ~97%) for each condition.

The total percentage (Mtotal) of recovered ZnO-NPs was calcu-
lated as Me1þMe2þMsilica (or Mbiofilm). Here, Me1 and Me2 denote
the percentage of the injected ZnO-NPs that were collected from
the effluent during the transport and the release phases, respec-
tively. The Msilica and Mbiofilm represent the percentage of the
injected ZnO-NPs that were recovered from the silica and biofilm-
coated column dissection.

2.5. DLVO interaction energy calculations

Sphereesphere and sphere-plate configurations were consid-
ered for particleeparticle and particle-collector systems, respec-
tively. The retarded van derWaals forces for the sphereesphere and
sphere-plate configuration can be calculated according to Equa-
tions (1) and (2) as (Hogg et al., 1966; Haznedaroglu et al., 2009;
Gregory, 1981; Han and Kim, 2012):

Fvdw ¼ � A131aP1ap2lðlþ 22:232hÞ
6h2ðaP1 þ aP2Þðlþ 11:116hÞ2

(1)

Fvdw ¼ �A132aPlðlþ 22:232hÞ
6h2ðlþ 11:116hÞ2

(2)

where ap1 and ap2 refer to the radii of the two interacting nano-
particles, and ap refers to the radius of the nanoparticle; h is the
separation distance between the two nanoparticles (Equation (1))
or between the nanoparticle and the collector surface (Equation
(2)); A131 is the Hamaker constant for the NP-water-NP system; A132

is the Hamaker constant for the NP-water-collector. The combined
Hamaker constant for the NP-water-NP system (A131) and the NP-
water-collector system (A132) was calculated from the Hamaker
constants of the individual materials by using the following equa-
tion (Han and Kim, 2012; Jiang et al., 2012b; Israelachvili, 1992):

A131 ¼
� ffiffiffiffiffiffiffiffi

A11
p

�
ffiffiffiffiffiffiffiffi
A33

p �2
(3)

A132 ¼
� ffiffiffiffiffiffiffiffi

A11
p

�
ffiffiffiffiffiffiffiffi
A33

p �� ffiffiffiffiffiffiffiffi
A22

p
�

ffiffiffiffiffiffiffiffi
A33

p �
(4)

where A11, A22, and A33 are the Hamaker constants for the ZnO
nanoparticles, the collector surface, and water, respectively. The
value of A11 ¼ 9.21 � 10�20 J (Bergstr€om, 1997) and
A33 ¼ 3.70 � 10�20 J (Israelachvili, 1992), and these parameter
values in Eq. (3) give A131 ¼ 1.23 � 10�20 J. The value of
A22 ¼ 6.50 � 10�20 J for bare silica (Israelachvili, 1992) and
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A22¼ 6.12� 10�20 J for the biofilm-coated sand (Schafer et al., 1998;
Nir, 1977; Rijnaarts et al., 1995). These parameters in Eq. (4) give
A132 ¼ 6.96 � 10�21 and 6.11 � 10�21 J for the ZnO-water-silica and
ZnO-water-biofilm systems, respectively.

The electrostatic double layer forces for the sphereesphere and
sphere-plate configurations can be determined according to the
following equations (Hogg et al., 1966; Han and Kim, 2012; Jiang
et al., 2012b; Israelachvili, 1992):

FEDL ¼ 4pεrε0k
ap1ap2�

ap1 þ ap2
� zp1zp2

"
expð � khÞ

1þ expð � khÞ

�
�
zp1 � zp2

�2
2zp1zp2

expð � 2khÞ
1� expð � 2khÞ

#
(5)

FEDL ¼ 4pεrε0kapzpzc

"
expð � khÞ

1þ expð � khÞ

�
�
zp � zc

�2
2zpzc

expð � 2khÞ
1� expð � 2khÞ

#
(6)

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2

P
nj0z2j

ε0εrkT

s
(7)

where ε0 is the permittivity of vacuum; εr is the dielectric constant
or relative permittivity of water; zp1 and zp2 are the zeta potentials
for ZnO-NP 1 and 2, respectively, and zp and zc are the zeta po-
tentials for the ZnO-NP and the collector (bare silica or biofilm
surface), respectively. zj is the ion valence, e is the electron charge,
and nj0 is the number for the concentration of ions in the bulk
solution. Table S3 presents zeta potential and NP size values that
were used in DLVO interaction force calculations.
3. Results and discussion

3.1. Transport and retention of ZnO-NPs

Fig. 1 shows the BTCs (a) and the RPs (b) of the ZnO-NPs in the
presence and in the absence of biofilms when the IS ¼ 0.1 mM and
10 mM NaCl and the pH ¼ 9. The initial transport behavior of the
ZnO-NPs showed no difference in BTC as a result of changes in
Fig. 1. ‒ Breakthrough curves (a) and retention profiles (b) of ZnO-NPs in the absence and pre
and C represent the influent and effluent ZnO-NPs concentrations, respectively. Ntc is the co
collected by the column dissection at each dimensionless depth.
biofilm and IS, and the small breakthrough amount ranged from 1.3
to 2.1% (Table 1). Significant amounts of ZnO-NP retention were
observed in the column inlet area for all experimental conditions.
However, the RPs were more hyper-exponential in the presence of
biofilm or with a higher level of IS (Fig. 1b).

The interaction energy profiles for NPseNPs, NPs-silica (quartz
sand), and NPs-biofilm surfaces were derived in order to better
interpret the RP data shown in Fig. 1b. DLVO interaction energy
profiles are presented in Fig. 2. The interaction conditions are found
to be favorable when the IS ¼ 10 mM NaCl (Fig. 2b, d, and f). In this
case, the injected NPs are expected to deposit into a primary
minimum on the surface of deposited NPs, as well as the quartz
sand or biofilm. NP-NP interaction provides additional deposition
sites and facilitates aggregation at the column inlet that may
eventually reduce the size of the pore throats in the sand. Both of
these factors can contribute to higher retention of NPs at the col-
umn inlet, which supports the observed hyper-exponential RPs
(Yang et al., 2012; Cai et al., 2014).

The interaction energy profiles at low IS ¼ 0.1 mM NaCl indicate
that NPs-silica and NPs-biofilm interaction were relatively unfa-
vorable with energy barriers of >15 kT (Fig. 2a and e). In this case,
diffusion of NPs over this energy barrier is unlikely (Bradford and
Torkzaban, 2013; Duffadar and Davis, 2007). One plausible expla-
nation for the significant amounts of NP retention when the
IS ¼ 0.1 mM is due to nanoscale roughness which was neglected in
the DLVO calculations. All natural surfaces exhibit roughness at
some scale (Lohwacharin et al., 2015; Shellenberger and Logan,
2002), and nanoscale surface roughness can significantly reduce
the energy barrier to the primary minimum at specific locations
(Bradford and Torkzaban, 2013; Hoek and Agarwal, 2006). Indeed,
AFM analysis for bare quartz sand shows that the surface of quartz
sand exhibits ~33.4 nm scale roughness (Fig. 3c and e). In addition,
other factors (e.g, sand surface charge heterogeneity (Chen et al.,
2001; Tufenkji and Elimelech, 2005) secondary energy minimum
interaction (Tian et al., 2010; Tufenkji and Elimelech, 2005), col-
loids population heterogeneity (Tufenkji and Elimelech, 2004))
might also influence the retention of NPs under the unfavorable
condition (i.e., 0.1 mM). However, the contribution of these
mechanisms is unlikely due to the following reasons: i) the quartz
sand used in the present study was thoroughly cleaned, so that the
presence of sand surface charge heterogeneity is negligible; ii) the
depth of secondary energy minimum is very shallow (~0.001 kT),
which is not sufficient for NPs retention; iii) we measured the zeta
sence of P. putida biofilmwith different ionic strengths at a pH of 9 in NaCl solutions. C0
ncentration of the ZnO-NPs being injected, and Nc is the concentration of the ZnO-NPs



Table 1
‒ Mass balance results for ZnO-NPs obtained from column experiments.

Experimental conditionsa

Substrate Salt type IS (mM) pH Tinjection
a

(h)
Me1

b (%) Me2
b (%) Msilica

c (%) Mbiofilm
c (%) Mtotal

d (%)

Initial (0e10 PV) silica NaCl 0.1 9 e 2.1(0.2)e e 91.1(2.2) e 93.2(2.4)
biofilm NaCl 0.1 9 e 2.0(0.1) e e 91.7(1.8) 93.7(1.9)
silica NaCl 10 9 e 2.0(0.3) e 89.6(3.3) e 91.6(3.6)
biofilm NaCl 10 9 e 1.3(0.8) e e 92.5(1.5) 93.8(2.3)

Release (10e627 PV) silica NaCl 0.1 6 168 e 93.7(2.9) 2.1(2.5) 95.8(6.6)
biofilm NaCl 0.1 6 168 e 95.1(3.6) 2.8(1.6) 97.9(5.2)
silica NaCl 10 6 24 e 58.5(2.1) 40.0(4.1) e 100.5(6.1)
biofilm NaCl 10 6 24 e 21.5(2.0) e 68.1(3.8) 90.9(5.8)
silica NaCl 10 6 48 e 83.5(3.8) 12.3(2.2) e 100.8(6.0)
biofilm NaCl 10 6 48 e 66.8(3.2) e 23.6(1.7) 91.7(4.9)
silica NaCl 10 6 168 e 92.0(4.7) 2.5(0.4) e 96.5(5.1)
biofilm NaCl 10 6 168 e 92.2(4.1) e 2.6(0.3) 96.1(4.4)
silica NaCl 10 9 168 e 78.5(3.5) 19.2(2.9) e 99.7(6.4)
biofilm NaCl 10 9 168 e 74.2(4.1) e 25.1(1.6) 100.6(5.7)
silica buffer 10 9 168 e 56.6(3.3) 37.0(2.2) e 95.6(5.5)
biofilm buffer 10 9 168 e 41.7(4.0) e 49.4(1.3) 92.3(5.3)
silica buffer 10 10 168 e 10.3(1.8) 75.1(1.4) e 87.4(3.2)
biofilm buffer 10 10 168 e 9.7(1.1) e 85.1(2.0) 96.1(3.1)

a The injection time of particle-free electrolyte solution after initial transport tests of 10 PV.
b Me1 and Me2 represent the percentage of the ZnO-NPs in the effluent during the initial transport and release phase, respectively.
c Msand and Mbiofilm mean the percentage of the ZnO-NPs recovered by the dissection of the columns packed with bare silica and biofilm-coated sand, respectively, after

transport tests.
d Mtotal represents the sum of all percentages (i.e., Me1þMe2þMsand for bare silica and Me1þMe2þMbiofilm for biofilm-coated sand).
e Value in the parenthesis represents standard deviation of replicate.
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potential and the size distribution of NPs in column influent and
effluent suspensions, and no significant difference was observed
between NPs in two suspensions (Table S2). This indicates that NP
population heterogeneity in surface charge and size does not play
significant role in retention under the unfavorable condition.

The energy barrier for NP-NP interactions on smooth surfaces
was relatively low (~8 kT) at 0.1 mM IS level, which could be
overcome by the thermal diffusion and/or kinetic energy of
diffusing NPs (Hahn and O'Melia, 2004). Moreover, results in the
literature suggest that nanoscale roughness may completely elim-
inate this energy barrier in some instances (Bradford and
Torkzaban, 2013; Hoek and Agarwal, 2006). As mentioned above,
NP-NP interactions also provide a viable explanation for the
observed hyper-exponential RPs.

Fig. 1b indicates that biofilm-coated sand produced higher
concentrations of retained NPs at the column inlet than uncoated
sand at both IS levels. To explain this phenomenon, DLVO interac-
tion energy profiles for NPs-silica and NPs-biofilm at both IS were
derived (Fig. 2a and b for NPs-silica and Fig. 2e and f for NPs-biofilm
at 0.1 and 10 mM NaCl, respectively). Energy barriers for NPs on
biofilm coated sand were comparable to that for NPs on bare quartz
at both IS levels (~16 kT for 0.1 mM and no energy barrier for
10 mM), indicating that the higher NP retention in the presence of
biofilm is unlikely due to differences in energy barrier heights. An
alternative explanation was obtained by examining the surface
roughness of biofilm-coated sand via SEM and AFM analyses, and
the results were compared with bare quartz sand. Both the visu-
alized images from SEM and AFM and the RMS roughness value
(Rq ¼ 33.4 nm for bare silica and Rq ¼ 97.8 nm for biofilm-coated
sand) indicate an increase in the surface roughness of the quartz
sand after biofilm formation (Fig. 3). Previous studies have reported
that roughness can enhance the deposition of micro- or nano-sized
colloids (Chen et al., 2011; Hoek and Agarwal, 2006; Jiang et al.,
2013; Liu and Li, 2008; Shellenberger and Logan, 2002; Tripathi
et al., 2012). Roughness can enhance retention by altering the NP
mass transfer rate (Saiers and Ryan, 2005), reducing the energy
barrier height and the depth of the primary minimum (Bendersky
and Davis, 2011; and Bradford and Torkzaban, 2013), and altering
the lever arms to reduce to applied hydrodynamic torque and in-
crease the resisting adhesive torque (Bradford et al., 2013; Burdick
et al., 2005). In addition, previous studies reported that metal oxide
particles can interact with bacterial surface polymers (e.g., EPS,
surface macromolecules) via hydrogen bonding (Jiang et al., 2013;
Jucker et al., 1998). P. putida cells are known to produce EPS (Fang
et al., 2011; Wei et al., 2011), and the IR spectra of ZnO-NPs used
in our study exhibited surface functional groups (COO-, OH-)
(Fig. S1 and Table S1), suggesting that this NPs-EPS interaction is
also possible. All of these factors are, therefore, believed to
contribute the enhanced retention of NPs at the low IS ¼ 0.1 mM
NaCl.
3.2. Long-term release behavior of ZnO-NPs in pH 6 solution

Transport experiments were conducted to study the transport
and retention of ZnO-NPs in bare and biofilm coated sand when the
influent solution pH ¼ 9 and IS ¼ 0.1 and 10 mM. As discussed
above, nearly 100% of the ZnO-NPs were retained in both bare and
biofilm coated sand. Release experiments were subsequently con-
ducted on these same columns to examine the fate of the retained
ZnO-NPs when exposed to influent solution at pH ¼ 6 and both IS
levels for an extended period of time to simulate a sudden drop in
pH in natural environments. Fig. 4 shows the effluent concentration
of Zn as a function of time after the injection of NPs-free solution at
pH ¼ 6 and both IS levels in bare and biofilm coated sand. Zinc was
rapidly released right after the injection of pH ¼ 6 solution at both
IS levels, and then the effluent concentration slowly decreased over
time to the analytic detection limit after ~87 h. Close examination
of the release curves indicates that the Zn release rate was initially
slower on the biofilm-coated than the bare sand at both IS levels.
For instance, when the IS ¼ 10 mM NaCl about 58.5%, 83.5%, and
92% of the retained ZnO-NPs on bare sand was released to the
effluent solution after 24, 48, and 93.7 h, respectively. In contrast,
about 21.5%, 66.8%, and 92% of the retained ZnO-NPs on biofilm
coated sand was released to the effluent solution after 24, 48, and



Fig. 2. ‒ DLVO interaction energy profiles for NP-silica (a and b), NP-NP (c and d), and NP-biofilm (e and f) in NaCl solution with 0.1 (a, c, and e) and 10 mM (b, d, and f) IS at pH 9.
The measured properties for this calculation are presented in Table S2.
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93.7 h, respectively. This observation is further supported in Fig. S4,
which presents the initial short-term release behavior of retained
ZnO-NPs with and without biofilm. The cause of the slower release
of Zn in the presence of biofilm will be discussed later in detail.

Note that the measured concentration of Zn by the ICP does not
distinguish between released ZnO-NPs and dissolved Zn2þ in the
effluent (Fig. 4). Little direct release of ZnO-NPs from the sand to the
aqueous phase is expected because conditions are even more
favorable of ZnO-NP retention at pH ¼ 6 than pH ¼ 9 (e.g., the
isoelectric point (IEP) of ZnO-NPs is pH ~8 (Han et al., 2014) and the
magnitude of the zeta potentials of sand decrease with a decrease
in pH). Conversely, ZnO-NPs are known to be easily dissolved at a
pH of 6 because of a reaction with protons that releases Zn2þ

(Degen and Kosec, 2000; Yamabi and Imai, 2002; Bian et al., 2011).
Less dissolution of ZnO-NPs occurs at pH ¼ 9 because the Zn2þ

forms hydroxyl complexes on the particle surface (Yamabi and Imai,
2002; Bian et al., 2011; Meulenkamp, 1998). Therefore, a lower pH
solution leads to faster ZnO dissolution and higher Zn2þ



Fig. 3. ‒ FE-SEM (a and b) and AFM (c, d, e, and f) images of bare quartz sand surface (a, c, and e) and P. putida biofilm-coated sand surface (b, d, and f).

Fig. 4. ‒ Release curves of ZnO-NPs that were initially deposited in 0.1 (circle) and 10
(square) mM NaCl at a pH of 9. These release tests were carried out with particle-free
electrolyte solution at pH 6. C0 and C represent the influent and effluent nanoparticles
concentrations, respectively. Note that 0 PV in this graph corresponds to 10 PV in
Fig. 1a.
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concentrations (Fig. S2). To verify this hypothesis, we compared the
Zn concentration of the effluents before and after filtering with a
20 nm pore size syringe filter (Anotop10, Whatman, USA) via ICP
analysis, and found almost no difference in the Zn concentration
(Table S4). It is worthwhile mentioning that ZnO-NPs did not pass
through the 20 nm membrane pores in blank tests (Table S5).
Hence, Zn concentration is expected to be higher for unfiltered
samples if Zn is present as a particle form, but this is not true for our
case. This indicates that Zn concentrations in the effluent of the
release experiments weremuchmore dominated by dissolved Zn2þ
than ZnO-NPs.
The RPs of ZnO-NPs were measured at selected times during the

release experiments to gain additional insight on the dissolution
process. These measurements were only conducted when the
IS ¼ 10 mM NaCl, because similar release behavior was observed at
both IS levels (Fig. 4). Fig. 5a and b shows the time lapsed RPs for
the bare and the biofilm coated sand when the influent solution
pH¼ 6 and the IS¼ 10mM. Dissolution caused the concentration of
ZnO-NPs at the top of the column to rapidly decrease with time on
both bare and biofilm coated sand. Quantitatively, the amount of
retained ZnO-NPs between a dimensionless depth of 0e0.1
decreased to 37.1% and 75.9% on bare and biofilm coated sand,
respectively, after 24 h. After 168 h (627 PV) the amount of ZnO-NPs
in this region almost vanished (lower than 3%) on both bare and
biofilm coated sand (Table 1).

The RPs for ZnO-NPs on bare sand abruptly changed throughout
the column after the injection of the pH 6 solution. Conversely, a
slight increase in the Zn concentration was observed at dimen-
sionless depths between 0.5 and 1.0 on the biofilm-coated silica
after 24 h of injecting solution at pH ¼ 6. This phenomenon
continued until 48 h of injection. Furthermore, the Zn2þ release rate
was also initially slower on the biofilm-coated than the bare sand
(Fig. 4 and Fig. S4). These observations suggest that dissolved Zn2þ

could interact with the biofilm coated sand, and was transported at
a slower rate than on bare sand. To verify this hypothesis, we
conducted additional column tests using Zn2þ in both bare silica
and biofilm-coated sand.While almost complete breakthroughwas
observed in bare silica, negligible NPs transport was detected in
biofilm-coated sand (Fig. S5), clearly supporting the conclusion that
Zn2þ re-adsorbed onto the biofilm presumably due to the binding
interaction with reactive molecules (e.g., proteins, polysaccharides,
lipids, nucleic acids) that bacterial EPS retain (Guine et al., 2006)
and subsequently retards their transport.
3.3. Long-term release behavior of ZnO-NPs in pH 9 and 10
solutions

Additional release experiments were conducted at a



Fig. 5. ‒ Retention profiles of the ZnO-NPs on bare silica (a) and P. putida biofilm-coated sand (b) at different times during ZnO-NPs release tests. Ntc is the concentration of the ZnO-
NPs injected, and Nc is the concentration of the ZnO-NPs collected at each dimensionless depth of a column after release tests. Note that 0 PV in this graph corresponds to 10 PV in
Fig. 1a.
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representative IS ¼ 10 mM to investigate the effects of pH on the
fate of retained ZnO-NPs, and to further confirm that dissolution
was the dominant mechanism of release. Fig. 6a shows changes in
the effluent concentration of Zn with time in bare and biofilm
coated sand when the influent solution pH ¼ 9 and the IS ¼ 10 mM
NaCl. Similar to Fig. 4, a greater amount of Zn was initially released
from the bare than the biofilm coated sand (Table 1). In contrast to
Fig. 4, the peak effluent concentration of Zn was lower and the
release rate was slower when the influent solution pH ¼ 9 than
pH ¼ 6. This difference in behavior occurs because the solubility of
ZnO-NPs decreases as the pH increases (Han et al., 2014). However,
the results show that a considerable amount of Znwas still released
at pH ¼ 9 (74.2e78.5% after 168 h). This result can be explained by
temporal changes in the unbuffered solution pH during transport.
Fig. 6c shows that the pH of the effluent decreases from 9 to 7 after
20 h (84 PV) and remains constant until the experiments end at
168 h. This observation suggests that dissolved Zn2þ could be
released due to temporal pH changes in the column. This hypoth-
esis was tested by repeating the release experiment using influent
solution that was buffered to pH ¼ 9 and IS ¼ 10 mM (Fig. 6b). The
total amount of Zn that was released after 168 h was much lower in
the buffered (41.7e56.6%) than the unbuffered (74.2e78.5%) solu-
tions that were both initially at pH ¼ 9. Furthermore, when an
additional release experiment was conducted using influent solu-
tion that was buffered at pH ¼ 10 and IS ¼ 10 mM (Fig. 6b), the
amount of Zn that was released after a period of 168 h was less than
10.3% (Table 1).

Fig. 7a and b presents the corresponding RPs for ZnO-NPs in
bare and biofilm coated sand at the start (initial) and end (168 h) of
the release experiments when the influent solution IS¼ 10mM and
the pH was unbuffered at 9, buffered at 9, and buffered at 10. About
19.2% and 25.1% of the ZnO-NPs remained in the bare and biofilm
coated sand after 168 h, respectively, when the influent solution
was unbuffered at pH¼ 9 (Table 1). Conversely, a greater amount of
ZnO-NPs remained in the sand after 168 h when the influent so-
lution was buffered to pH ¼ 9 (37e49.4%), and especially when it
was buffered to pH ¼ 10 (75.1e85.1%). Furthermore, the shape of
the RPs for ZnO-NPs after 168 hwas nearly the same as those before
the injection when the influent solution pH was buffered at 10.

We measured the bacterial density with distance in the column
before and after completion of the release experiments in order to
test whether morphological and spatial change of biofilm with
column depth occurred over time as a result of lack of nutrients
and/or the toxicity of the deposited ZnO-NPs and dissolved Zn2þ

(Jiang et al., 2013). Fig. S6 shows these results when the influent
solution was unbuffered at pH ¼ 9 and the IS ¼ 10 mM. The culti-
vable and non-cultivable bacterial concentration in the columnwas
almost identical with no significant spatial change before and after
the release experiments. Accordingly, the effects of the biofilm
sloughing were confirmed to be insignificant.

The above results clearly indicate that the release of ZnO-NPs
was not due to the detachment of NPs or sloughing of biofilm,
but rather due to dissolution of ZnO-NPs. The amount and rate of
dissolution were observed to be a strong function of the solution
pH, which increased with decreasing pH.
4. Conclusions

The transport, retention, and long-term release of ZnO-NPs in
bare and biofilm coated (P. putida) sand were systematically
investigated. The retention of ZnO-NPs was found to be enhanced
in the presence of biofilms and at higher solution IS. The greater
NPs retention in the presence of biofilm could be attributed to
larger roughness heights which alter the mass transfer rate, the
interaction energy profile, and lever arms associated with the tor-
que balance. This conclusion was supported by scanning electron
and atomic force microscopy measurements of the roughness
height on bare sand (33.4 nm) and biofilm-coated sand (97.8 nm).
Interactions between NPs and EPS may have also contributed to
enhanced NP retention in biofilm-coated sand at low IS. Mean-
while, more favorable NP-silica and NP-NP interactions were found
to be a crucial factor for the greater NPs retention at higher solution
IS regardless of biofilm presence. However, retained ZnO-NPs
slowly dissolved and were released as Zn2þ back into the aqueous
phase over time under environmentally relevant pH conditions
(ranging from 5 to 9). The dissolution amount and rate were
enhanced at lower pH values that are typical of acid soils because of
enhanced solubility of ZnO-NPs, but biofilm coatings slowed the
initial release and transport of Zn2þ in comparison to bare sand;
this trend was mainly attributed to the strong re-adsorption of the
released Zn2þ-onto the biofilm surface. Results from this study
provide valuable insight for evaluating the dissolution behavior and
assessing the risks from ZnO-NPs in aquifer environments. Note
that, to the best of our knowledge, this is a first study to report the



Fig. 6. ‒ Release curves of the ZnO-NPs that were initially deposited in 10 mM NaCl at a pH of 9. These release tests were carried out with a particle-free 10 mM NaCl solution at pH
9 (a) as well as particle-free 10 mM buffer solution at pH 9 and 10 (b). C0 and C represent the influent and effluent nanoparticle concentrations, respectively. Note that 0 PV in this
graph corresponds to 10 PV in Fig. 1a. Change of pH over time for the NaCl solution with initial pH of 9 (circle) and the buffer solutions with initial pH of 9 (square) and 10 (diamond)
(c).

Fig. 7. ‒ Comparison of the retention profiles of the ZnO-NPs on bare silica and P. putida biofilm-coated sand after initial (10 PV) and post (10e627 PV) transport tests. Ntc is the
concentration of the ZnO-NPs injected, and Nc is the concentration of the ZnO-NPs collected at each dimensionless depth of a column after transport/release tests. The retention
profiles obtained after initial transport tests are also presented in Fig. 1b.
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potential long-term risk of one of the widely used oxide nano-
particles (ZnO nanoparticles) with pH-sensitive solubility due to
their transformation over pH change. Further studies on the long-
term release and dissolution behavior of other toxic metal oxide
nanoparticles, such as CuO, are necessary.
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