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Abstract

The fate and transport of nanoparticles (NPs) in streams is critical for understanding their overall
environmental impact. Using a unique field-scale stream at the Notre Dame-Linked Experimental
Ecosystem Facility, we investigated the impact of biofilms and the presence of dissolved organic
matter (DOM) on the transport of titanium dioxide (TiO2) NPs. Experimental breakthrough curves
were analyzed using temporal moments and fit using a mobile-immobile model. The presence of
biofilms in the stream severely reduced the transport of the TiO> NPs, but this was mitigated by
the presence of DOM. Under minimal biofilm conditions, the presence of DOM increased the mass
recovery of TiO2 from 4.2% to 32% for samples taken 50 m downstream. For thriving biofilm
conditions only 0.5% of the TiO, mass was recovered (50 m), but the presence of DOM improved
the mass recovery TiO; to 36%. The model was suitable for predicting early, peak, tail, and
truncation time portions of the breakthrough curves, which attests to its ability to capture a range
of processes in the mobile and immobile domains of the stream. The model outcomes supported
the hypothesis that DOM changed the interaction of NP-biofilm interaction from an irreversible to
a reversible process. Collectively, these outcomes stress the importance of considering

biogeological complexity when predicting the transport of NPs in streams.
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1.0 INTRODUCTION

Engineered nanoparticles (NPs) are widely used in consumer, industrial, agricultural, and
pharmaceutical products (Fei Yin et al., 2013; Pan and Xing, 2012; Volder et al., 2013; Zhang et
al., 2013). During their life cycle, NPs can enter streams through various pathways [e.g.,
wastewater treatment plants (Choi et al., 2017; Westerhoff et al., 2011)], and streams are efficient
transport networks that can potentially move the NPs throughout the environment. Thus, proper
risk assessment of NPs requires an understanding of their fate and transport in streams. This has
proven difficult due to the complexity arising from a combination of enumerable stream
biogeochemical conditions and realistic NP physical-chemical properties that are difficult to
measure in the environment.

NP transport in streams is typically simplified at the lab-scale using batch or column
reactors to simulate NP behavior in the water column or the porous media of the streambed,
respectively (Darlington et al., 2009; Wang et al., 2016) . While these experiments are valuable
for understanding specific mechanisms (e.g., homoaggregation) as a function of various
parameters (e.g., pH), field-scale transport studies are a necessary step for ultimately
understanding transport in realistic systems. As depicted in Figure 1, streams are complex, reactive
systems with rapid, turbulent flows in the water column (mobile domain) connected to slower
flows in the streambed substrate (relatively immobile domain) (Newbold et al., 2005). As NPs
move downstream, they can aggregate, settle, and deposit at the water-streambed interface or be
driven into the streambed via advective hyporheic exchange. Through hyporheic exchange, NPs
can be temporarily retained in the streambed or entirely removed via physical storage (Newbold
et al., 2005) or hyporheic/benthic biofilms (Arnon et al., 2010; Battin et al., 2003; Roche et al.,

2017). NPs that are not irreversibly deposited in the streambed or biological media will be
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resuspended and arrive downstream at an orders of magnitude longer timescale than NPs moving

through the water column only.
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Figure 1. (a) Conceptual diagram of NP transport in streams with connection process typically
described using laboratory experiments. (1) NPs move through the water column (mobile domain),
where they can undergo (2) aggregation and settle to the interface between the water column and
streambed substrates (immobile domain). (3) Hyporheic exchange drives NPs at the interface into
the streambed where they can be (4) permanently retained or (5) resuspended to the water column.
NPs can (6) interact with dissolved organic matter (DOM) that can stabilize and enhance transport,
or they can (7) become retained in biological media that is present in the mobile and immobile
domains. Other NP reactions such as dissolution or transformation (e.g., sulfidation) can occur but
are not expected to dominate transport for most NP types. At the lab-scale, batch reactors studies
are used to predict NP behavior in the water column or pore space of the streambed, while column
studies are used to predict NP behavior in the porous streambed substrate. The transport of NPs in
the streams is controlled by exchanges between the water column and streambed, as well as
interactions between NPs and biogeological media, and the complexity cannot be fully captured

with the lab-scale batch and column studies depicted.
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Prior studies on the transport behavior of (ultra)fine particles in streams have mostly
involved naturally occurring particles such as clays, silts, particulate organic matter, microbes, and
metal oxides (Areepitak and Ren, 2011; Arnon et al., 2010; Drummond et al., 2014b, 2014a;
Minshall et al., 2000; Packman et al., 2000; Ren and Packman, 2005). From strictly a size
perspective, finite differences are expected between engineered NPs and naturally occurring
ultrafine particles that have a nominal diameter less than 1 pum. But potential transport behavior
variations could arise between the two due to the unique physical-chemical properties of
engineered NPs. Studies focused on the transport of NPs in streams have been mostly limited to
controlled laboratory experiments (Battin et al., 2009; Boncagni et al., 2009), with only a few
studies using realistic field-scale experiments (Kim et al., 2019). Boncagni et al. investigated the
transport of titanium dioxide (Ti02) NPs using flume, column, and batch laboratory experiments
(Boncagni et al., 2009). They observed the NPs to aggregate in the water column and deposit in
the streambed, with both streambed velocity and pH playing a critical role in the detachment and
resuspension of the NPs into the stream. Two different engineered TiO> NPs were used, yet their
transport behavior was dissimilar due to differences in their surface chemistry. Battin et al.
investigated the effect of biofilms on the transport of two TiO2 NPs in a laboratory column (Battin
et al., 2009). The transport behavior was heavily influenced by the presence of biofilms, with
downstream travel distances reduced approximately two and a half fold. This agreed with
outcomes for naturally occurring particulates (Battin et al., 2008), but again, notable differences
were observed for the two TiO» NPs, suggesting their specific engineered surface chemistry
affected the biogeochemical interactions. Kim et al. conducted a controlled field-stream release

transport study for catalytic- and food-grade TiO2 NPs (Kim et al., 2019). The streambed media
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size, presence of biofilms, and surface properties of the NPs had a marked effect on the transport
behavior. The mass loss of the TiO2 NPs in the stream increased with increasing streambed particle
size, reflecting an increased rate in hyporheic exchange and subsequent retention in the streambed
via attachment. The TiO> mass loss was exacerbated in the presence of biofilms in the water
column and immobile streambed. When negatively charge food-grade TiO> NPs were used, the
mass recovery increased for all conditions tested compared to the bare catalytic-grade TiO> NPs,
which highlights the importance of the NP surface charge on transport under realistic stream
conditions.

The presence of dissolved organic matter (DOM) in streams can have a marked effect on
the transport of NPs, yet thus far studies been limited to controlled laboratory bench-scale
experiments. In aqueous systems, DOM stabilizes NPs and enhances transport (Domingos et al.,
2009; Isaacson and Bouchard, 2010; Li and Chen, 2012; Nason et al., 2012; Stankus et al., 2011;
Thio et al., 2011; Vindedahl et al., 2016; Zhang et al., 2009; Zhu et al., 2014), but DOM may also
alter the surface charge of the porous streambed media and increase NP retention (Zhou and Cheng,
2018). This contrasting behavior highlights the importance for exploring realistic stream systems
that contain both water column and streambed domains.

Thus, the goal of this study was to investigate the impact of biofilms and DOM on the
transport of NPs in field-scale streams. The stream experiments were conducted at the Notre
Dame-Linked Experimental Ecosystem Facility (ND-LEEF) in a 55 m reach lined with mixed-
sized streambed substrate. Experiments were conducted in the spring and autumn when biofilms
were minimal and thriving in the streams, respectively. TiO> NPs were chosen as a model NP due
to their widespread use as a whitening agent and ultraviolet light absorbing material in a variety of

consumer products (Allen et al., 2002; El-Sherbiny et al., 2014; Gondikas et al., 2014; Johnson et
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al., 2011; Keller et al., 2014; Shi et al., 2013). The results of this study are also applicable to a
range of ultrafine particles for which no information currently exists at field-scale, regarding the
effect of biofilms and DOM. The transport breakthrough curves were modeled with a mobile-
immobile model (MIM) that can capture the commonly observed range of processes relevant to
transport in complex environmental systems, including heavy tails in breakthrough curves and
non-exponential retention and reaction processes (Aubeneau et al., 2014; Bolster et al., 2019). The
MIM has been successfully used to predict biological and geological particle transport in field-
scale streams (Aubeneau et al., 2016, 2015a, 2015b, 2014; Boano et al., 2007; Drummond et al.,
2014), and we have shown it to be an excellent framework for capturing conservative and reactive
transport at ND-LEEF in experiments with very strong anomalous transport characteristics (Roche

et al., 2019a).

2.0 MATERIALS AND METHODS

2.1 Materials

A commercial catalytic-grade TiO, NP called P90 was used as a model NP (donated by Evonik,
Essen, Germany)). P90 is a mixed-phase TiO: consisting of anatase (~85%) and rutile (~15%) with
an average primary particle size of approximately 12 and 18 nm, respectively (Kim and Doudrick,
2019). The point of zero charge (pHzpc) of P90 in water as measured by zeta potential analysis is
approximately 6.0 (Kim and Doudrick, 2019). Unless specified otherwise, all chemical solutions
used in this study were prepared with ultrapure water (18.2 MQ-cm) produced using a Barnstead
Nanopure treatment system (Thermo-Fisher Scientific). Rhodamine water tracer (RWT;
C29H29CIN2NaxOs; Acros Organics, NJ, USA) was used as a conservative solute in the stream
experiments and has been previously shown to be a suitable tracer at our field-site (Aubeneau et

al., 2016, 2015a, 2015b, 2014; Shogren et al., 2017). The RWT solutions were covered with

8
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aluminum foil to prevent any photolytic degradation prior to release. The DOM was extracted from
commercial topsoil that contained no fertilizer (Premium Topsoil, Model #71130758, Scotts, OH,
USA). To prepare the DOM solution, the topsoil was first dispersed in ultrapure water, mixed for
30 min, and then allowed to settle for 30 min. Then, the top solution was centrifuged at 8000xg
for 10 min and the supernatant was passed through a 0.45 um filter (Nylon, Whatman®). The
filtrate DOM was stored in an amber bottle at 4 °C for later use and analysis. The DOM extract
was diluted 20x, and the SUV As4 was analyzed using a UV-Vis spectrometer (DR6000, HACH,
Loveland, CO, USA). Total organic carbon (TOC) was measured using a TOC analyzer (TOC-L,
Shimadzu, Columbia, MD, USA) (Potter and Wimsatt, 2005). The TOC of the DOM solution after
dilution was 10.5 mgC L™, and the SUV Ans4 was 5.6 L mgC™! m™!, which suggests high aromaticity

of ~40% (Weishaar et al., 2003).

2.2 Hydrodynamic Size and Zeta Potential of NPs in Stream Water

The homoaggregation behavior of TiO> NPs was characterized using dynamic light scattering
(DLS) and phase analysis light scattering (PALS) (NanoBrook Omni, Brookhaven Instrument
Corporation, Holtsville, NY). DLS was used to measure the hydrodynamic diameter and PALS
was used to measure the zeta potential ({). Analyses were conducted in ultrapure water (pH 5.2)
and stream water (pH 8.1) for bare TiO2 NPs and TiO> NPs mixed with DOM (TiO,-DOM).

For DLS, TiO, powder was added to the target liquid medium (i.e., ultrapure or stream
water) to achieve a concentration of 10 mg L. TiO>-DOM was prepared similarly but in the
presence 5 mgC L' of DOM. The samples were immediately analyzed after vigorously shaking
the solutions for 5 s. Note, when TiO> NP powder is added to water it rapidly aggregates and it

can take multiple hours of mixing or sonication to disperse the NPs. As such, the DLS results are
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used herein to characterize the general homoaggregation behavior as a comparative function of
water medium (e.g., stream, ultrapure, presence of DOM), and they are not expected to accurately
predict the size of the NPs during the stream experiments.

The preparation of samples for zeta potential analysis was identical to DLS, but TiO>
solutions were prepared at a concentration of 100 ug L™!. 1 mM KNOs; was used as a supporting
electrolyte for ultrapure water and no electrolyte was added to the stream water due to the already
existing conductivity. Thirty measurement cycles were conducted at 25 °C in triplicate, and the
average and standard errors are reported. The Smoluchowski model (i.e., ka > 1, f= 1) was used

to calculate the zeta potential from electrophoretic mobility (Lowry et al., 2016).

2.3 Stream Experiments

All field stream experiments were conducted at ND-LEEF located at St. Patrick’s County Park in
South Bend, IN, USA (Figure 2A). ND-LEEF is a globally unique research facility that at the time
of the experiments contained two man-made experimental watersheds, each consisting of an
interconnected pond, two stream reaches (4 streams total), and a wetland. Each stream is 0.4 m
wide and 55 m long with a hydraulic gradient of 0.0075. The volume of streambed substrate is
approximately 3,675 L. The stream channel base is lined with cement concrete to prevent unwanted
interactions with the surrounding environment. The streambed is lined with a 1:1:1 volume ratio
of sand, pea gravel, and cobble stone with a Dsy size of 0.053, 0.67, and 5 cm, respectively. The
streambed media is approximately 10 cm thick. Prior to turning on the water for the experimental
season, the streams were biologically “reset” by removing terrestrial organic matter (e.g., leaves,
sticks) and benthic biofilms by hand. The top layer of the streambed (~2-5 cm) was physically
mixed to mobilize and remove any remaining organic matter. The substrate was then graded to a

mostly flat topography with natural roughness features.
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The stream system is normally fed through a constant-head reservoir supplied by
groundwater (not shown in Figure 2A). The average hydraulic residence time in the reservoir is
about 3.5 days before reaching the streams. The water flows from the upper streams into two
ponds, which then feed into the lower streams. Typically, at the start of the experimental season
(~May), the flow from the reservoir is set and all streams receive this water constantly until the
end of the season (~Nov.). The groundwater that feeds the streams is very hard with high ionic
strength (19 mM on average) and conductivity (507 uS on average), which can cause severe NP
aggregation (Kim et al., 2019). Thus, to minimize NP aggregation in this study, all experiments
were conducted with the feed from the groundwater reservoir turned off and a separate pump was
used to deliver water directly from the pond to the head of the stream (0.88 L/s). The pond water
consisted of groundwater from the previous season and rainwater accumulated while the reservoir
pump was turned off. The stream experiments were conducted two times during the year: first in
June, when the biofilm growth was minimal (Figure 2B and Figure S1), and then in September

after biofilms were flourishing in the stream (Figure 2C).
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Figure 2. (A) Aerial photograph (Google Earth) of the ND-LEEF site with schematics detailing
the stream location and the 25- and 50-m sampling points. Photographs of the stream during (B)

minimal biofilm conditions in June and (C) thriving biofilm conditions in September.

Before each stream release event, the pH, temperature, and conductivity were measured
on-site. Samples were also taken for off-site analyses, including total suspended solids (TSS), total

dissolved solids (TDS), chlorophyll a (Chl a), ash-free dry mass (AFDM), and the background Ti
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concentration. A modified ESS 150.1 method (EPA, 1991) and the top-rock scrape sampling
method (Berkman and Canova, 2007) were used for the analysis of Chl a and AFDM, respectively.
Detailed methods for stream water characterization are available in the Supplementary Materials.

All stream experiments were conducted using a short-term pulse injection of 1 L solutions.
Each stream release scenario consisted of three separate experiments: RWT, TiO2, and TiO2-DOM.
The mass of the RWT was 121 and 400 mg injected in June and September, respectively. The mass
of the TiO, NPs injected was 4 g for all experiments. These concentrations were chosen based on
prior knowledge about the mass required to maximize the separation between the peak and tail of
the breakthrough curves, which was controlled by the detection limits of the respective analyses
(Section 2.4). This was necessary to obtain enough data to properly develop the numerical models.
RWT and TiO: solutions (or suspensions) were prepared in the lab immediately before traveling
to the field site. Each solution was vigorously mixed for approximately 10 min before the pulse
addition. For the injection, the 1-L solution was rapidly poured into the stream at the head (i.e., 0-
m point). For the TiO>-DOM experiment, TiO, and DOM solutions were not pre-mixed. Rather,
the 1-L suspension of TiO» (4 g L") was co-released with a 1-L solution of DOM (~210 mgC L-
1. Immediately upon injection, a timer was started, and periodic water column samples were
collected at a stream depth approximately halfway to the streambed using 50 mL tubes
(Polypropylene, Sterile, VWR, Batavia, IL). This was done at points 25 and 50 m downstream.
Each experiment was conducted one time. Immediately after completing the transport experiment,
biofilms were collected for later Ti analysis (detailed methods available in the Supplementary
Materials).

To avoid cross-contamination between TiO» and TiO>-DOM, field experiments were

conducted 48 hrs apart. Background Ti analyses confirmed no TiO existed in the water prior to
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each experiment, though the possibility of TiO» stored in the streambed is justified. Considering
the volume (~3,675 L) and surface area of streambed substrates are much greater than the amount

of TiO2 used in each experiment, the influence from prior experiments is expected to be minimal.

2.4 Quantification of Conservative Tracers and Nanoparticles

RWT concentrations were analyzed using a handheld fluorometer (DataBank™, Turner Designs
Inc., San Jose, USA) equipped with a Cyclops sensor (Cyclops-7F, Turner Designs Inc.). The
sensor was calibrated in the lab under dark conditions. At the 50-m sampling point, the sensor was
placed parallelly to the streambed and was covered with a cardboard box to prevent interferences
from the sunlight. The concentration of RWT was measured every 2 seconds. At the 25-m
sampling point, samples were collected periodically, stored in the dark, and then the concentration
of RWT was measured in the lab.

TiO, samples collected at 25 and 50 m were quantified using a previously established
method (Kim et al., 2019). TiO> samples were digested with a microwave-assisted-acid-digester
(Mars 6, CEM corporation, Matthews, NC) and then Ti concentrations were measured using
inductively coupled plasma with optical emission spectroscopy (ICP-OES; Optima 8000,
PerkinElmer, MA, USA). TiO, samples (5 mL) were vigorously shaken and then added to a Teflon
microwave digestion vessel (PFA, CEM corporation, Matthews, NC) along with 5 mL of
concentrated nitric acid (70%, Trace metal grade, Fisher Scientific, Hampton, NH). TiO, samples
were heated for 20 min to reach a target temperature of 210 °C, which was held constant for 45
min. 100 pL of an Se standard (SPEX CertiPrep, NJ, USA) solution with a nominal concentration
of 100 mg L' was added to every 20" sample as a surrogate to monitor the efficiency of the TiO»

acid-digestion. After the digestion, samples were diluted with HNO3 (<5% v/v) to a volume of 10
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mL and then 1 mL was analyzed using ICP-OES; Optima 8000, PerkinElmer, MA, USA. Yttrium
was used as an internal standard and a Ti standard solution was purchased from Inorganic Ventures
(VA, USA). The method detection limit (MDL) for Ti samples and ICP-OES was determined using
the USEPA procedure (EPA, 2016). This returns the minimum concentration of Ti that can be
reliably detected with 99% confidence. For eight replicates, we determined an MDL of 2.1 pg TiO2

L

2.5 Analysis and Modeling of the Stream Transport Experiments

All stream experiment data were analyzed using concentration-time plot or breakthrough curve
(BTC) datasets. A temporal moment analysis of the BTCs was conducted to obtain the mass
recovery (Mye.), mean arrival time (u), and variance or measure of the plume spread (¢%) (Equations

1-3) (Leube et al., 2012). C(x,?) is the concentration at the downstream longitudinal location x and

time .

Myec = Q [ Clx,t)dt (D

= Q [tC(x,t)dt (2)
02 =Q [(t—w?*C(x,t)dt 3)

The stream transport data was modeled using a mobile-immobile model (MIM) that is
based on Continuous Time Random Walk (CTRW) theory (Berkowitz et al., 2006; Boano et al.,
2007), and built on previous advancements by Roche et al. (Roche et al., 2019b). A key component
of this MIM relative to standard ones, is that immobile processes are not assumed to be
exponential. The one-dimensional CTRW model conceptualizes mass transport in the stream as a
continuous exchange of mass between mobile (water column) and immobile (streambed) domains.

Model parameters are relatable to physical and chemical processes in a stream with impermeable

15
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beds (Boano et al., 2007), such as stream velocity and dispersion, temporary storage in low velocity
zones, and permanent mass immobilization (e.g., via irreversible filtration). The stream at ND-
LEEF has a single low-velocity domain (hyporheic zone) and well-controlled flow conditions
(Aubeneau et al., 2014; Roche et al., 2018). Conservative transport is described by a convolution
equation of the advection-dispersion equation with a memory kernel (Equation 4).

ac(xt) _ rt aonl ac(x,t" a%c(x,th ,
> —fOM(t t)[ U P +D — ]dt (4)

Where, U (L T!) is the average mobile zone velocity, D (L*> T™!) is the longitudinal dispersion
coefficient, C(x,?) is the in-stream concentration (M L), x is the longitudinal position, # is the
elapsed time, and M(?) is the memory kernel determined by the rate of mass immobilization and
residence times in the immobile domain, and reaction rates when considering reactive processes.
Mass immobilization (i.e., hyporheic exchange) is modeled as a first-order process with rate
parameter A (T-!), which assumes rapid mixing of mass in the water column, typically a reasonable
assumption for a turbulent flow. Residence times in the immobile domain are parameterized with
a probability distribution. Previous studies show that a truncated power-law (TPL) distribution is
a suitable choice for ND-LEEF streams (Aubeneau et al., 2016, 2014; Dentz et al., 2004). The TPL
assumes that residence time probability follows a ~# power law up to a truncation timescale (7),
after which the probability tempers exponentially. The power law exponent or log-slope (f) of this
function represents the slope of the tail of the BTC and describes the residence time in the
immobile region. T describes the time point that all reversible mass is recovered.

These hydrodynamic transport parameters were determined using data from RWT BTCs.
We found best-fit model parameters by using the objective function developed by Kelly et al.
(Kelly et al., 2017), which minimizes summed squared errors (SSE) between modeled and

measured concentrations. RWT is a conservative tracer sensitive only to the velocity distribution

16
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in the water column and porous streambeds (Mclnnis et al., 2014). This allows parameters that
describe the purely hydrodynamic processes of the stream (i.e., U, D, A, B, and T) to be estimated,
which can then be used to predict the specific reactive transport parameters of the TiO> NPs. We
used the parameters obtained from the 50-m sampling point of the RWT experiments under
minimal and thriving biofilm conditions. The transport difference between RWT and the TiO> NPs
was assumed to be controlled only by parameters that describe permanent mass immobilization in
either the mobile or immobile domains, Kyopite and Kimmonite, respectively (Roche et al., 2019a).
Mathematically, Kyobite and Kimmovite, modify Equation 4 as permanent first order removal processes
in the mobile and immobile parts of memory function M(?) (Aubeneau et al., 2015a). Kuopite (T™)
describes the first-order removal rate of NPs in the mobile domain that includes the water column.
Kimmobite (T') describes the first-order removal rate of NPs in the immobile domain that includes
the streambed. The use of independent trapping rates allows us to relate changes in best-fit model
parameters to physical changes in each domain between experiments. Interactions that occur at the
interface between the mobile and immobile phases may be described by either parameter, but there
was insufficient data available to distinguish which controls the interfacial processes. As such, the
Ti0O; transport parameters were fixed to the best-fit values from RWT experiments (i.e., U, D, 4,
B, T), and then Kyopite and Kimmonite Were allowed to vary to obtain a minimized SSE. This modeling
approach using CTRW may have limitations such as variabilities in modeling outcomes (e.g.,
model parameters) depending on the quality (accuracy and precision) of the experimental data,
which is attributed to the detection limit of analytical instruments and limited monitoring time (i.e.,
no long-term observation of irreversibility).

Each of the hydrodynamic and reactive transport parameters will affect the shape of the

BTC (Figure 3), as simulated previously (Aubeneau et al., 2015a). In the mobile domain (i.e.,
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water column), U will alter the arrival times (e.g., peak, mean) of the BTC, and D will affect the
spread of peak. 4 and S will represent the immobile domain effects (i.e., subsurface), which
manifests in the tail portion of the BTC. A affects the onset concentration of the tail, but it does
not affect the slope. A lower 4 means that less mass is entering the subsurface and thus stays in
the mobile region longer. This would result in a lower onset concentration of the tail, and
subsequently, a lower T since the mass will leave the immobile domain earlier. The inverse of A
is the average amount of time a particle will spend in the surface before being exchanged with the
subsurface. Lower f values will result in longer residence times in the immobile domain and
produces heavier tails of the BTC. Kyopite represents irreversible uptake in the water column. Knopite
will affect the peak concentration and the peak and mean arrival times. It will also affect the onset
concentration of the tail and its cutoff but not the onset time, onset concentration, or the slope of
the tail. Increasing Konie Will result in a decreased BTC peak concentration and early arrival times
as less mass interacts with slower subsurface flows, and the onset concentration and cutoff of the
tail will be earlier than for a conservative tracer. As a general qualitative representation, Kimmobile
is the irreversible uptake in the subsurface. Kinmoniie Will not affect the peak concentration of its
arrival time, but it can affect the shape and length of the tail, which will result in changes to the
mean arrival time and 7. Increasing Kimmoniie Will result in steeper tail slopes with an early 7 and

early mean arrival time.
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366  Figure 3. Qualitative example of a theoretical BTC for a nonconservative tracer. Key
367  hydrodynamic parameters (U, D, 4, f, T) and their effect on the shape of the BTC are shown.
368  Regions of the BTC that are affected by the reactive transport parameter, Knobite and Kimmobite, are
369 shaded in blue and green, respectively.

370

371 3.0 RESULTS AND DISCUSSION

372 3.1 Characterization of the Stream Water and TiO: Homoaggregation Behavior

373  The pH, conductivity, Chl a, and AFDM of the stream were analyzed prior to each experiment
374  (Table 1). TSS and TDS were measured once in June and in September. There were only minimal
375  differences in temperature, pH, conductivity, and TDS. Marked changes in TSS, Chl a, and AFDM
376  from June to September were observed due to seasonal biofilm growth (i.e., Figure 2). Though

377  specific distinctions were not made about the particulate components contributing to the TSS,
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because the stream conditions are constant from June to September, the change in TSS was
presumably due to the addition of particulate organic matter from in-stream biofilm growth. The

background concentration of Ti was below the ICP-OES MDL for all samples.

Table 1. Results of the background parameter measurements for the stream water. TSS and TDS
analyses were for a single composite sample developed from six samples taken every 10 m in the
stream. All other characteristics reported are for the average and standard deviation of discrete

measurements taken every 10 m.

Month Value
June 24.70 + 0.66

Temperature Sept. 24.58 +£2.65
- June 8.61 £0.03
p Sept, 8.68 £0.03
. June  238.12+3.09
Conductivity (us) Sept.  252.33 +6.51
June 0.25
TSS (mg/L) Sept. 4.06
June 287
TDS (mg/L) Sept. 396
June 0.62+0.10
Chl a (ug/L) Sept.  5.35+0.53
AFDM (mg/em?) June 0.06 +0.03

Sept. 0.63 +0.05

The homoaggregation behavior of the TiO2 NPs in the stream water was assessed by
analyzing the changes in hydrodynamic diameter and zeta potential over approximately 1 hr
(Figure 4A). In ultrapure water, the initial (<1 min) hydrodynamic diameter of TiO2 was
approximately 261 + 5.5 nm, and this was constant for 24 hrs (256 £ 2.9 nm, not shown). In
contrast, the initial (<1 min) hydrodynamic diameter of TiO; in stream water was 648 + 45 nm,
which was significantly larger than the hydrodynamic diameter in ultrapure water (P < 0.05).
Throughout the experiment, hydrodynamic diameter of TiO> increased and reached 865 + 17 nm

20
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after approximately 1 hr. This marked increase compared to ultrapure water is attributed to the
higher conductivity (i.e., ionic strength) of the stream water. In either case though, the addition of
TiO> to water resulted in the aggregation of particles with a cluster size an order of magnitude
greater than the average primary particle size (~15 nm). No significant differences (P > 0.05) were
observed between filtered and unfiltered stream water (not shown), suggesting that any suspended
organic or inorganic matter present in the stream did not affect the stability of the TiO> NPs.
Similarly, no difference was observed between TiO> samples in ultrapure water analyzed after
seconds of mixing compared to multiple hours of mixing (not shown). For TiO2-DOM in stream
water, the initial (<1 min) hydrodynamic size was 306 + 15 nm, and this increased only slightly to
362 + 31 nm after approximately 1 hr. The significant difference between the hydrodynamic
diameters of TiO2 and TiO2-DOM in the stream water (P < 0.05) suggests that the DOM protects
the TiO2 NPs from aggregation in high ionic strength waters. The average zeta potentials of -18.8
+0.53 and -16.1 £ 1.8 mV (pH 8.1) for TiO> and TiO,-DOM in stream water, respectively, were
relatively steady over approximately 1 hr (Figure 4B). DOM can adsorb to the NP surface and
stabilize them against aggregation (Aiken et al., 2011; Jayalath et al., 2018; Stankus et al., 2011).
Though the zeta potential difference between TiO; and TiO,-DOM was significant (P < 0.05), the
small difference suggests that the enhanced stability caused by DOM was due to steric hindrance

rather than electrostatic repulsion from negatively charged functional groups.
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Figure 4. (A) Hydrodynamic size and (A) zeta potential of TiO; and TiO2-DOM in various water

samples. The error bars represent one standard deviation of analytical triplicates.

3.2 Temporal Moment Analysis of BTCs

Figure 5a shows the BTCs of TiO; and TiO2-DOM in the presence of minimal biofilms at the 25-
m and 50-m sampling points. Log-scale plots are also presented to visually resolve the tail portion
of the BTCs (Figure 5b). Figure S2 shows the equivalent BTCs for the conservative tracer, RWT.
The results of the temporal moment analyses of the BTCs are provided in Table 2. Under minimal
and thriving biofilm conditions, the mass recovery of RWT at 25 m was approximately 94% and

100%, respectively. The recovery decreased to 87% as RWT moved downstream to the 50 m point.
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This mass loss of the conservative tracer was presumably due to analytical detection limits and
minor non-conservative effects (e.g., volume loss from stream, sorption). Furthermore, we only
sampled the water column portion of the stream, and while we assume the subsurface is immobile,
there will be some slow advection that manifests as apparent mass loss (Roche et al., 2019a).

For all conditions tested, the mass recovery of TiO>-DOM was higher than TiO,. Under
minimal biofilm conditions, the mass recovery of TiO at 25 m was only 14% and nearly all the
TiO2 had been retained in the stream by 50 m. Biofilm growth in the stream during these
experiments was negligible, so the TiO> mass loss was attributed to its interaction with the porous
streambed substrate. The Dsg size ratio (NP:Smallest Media) for TiO> and TiO2-DOM is 0.0015
and 0.00057, respectively, which is much less than the requirement for mechanical filtration to
occur in polydisperse granular media (Kerimov et al., 2018). Thus, the major driving force for
TiO> loss in the streambed was presumably attachment via electrostatic interactions. While the
time-scale and detection limits of this study did not allow us to observe the resuspension of the
NPs, previous results suggest that particles attached to biogeological media can be remobilized
during high-flow events that disturb the streambed (Cushing et al., 1993; Drummond et al., 2014b;
Newbold et al., 2005).

Under minimal biofilm conditions, co-releasing DOM with TiO: (i.e., TiO>-DOM)
enhanced the transport of TiO> compared to experiments using only TiO> with mass recoveries at
the 25-m and 50-m sampling points of 47% and 32%, respectively. The improved transport is
presumably due to the adsorption of DOM onto TiO», providing a repulsive or steric coating that
minimizes the interaction with the stream substrates. Because DOM and TiO> were simultaneously
released to the stream without any pre-mixing, this suggests the adsorption process is fast relative

to the stream velocity. This hypothesis is supported by previous lab-scale results describing the
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rapid adsorption of DOM onto TiO> (Jayalath et al., 2018; Kim and Doudrick, 2019). The mean
(tm) and peak (2,) arrival times of TiO; and TiO2-DOM were approximately the same (e.g., t» = 8.5
min at 50 m), but there was considerably more mass recovered with TiO,-DOM with a percent
change of 87%. The delivery of NPs to the streambed is controlled by advective hyporheic
exchange and gravitational settling would be negligible because both TiO> and TiO,-DOM
particles/aggregates are <1,000 um (Figure 4). Collectively, these outcomes suggest that the
presence of DOM reduces the interaction of TiO> with streambed substrates, but it does not alter

the flow pathway of TiO; (e.g., more transporting in the water column).
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456  Figure 5. BTCs of TiO for samples taken at 25 m and 50 m in a stream with minimal biofilm
457  growth. (A) Concentration-time plot and (B) log concentration-log time plot.
458
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Table 2. Temporal moment analysis of BTCs of RWT and P90 in June and Sept.

. Sampling Mass Mean Arrival | Peak Arrival .
Biofilm . . . Variance
Sample Condition Distance | Recovery Time, #,, Time, ¢, (min?)
(m) (%) (min) (min)
. 25 94 6.40 4.50 43
Minimal
50 87 11.3 8.52 57
RWT
o 25 100 11.4 6.50 124
Thriving
50 87 22.9 15.5 269
. 25 14 4.40 4.00 0.7
Minimal
. 50 4.2 8.50 8.25 1.0
TlOz
. 25 2.2 7.00 6.00 2.5
Thriving
50 0.50 15.2 13.7 0.7
. 25 47 4.50 3.75 1.2
Minimal
) 50 32 8.50 7.75 2.2
TiO,-DOM
o 25 43 9.10 7.25 10
Thriving
50 36 19.1 17.0 19

The transport experiments were repeated in September when biofilms were ubiquitous in
the stream (Figure 2C), with filamentous biofilms observed within water column and adhered to
the streambed-water interface. The transport of TiO, was considerably reduced in the presence of
thriving biofilm conditions with mass recoveries less than 3% observed (Figure 6, Table 2).
Biofilms in the water column were visually inspected after the transport experiment, and there
were noticeable white patches on entrapped TiO2 (Figure S3). Small samples of biofilms were
taken at five points in the stream (0, 5, 10, 25, 50 m) and then analyzed for TiO; mass. Assuming
the TiO2 loading in the biofilm samples was homogeneous and representative of all biofilms at
each sampling point, most of the TiO> mass loss (>95%, Figure S4) occurred in the first 5 m of the
stream, with nearly ~85% of the total TiO, measured being captured near the TiO2 sample injection
point (i.e., ~0 to 0.5 m). This outcome suggests that the mass loss of TiO> due to biofilms is rapid

compared to the stream velocity.
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The mass recovery for TiO2-DOM at 25 m and 50 m (43% and 36%) in the presence of
thriving biofilms was higher than TiO; (2.2% and 0.5%). Furthermore, the mass recovery for TiO»-
DOM under thriving biofilm conditions was not markedly different compared to minimal biofilms
conditions (<5% difference). The mean arrival time for TiO2-DOM (19.1 min at 50 m) was greater
than TiO; (15.2 m at 50 m) in the presence of thriving biofilms. This observation contrasted with
the similar arrival times observed under minimal biofilms conditions. Thus, the presence of
biofilms considerably increases the mass loss of TiO2 NPs, whereas in the presence of DOM the

biofilms retard the transport of TiO, without irreversibly trapping it.
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484  Figure 6. BTCs of TiO2 and TiO2-DOM for samples taken at 25 m in a stream with thriving

485  biofilms. (A) Concentration-time plot and (B) log concentration-log time plot.

486

487 3.4 Modeling the Transport of TiO2 NPs in Streams

488  The best-fit model parameters were obtained from the RWT BTCs for minimal and thriving
489  biofilm conditions (Table 3). The accompanying experimental and modeled BTCs for RWT are
490  shown in Figure 7. The model was suitable for the early, peak, tail, and truncation time portions

491  of the RWT BTCs, which highlights its ability to capture a range of spatio-temporal phases. The
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506

presence of thriving biofilms altered the hydrodynamic transport parameters. The water column
velocity (U) decreased approximately 25% and the dispersivity (D) increased approximately 50%,
which indicates increased mixing in the stream. The hyporheic exchange rate (4) increased
approximately 30%, indicating a higher probability of NPs being carried by the stream water into
the streambed. The power-law exponent () decreased approximately 10%, indicating that NPs
spent an increased time in the streambed before moving back into the water column. This would
increase the chances of interaction with the streambed media. The parameter values from the 25-
m and 50-m sampling points were in relative agreement (Table S1), but some notable differences
were observed (e.g., U for thriving). One of the key assumptions of the model is that the stream is
well mixed and hydraulically identical throughout the reach, but the observed differences suggest
some heterogeneity exists. Overall, the transport parameters were quantitatively similar to previous
conservative tracer studies conducted in the same stream at ND-LEEF (Roche et al., 2019a,

Aubeneau et al., 2016).
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507 Table 3. Best-fit model parameters for the conservative tracer (RWT) BTCs under minimal and
508 thriving biofilm. Values are averaged for 25-m and 50-m sampling points and assumes the flow
509 behavior is consistent throughout the stream. The parameters are water column velocity (U),

510 generalized dispersion coefficient (D), hyporheic exchange rate (A), power-law exponent of the

511  BTC tail (8), and power-law truncation time (7).
Parameter Minimal Biofilms | Thriving Biofilms
U (<107 m/s) 12.3 9.50
D (x10° m’/s) 2.35 4.95
A (X102 s 8.97 13.0
/] 0.959 0.869
T (min) 128 114
512
513
514
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516  Figure 7. Computational modeling fits for RWT, TiO,, and TiO>-DOM under minimal (A, B) and
517 thriving (C, D) biofilm conditions at 25 m (A, C) and 50 m (B, D) sampling points.
518
519 Figure 7 shows the experimental and modeled BTCs for TiO> and TiO,-DOM under
520 minimal and thriving biofilm conditions at the 25-m and 50-m sampling points. No model fit was
521  obtained for TiO2 at 50 m under thriving biofilm conditions because data was only obtained at
522  three data points due to the large mass loss. Under minimal biofilm conditions (Figures 7A and
523  7B), relatively good model fits were obtained, which attests to the model’s ability to capture a
524  broad range of transport processes (e.g., aggregation, physical retention, chemical sorption). Under
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547

thriving biofilm conditions (Figures 7C and 7D), the predictive capability of the model was
reduced.

There are two explanations for the diminished capability of the model under thriving
biofilm conditions. The first reason is related to the attachment behavior of the NPs to biofilms.
The model assumes the mass removal process is irreversible, at a first-order rate described by the
K parameters. If the interaction between the biofilms and the NPs is a reversible, attachment-
detachment process, then this would be reflected in an equally de-scaled U and D (i.e., U and D
are less than what is predicted by the RWT data) that is a surrogate for a retardation factor. The
model predicted earlier arrival times than the experimental data, which is influenced by U and D.
Thus, de-scaling U and D equally would increase the predicted arrival time and more closely
matching the experimental data. This speculation is supported by the moment analysis outcomes
(Figure 3). The mean arrival times for TiO2 and TiO2-DOM were similar under minimal biofilm
conditions, but different under thriving conditions, which suggests differing retardation factors
could be playing a role for the differing surface chemistries of the two TiO> NPs. The second
reason is related to the model determination of the K values. During model optimization of the K
values, the SSE continued to decrease until a maximum or minimum K value was reached (i.e., 10
%); however, there was a limiting point where decreasing the K by an order of magnitude minimized
the SSE but did not improve the model fit (e.g., Figure S5 for Kyopiie). Inaccurate K values would
incorrectly predict the mass removed, resulting in BTCs that are shifted below or above the
experimental data (e.g., Figure 7D).

To account for the issues with the model for thriving biofilm conditions, U and D were
scaled equally and then Konie and Kimmoniie parameters were adjusted to obtain a better fit by

manually minimizing the SSE. The 4, f, T parameters were not adjusted. For example, for TiO,-
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570

DOM at 50 m under thriving biofilm conditions, the shape of the modeled BTC (Figure 7D) was
too wide with a shallow tail slope and predicted concentrations that were too low and early. This
means the model was overestimating U and D, and both Kyuopie and Kimmonite predictions had
convergence errors. To account for this, U and D were first de-scaled equally to account for
reversible attachment processes, and then the K parameters were optimized. Kyonite decreased and
Kimmobile Increased, thus reducing the mass loss in the water column but increasing the mass loss in
the streambed, respectively.

The parameter results for minimal and thriving biofilm conditions are shown in Table 4,
and the adjusted BTCs are shown in Figure 8. Also listed in Table 4 is the Kuopite/Kimmobile 1atio,
which provides some insight into where the mass loss of TiO; occurred in the stream. The K ratio
for minimal and thriving biofilm conditions was greater for TiO> compared to TiO>-DOM,
suggesting greater mass loss in the mobile domain. This model outcome agreed with the larger
mass loss observed for TiO, (Table 2). For TiO», the presence of thriving biofilm conditions
resulted in a higher K ratio compared to minimal biofilm conditions. The increased Kyopiie Was
presumably due to mass loss to biofilms present in the water column (Figure 2C). For TiO,-DOM,
the K ratio was similar for both biofilm conditions, which agrees with experimental results (Table
2) that indicated the influence of biofilms on the mass recovery of TiO>-DOM was minimal. The
modeled parameters reiterate the ability of DOM to reduce interactions of TiO, with biofilms and
the streambed substrate.

As a demonstration of the usefulness of the model and implications of the findings, the
distance the TiO> NPs must travel in the stream to reach a desired percent mass retention was
determined (Table 4, Figure 9). For example, 99.9% of TiO, NPs would be removed from the

water column and retained in the streambed after traveling approximately 90 m and 50 m for
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571 minimal and thriving biofilm conditions, respectively, and the presence of DOM more than

572  doubles the distance the NPs will travel.

573

574  Table 4. Kyopite and Kimmonite best-fit model parameters for TiO2 and TiO2-DOM under minimal

575 and thriving biofilm conditions and 25-m and 50-m sampling points.

Minimal Biofilms Thriving Biofilms
. TiO;- . TiO;-
Parameter TiO, DOM TiO, DOM
Koovite (x 1074 1) 50 0.5 100 0.04
Kimmovite (x 107 s71) 60 73 20 13
Knovite / Kimmovite 0.8 0.007 5 0.003
U (102 m/s) 12.3 8.66 7.56
D (x102 m?%/s) 2.35 3.51 4.49
Distance to Retain
99.9% Mass (m) 120 310 60 410
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579  Figure 8. Manually adjusted model fits for the TiO, and TiO-DOM BTCs under thriving biofilm

580  conditions at sampling distances of (A) 25 m (A) and (B) 50 m.
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583  Figure 9. Predicted normalized concentrations of TiO2 and TiO2-DOM under minimal and

584  thriving biofilm conditions as a function of distance traveled in the stream.

585

586 4.0 CONCLUSION

587  The transport of NPs in streams is heavily influenced by the presence of biofilms and DOM. When
588  biofilms are present in streams they can immobilize NPs, resulting in diminished downstream
589 transport. This may be exacerbated by the homoaggregation of NPs in streams, especially those
590  with high ionic strength. The presence of DOM stabilizes NPs against homoaggregation and
591  mitigates the impact of biofilms, thus enhancing transport. Whereas TiO2 NPs are presumably
592  immobilized in the biofilms, the presence of DOM causes biofilm-NP interactions to be reversible.
593  These conclusions should be confirmed by extensive lab-scale studies. When DOM interacts with

594  TiO2 NPs, it adsorbs to and covers the surface of the NP, thus changes the surface “identity” of the
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601

NP (Kim and Doudrick, 2019; Louie et al., 2016, 2013). So, though the results presented herein
are specific for TiO», the transport of other NPs will presumably be similar when DOM
concentrations are high enough that they coat the surface of the NP. Collectively these findings
have significant implications for real world transport of TiO,. For example, TiO> NPs that are
present in wastewater effluent will likely be covered with organic macromolecules that stabilize

them from aggregation and reduce interactions with biogeological media present in the stream.
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