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Environmental Significance

Titanium dioxide nanoparticles (NPs) are commonly used in consumer, food, and
pharmaceutical products and they are likely to enter the environment upon disposal.
Identifying how NPs transport in stream networks is critical to understanding their impact on
stream ecology. Lab-scale studies cannot accurately describe the complexity of real streams
1 and there is a need for datasets from larger, more realistic scales. This study uses controlled,
12 field-scale streams to evaluate the transport behavior of catalytic- and food-grade NPs as a
13 function of streambed substrate size and biofilm conditions. Outcomes highlight the
importance of considering stream-subsurface exchange and the presence of biofilms, which
enhance retention in the streams.
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Abstract

With the increased use of nanoparticles (NPs) in consumer, food, and pharmaceutical products,
their eventual release into streams is inevitable. Critical factors affecting the transport of NPs in
streams are the hyporheic exchange between the water column and porous streambed substrate
and the interaction with biofilms. In this study, the transport behavior of two titanium dioxide
NPs — catalytic- (P90) and food-grade (E171) — was evaluated in four field streams lined with
different streambed substrate sizes for varying seasonal biofilm conditions. When biofilm growth
was minimal, NP retention in the streams increased with increasing substrate size due to
increased hyporheic exchange and subsequent physical and chemical interactions between the
NPs and substrate. For all streams, the average mass recovery at the 40 m sampling point for
E171 and P90 was 44 + 8.7% and 16 + 8.0%, respectively. The greater mobility of E171 was due
to the inherent presence of negatively charged surface phosphates that reduced aggregation and
decreased its interaction with the substrate. When biofilms were thriving in the streams the
average mass recovery at 40 m for both NPs decreased significantly (E171 = 5.8 £ 7.3%, P =
0.0017; P90 = 2.4 + 0.7%, P = 0.041), and the mass recovery difference between the two NPs

became insignificant (P = 0.38).

Keywords: Nanoparticle; nanomaterial; titanium dioxide; fate and transport; stream; field
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1. INTRODUCTION

Engineered nanoparticles (NPs) are an emerging class of materials that are commonly
found in consumer, food, and pharmaceutical products.** Upon their release from products, NPs
can enter streams directly or indirectly from wastewater treatment plant and landfill discharges.”
® While there have been numerous controlled lab-scale studies on the environmental transport of

NPs (e.g., porous media column tests),”?’

experimental data is limited for realistic streams where
transport will be controlled by surface flows, subsurface interactions, and contact with biofilms.
This lack of data inhibits our ability to mathematically predict NP transport at scale of
environmental interest.

Hyporheic exchange involves the advective and dispersive transfer of water between the
stream and the underlying and adjacent subsurface that is composed of complex porous substrate.
Suspended (e.g., NPs) or dissolved materials can be carried with the water into the substrate,
where physical, chemical, and biological processes can strongly impact their transport.”® %
Aggregation reactions between NPs (i.e., homoaggregation) and between NPs and collectors
such as clays (i.e., heteroaggregation) can results in increased settling rates that lead to enhanced
hyporheic exchange and shorter transport lengths. %

Biofilms are a complex assemblage of algae, bacteria, and fungi embedded in
extracellular polymeric substances. They are present in streams and can colonize on the surface
of the porous substrate or vegetation or they can be suspended in the water column.*’” Biofilms
also expected to be a dominant factor controlling downstream transport by immobilizing NPs.*®
833 The presence of biofilms has been shown to increase the retention of NPs in the porous

18, 49, 50, 52, 53

substrate and the water column.>® In turn, the accumulation of NPs in biofilms can

induce negative effects that impact the stream ecology.>>>°
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Predicting transport of anything in streams is complex due to the multivariate,
interconnected processes, and these cannot be accurately described using simplisitc lab-scale
datasets. Thus, there is a need for controlled field studies that can capture realistic behavior. The
objective of this study was to evaluate the transport of NPs in controlled field streams as a
function of streambed substrate size and seasonal biofilm growth. All stream experiments were
conducted at the University of Notre Dame Linked Experimental Ecosystem Facility (ND-LEEF).
The ND-LEEF site has four identical experimental streams, which differ only in the size of the
streambed substrate lining the bottom. Titanium dioxide (TiO,) was used as an important and
representative NP. TiO, NPs are commonly used as a white pigment in food and personal care

products, designated as food-grade TiO, or E171.°

Most studies investigating the environmental
and health implications of TiO, NPs have used catalytic-grade TiO;, (e.g., P25 or P90 from
Evonik),® but using this as a reference material in place of E171 is not suitable®® ® due to the
differences in size distribution and surface chemistry. The surface of E171 is more negatively
charged due to the presence of surface phosphates and stark behavioral differences have been
observed compared to catalytic-grade Ti0,.°*®" In this study, we compared the transport

behavior of both E171 and P90, and link their aggregation behavior to observed transport

outcomes.

2. METHODOLOGY

2.1 Nanoparticles and Tracers

Two TiO, NPs (P90 and E171) were used for the stream transport experiments. P90 was donated
by Evonik (Essen, Germany) and used as received. It is a mixture of anatase (86%) and rutile

(14%) with an average primary particle size of 12 nm and 18 nm, respectively.®® E171 was
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purchased from Minerals-Water Ltd. (Purfleet, UK) and used as received. E171 is mostly anatase
with a particle size range of 106-132 + 38-56 nm, depending on the manufacturer.® The pH
zero point of charge (pHzc) of P90 and E171 in an aqueous solution is approximately 6.0 and
4.5, respectively.”® The lower pH., of E171 is attributed to the negatively charged phosphate
groups attached to its surface.®

Potassium bromide (KBr; Fisher Scientific, Hampton, NH, USA) and rhodamine water
tracer (RWT, Cy9H29CIN2Na,Os; Acros Organics, NJ, USA) were used as conservative tracers in
the stream transport experiments. RWT has previously been shown to be suitable for experiments
at ND-LEEF,”"® and both RWT and KBr were used in this study interchangeably, depending on
the season and equipment available. KBr was used as a conservative tracer in June when few
biofilms were present. In September, when biofilms were flourishing, RWT was used to

accurately resolve adsorption to biofilms and to obtain a wider range of concentrations.

2.2 ND-LEEF Site Description

Field experiments were conducted in the experimental streams at ND-LEEF, which is located at
St. Patrick’s County Park in South Bend, IN, USA (Figure 1A). ND-LEEF is a globally unique
research facility that houses two man-made experimental watersheds, each consisting of an
interconnected pond, two stream reaches, and a wetland. The four experimental streams are
identical in terms of hydraulic gradient, width, and other primary hydraulic characteristics
(Figure S1). Specifically, each stream is 0.4 m wide and 55 m long with a hydraulic gradient of
0.0075. The stream channel base is lined with cement concrete to prevent uncontrolled
hydrologic interactions with the surroundings. Previous studies in these streams have shown that

dilution is minimal as there is no lateral inflow of water.”* Each streambed has a unique substrate
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approximately 10 cm thick. In this study, the streams were lined with sand (Sand), pea gravel
(Pea), cobble gravel (Cobble), and a 1:1:1 volume ratio mixture of all three (Mix) (Figure 1B).
The average Ds size of the substrates is 0.053 cm, 0.67 cm, and 5 cm for Sand, Pea, and Cobble,
respectively. Further images and descriptions of the streams can be found elsewhere.”*"* "

The streams receive water from a constant-head reservoir supplied by groundwater; the
average hydraulic residence time in the reservoir is approximately 3.5 d before reaching the head
of the streams. The stream baseflow for this study was 0.8 L s™. Prior to turning on the water for
the experimental season, the streams were biologically “reset” by removing terrestrial organic
matter (e.g., leaves) and benthic algae by hand. The top layer of the streambed substrate (~2-5
cm) was physically mixed to mobilize any remaining organic matter. The substrate was then
returned to mostly flat topography aside from natural roughness features created by the substrate.

After water flow was initiated, the streams were allowed to flow for at least 2 days prior to

experiments to naturally flush any loose organic matter.

(A) (B)
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Figure 1. (A) Aerial photograph of ND-LEEF site (obtained from Google Earth) with schematic
detailing stream location and sampling points. (B) Photographs of streambed substrates for each

stream.
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2.3 Characterization of the Aggregation Behavior of Nanoparticles

The aggregation behavior of P90 and E171 was analyzed using dynamic light scattering
(DLS) and phase analysis light scattering (PALS) (NanoBrook Omni, Brookhaven Instrument
Corporation, Holtsville, NY). DLS was used to measure changes in the hydrodynamic diameter
(HD) over approximately 65 min. A solution of 10 mg L™' TiO, was prepared in either ultrapure
water (18.2 MQ-cm), or unfiltered stream water (pH 8.12), filtered stream water (0.22-um PTFE
membrane). Immediately after adding the TiO, to water, the samples were shaken vigorously and
3 mL was added to a plastic cuvette for DLS measurement. All measurements were conducted at
a 90° scattering angle at 25 °C with a 10 s equilibration time. The HD was measured in triplicate
and the average and standard error of the effective diameters were reported. PALS was used to
measure the zeta potential ({) of P90 and E171 in the stream water. No background electrolyte
was added to the solutions due to the already existing conductivity. 10 mg L™ solutions of TiO,
were prepared in the filtered stream water and then mixed for 24 hrs. Samples were then diluted
to (~100 pg L™) and added to a plastic cuvette for analysis. Thirty measurement cycles were
conducted at a 15° scattering angle and at 25 °C in triplicate, and the average and standard errors
are reported. The zeta potential was calculated from electrophoretic mobilities using the

Smoluchowski model (i.e., ka > 1).

2.4 Stream Experiments
The stream-scale experiments were conducted in both June and September (2018). In
June, immediately after the biological “reset”, the biofilm growth was minimal and the streams

differed only by their streambed substrate. The streams were then allowed to freely colonize with
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biofilm throughout the remainder of the summer, resulting in a substantial growth of biofilms
throughout each stream reach, as characterized previously.”® Transport experiments were then
repeated in September, during peak biofilm biomass (Figure 2).

Stream transport and retention of NPs was investigated using short-term solute addition
experiments with pulse injections (e.g.”’). Before each experiment, background samples were
taken every 10 m (i.e., 0, 10, 20, 30, 40, 50 m). The pH, temperature, and conductivity were
measured on-site, and water column samples were taken for further analyses, including total
suspended solids (TSS), total dissolved solids (TDS), dissolved organic carbon (DOC), major ion
concentrations, and background Ti. For TDS and TSS analysis, filters and crucibles were washed
using water, then dried and weighed. 900 mL of stream water was then filtered through a 0.45-
um nylon membrane followed by an ultrapure water rinse. The filter was dried in an oven at 105
°C for 1 hr, placed in a desiccator for 10 min, and then weighed to measure TSS. The filtrate was
placed in the crucible, dried in an oven overnight, placed in a desiccator for 10 minutes, and then
weighed to measure TDS. DOC samples were filtered through a 0.45-pum nylon membrane,
acidified, and analyzed using TOC-VCSH (Shimadzu, Addison, IL). Anion and cation
concentrations were analyzed using ion chromatography (IC; 1CS-5000, ICS 5000+, AS-23, CS-
12A analytical columns, Thermo Scientific).

Conservative tracers were used to evaluate the non-reactive transport behavior in the ND-
LEEF streams in June and September, which corresponds to stream conditions with low and
flourishing biofilms, respectively. In June, a solution of KBr (1 L of 500 mg/L) was used and
samples were taken at 40 m downstream of the TiO; release point. In September, RWT (1 L of
11.48 mg/L) was used, and additional samples were taken at 20 m in addition to the 40 m point

downstream to provide more detailed evidence of the transient transport behavior. The 1 L
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container of the RWT solution was covered with aluminum foil to prevent any degradation by
the sunlight and vigorously shaken before release into streams. All tracer pulse injections were
quickly poured right above the stream water surface.

For TiO, NP experiments, the P90 or E171 (1 L, 2 g L™) pulse injections were rapidly
released from a well-mixed container at the top of each stream. The NP solutions were prepared
in ultrapure water and stirred for 24 hrs prior to stream injections, and solutions were vigorously
shaken before release. To avoid cross contamination and minimize variations in the stream
condition, the conservative tracers and TiO, NPs experiments were conducted every other day
(e.g., conservative tracer released first day, P90 released in third day, E171 released fifth day,
etc.). The volume and surface area of the substrate (i.e., ~3,675 L of substrate in each stream) is
much greater than the amount of TiO, used in each experiment, so influence from prior
experiments would be minimal. Stream samples for NPs were collected using 50 mL conical
centrifuge tubes (Polypropylene, Sterile, VWR, Batavia, IL) at 20 and 40 m from the release
point at the top of the stream. All samples were taken in the channel thalweg, at approximately

half the stream depth.
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33 Figure 2. Photographs of streams showing low biofilm and flourishing biofilm growth. (A) Pea
36 stream with low biofilm, (B) mix stream with low biofilm, (C) pea stream with surface biofilms,

38 and (D) pea stream with large biofilm sections. The stream width is 0.4 m.

2.5 Quantification of Conservative Tracers and Nanoparticles from Stream Experiments

45 Samples were transported to the lab and the concentration of bromide was measured using IC. A
47 handheld fluorometer (DataBank™, Turner Designs Inc., San Jose, USA) equipped with a
Cyclops submersible sensor (Cyclops-7F, Turner Designs Inc.) was used for in situ
52 measurements of the RWT concentration in the streams. Prior to using the fluorometer at ND-

54 LEEF, the sensor was calibrated in the lab under dark conditions. When using the fluorometer,

58 10
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the sensor was placed at the 20 m point of each stream parallel to the streambed. The sensor was
covered completely to prevent any penetration of sunlight that may interfere with the
measurement of RWT. The fluorometer was programmed to measure RWT fluorescence every 2
seconds. At the 40 m point, RWT was sampled manually using 50 mL conical centrifuge tubes
and stored in light-sealed container. The concentration was measured immediately after the
experiment using the handheld fluorometer.

The concentration of Ti in the streams was measured using inductively coupled plasma
with optical emission spectroscopy (ICP-OES; Perkin-Elmer Optima 8000). A multi-element
standard solution was (Inorganic Ventures, VA, USA) was used for the quantification of Ti, and
yttrium (Y) was used as an internal standard in the ICP-OES analysis. All sample concentrations
were converted to TiO, for reporting. Prior to ICP-OES analysis, samples were treated with
microwave assisted acid digestion (Mars 6, CEM corporation, Matthews, NC) to dissolve TiO,
into Ti ions. An Se standard solution (SPEX CertiPrep, NJ, USA) was used as a surrogate to
monitor the efficiency of the TiO, acid-digestion. To prepare samples for the digestion, first,
each TiO, sample was vigorously shaken for 3 min. Then, 5 mL of TiO, sample was pipetted
into a Teflon digestion vessel (PFA, CEM corporation, Matthews, NC), followed by adding 5
mL nitric acid (70%, Trace metal grade, Fisher scientific, Hampton, NH). The microwave
digestion protocol consisted of a 20 min temperature ramp to reach the target temperature 210
°C, which was then held for 45 min. Se (100 puL) was added with a nominal concentration of 100
mg/L to every 20" Ti sample for quality assurance of the sample preparation process. After the
digestion, all Ti and Se samples were prepared in ultrapure water with HNO3 (<5% v/v) and
analyzed with ICP-OES. The method detection limit (MDL) for P90 and E171, as calculated

from eight replicates, was 2.1 and 6.3 pg/L, respectively.

11
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2.6 Analysis of Breakthrough Curves

The stream experimental data is plotted as a breakthrough curve (BTC), which describes the
change in concentration as a function of time for a single point in the stream (i.e., 40 m).
Temporal moment analysis of the BTCs was used to evaluate mass transport behavior, calculated

using the following equations for the 0™ (My), 1% (My), and 2™ (M) moments: "8

t
M, =f c(x, t)dt
0
t
M, =j tc(x, t)dt
0

t
M, =j t2c(x, t)dt
0

Where, c¢(x,t) (M-T-L?) is concentration at downstream location x and time t, Q is volumetric
flowrate (L3-T?), My is the total area of the BTC, which is used to calculated the total mass
recovery of NPs the stream reach (i.e., mass recovery or MR = My-Q), M; informs about the
mean arrival time (T?-M-L), M, provides information on the spread of the pulse injection as it
advects downstream (T°-M-L"). For analysis of the BTCs, we used the normalized 1% moment,
M,/M,, which indicates the plume’s mean arrival time (T), and the normalized central 2"
moment, which describes the variance (or plume spread) of the BTC, calculated as M,/M, —
(M, /M,)? (T?). The integrals were estimated using the trapezoidal rule.

Statistical analysis was done using a two-tailed paired two-sample mean t-test. Exact P

values are reported, and significance was determined herein using an o = 0.05.

3. RESULTS AND DISCUSSION

12
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3.1 Characterization of the Stream and Nanoparticle Background Parameters

Background environmental parameters (i.e., ionic strength, pH, conductivity, TSS, TDS, and
DOC) of the streams were analyzed in June and September (Table 1). Except for TSS and TDS,
parameters differed by less than 5% between streams. Significant seasonal differences were
observed for ionic strength (P = 0.023), conductivity (P = 1.1 x 10®°), TDS (P = 0.001), and
DOC (P = 8.3 x 10™). TDS and conductivity increased because the concentration of cations (e.g.,
Mg®* and Ca®*) and anions (CI" and SO4%) increased (Table S1), and the increased DOC is likely

a result of seasonal biofilm growth (i.e., Figure 2).

Table 1. Background water quality characterization of ND-LEEF streams for June and
September. All values are for a composite sample consisting of samples taken every 10 m in the
stream (n = 6).

Month Sand Pea Cobble Mix
. Jun 0.017 0.017 0.017 0.017
e ST () ey 0.018 0.021 0.021 0.021
) Jun 8.22 8.12 8.16 8.19

P Sept 8.19 8.10 8.10 8.10

— Jun 462 464 466 467
COmeE IRy () gy 544 547 547 547
Jun 1.68 111 1.10 0.53

e L) Sept 1.60 2.61 3.56 0.84
Jun 326 344 350 331

e gl Sept 397 407 398 397
Jun 8.44 9.80 9.83 10.32

DI (L) Sept 12.4 10.9 12.2 11.4

Figure 3 shows the change in the average HD for P90 and E171 prepared in ultrapure
water, unfiltered stream water, and filtered stream water over approximately 65 min. After 30 s
of mixing, the average HD of P90 in ultrapure water, unfiltered stream water, and filtered stream
water was approximately 260 + 2.46 nm, 1130 + 94.8 nm, and 1200 + 113 nm, respectively. The
average HD of E171 in these respective matrices after 30 s was 300 + 6.85 nm, 486 + 11.5 nm,
and 510 + 7.44 nm. The average primary particle size of P90 and E171 is approximately 16 nm®®

13
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and 106-132 + 38-56 nm (n = 5 manufacturers®®), respectively. Thus, the short-term DLS time-
point results indicate that rapid aggregation occurred for both NPs using the primary particle size
as a reference point, with more aggregation observed for P90 than E171. This agrees well with
reported sizes for similar TiO2 NPs, where HDs reach approximately 200 to 300 nm in ultrapure
water and 1200 to 1800 nm in high ionic strength water containing calcium, magnesium, and
chloride ions.*® 8% 82

After approximately 65 min of mixing, the average HD of P90 in ultrapure water,
unfiltered stream water, and filtered stream water was approximately 257 + 5.28 nm, 1940 + 179
nm, 2060 * 34.2 nm, respectively. The average HD of E171 in these respective matrices after 65
min was 384 + 107 nm, 480 = 18.2 nm, and 661 + 22.1 nm. For P90 in ultrapure water, the HD
did not increase beyond the first sample, but significant aggregation was observed for unfiltered
(P =0.003) and filtered (P = 0.015) stream water, with an HD nearly two-fold greater. For E171,
the increase in HD for all matrices was minimal, with only the filtered sample showing any
significant change (P = 0.011). These TiO, aggregation results agree with reported literature
values

For P90, there was no significant difference between filtered and unfiltered samples (P =
0.36), indicating its size growth was dominated by homoaggregation and not heteroaggregation,
which agrees with the relatively low TSS concentration in the streams (i.e., Table 1). Though the
HD of E171 was greater in the stream water than ultrapure water, it remained relatively stable
over time compared to P90. This is due to the inherent negatively charged phosphates bound to
the surface of E171% [i.e., { (P90) = -20 mV, ¢ (E171) = -40 mV in stream water; Figure S2],
and this agrees with previous studies showing the increased stability of TiO, with adsorbed

phosphates.®® &

14



oNOYTULT D WN =

Environmental Science: Nano

2500

2250 -

2000

S EENEPEE S

E
c
%— @ P90: Unfiltered Stream
2' 1500 A P90: Filtered Stream
.'o_" g 9 P90: Ultrapure
Q1250 A
‘E @ E171: Unfiltered Stream
g 1000 - E171: Filtered Stream
g ¢ E171: Ultrapure
-
:>:' 750 -+ . _
4 T -
500 4 © o o @) o o o ° o
1 © o O % ?
0B e S o ¢ ¢ *® o S o % ° *
0 T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Time (min)
Figure 3. The average hydrodynamic diameter as a function of time for P90 and E171 in
unfiltered stream water, filtered stream water, and ultrapure water. The stream water taken from

the ND-LEEF site. The error bars represent the standard deviation of three analytical replicates.

3.2 Effect of the Streambed Substrate Size on the Transport of P90 and E171

The BTCs for the pulse injections of the conservative tracer, P90, and E171 during low biofilm
growth conditions (June) are shown in Figure 4, and results of the moment analysis are provided
in Table S2. Figure 5 shows the mass recovery as a function of the mean arrival time for all
experiments. For the tracers, the streambed order of mean arrival time and plume spread at 40 m
was Sand < Mix ~ Pea < Cobble. For P90 and E171, the mean arrival time order at 40 m was
Sand < Pea < Mix < Cobble, and plume spread order was Sand < Mix < Pea < Cobble. The
trends were similar for the NPs and the conservative tracer, and there was a proportional
relationship between the streambed substrate size and the arrival time and plume spread. This

suggests that the transport of all samples was controlled by processes associated with streambed

15
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substrate size, including hyporheic exchange and in-stream dispersion due to variability in the
substrate roughness. The mean arrival times increased with increasing substrate size so
hyporheic exchange plays a major role in the transport behavior. Similar behavior has been
observed for transport of kaolinite particles, where a considerably higher percentage of particles
permeated through the pores of coarser sands compared to finer sands,® which resulted in a
reduced transport; however, contrasting behavior was observed for environmental DNA in the
ND-LEEF streams.”* The transport of environmental DNA was reduced in the finer streambed
substrate compared to coarser substrate, which suggests that mechanical straining of the larger
DNA fragments was the dominant retention mechanism. Rather, once exposed to the stream
water, the NPs aggregated (i.e., Figure 3), but transport was still fastest in the sand streams
suggesting other mechanisms were responsible for the observed differences in the mean arrival
time.

Though the mean arrival times for the NPs and the conservative tracer were similar for
each stream, their mass recoveries were notably different (Figure 5, Table S2). For the
conservative tracer, the mass recovery at 40 m was approximately 80% for Sand, Pea, and
Cobble and 100% for the Mix stream. Presumably, the conservative tracer did not reach 100%
mass recovery due to analytical detection limitations and experimental error. By comparison, the
average mass recovery of P90 and E171 at 40 m for all streams was approximately 16% + 8.0%
and 44% = 8.7%, respectively, and there was a significant difference between the NPs (P = 1.82
x 10®). The order of decreasing mass recovery was Sand > Mix > Cobble ~ Pea. Because the
mean arrival times for the NP and tracer were similar, but a reduction in mass recovery was
observed, this suggests the NPs followed a similar flow pathway as the solute but were retained

in the streambed substrate through either physical (e.g., straining) or chemical (e.g., adsorption)

16
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mechanisms. Likely, retention was due to a combination of both these mechanisms,?® which
would be increased by NP aggregation in the stream.® 1% 4% Thys the higher mass recovery
observed for E171 was presumably due to its smaller aggregate size and more negatively charged
surface, which would reduce straining and adsorption retention, respectively. The average { of
P90 and E171 in the stream water was approximately -20 and -40 mV (Figure S2), respectively.
Typically, substrate such as sand is negatively charged,*® and the negatively charged phosphate
groups on E171 would reduce adsorption through repulsive forces. Further, the increased
magnitude of the { would reduce the homoaggregation within the water column and pore water
of the substrate, which may reduce immobilization by pore space settling. Thus, retention was
greater in the larger substrate (i.e., Cobble) for both NPs because there was more hyporheic

exchange with subsequent physical and chemical immobilization within the substrate.

17
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45 Figure 4. BTCs of pulse injections for (A) the conservative tracer (KBr), (B) P90, and (C) E171.
47 Experiments were conducted in June when biofilm growth in the stream was minimal. The BTCs

represent samples taken at 40 m over a 20-min period.

58 18



oNOYTULT D WN =

115

105 A

95 A

85 4

75 1

Mass Recovery (%)

35 A

25 A

15

5

Environmental Science: Nano

65 A

55 A

45 A

Cobble
Sand [_Jll Cobble (] Mix
[ pea O
MiSand Wrea B Mix
B Tracer
¢ Sand D Tracer, Biofilm
an
¢®E171
® Mix E171, Biofilm
@ Cobble AP90
@bea AP90, Biofilm
A Sand -
Mix
Sand A
Cobble
4P A Pea Cobble
Sand & Mix AAFe Cobble A
Mix
4 6 8 10 12 14 16 ;M

Mean Arrival Time (min)

20

Figure 5. Mass recovery as a function of the mean arrival time for the conservative tracers, P90,

and E171. All data was taken from the breakthrough curves for the 40 m sampling point (i.e.,

Figures 4 and 6). “Biofilm” indicates the September experiments when biofilms were flourishing.

3.3 Effect of Biofilm Growth on the Transport of P90 and E171

Pulse injection transport experiments were repeated in September after biofilms had

flourished in the streams (i.e., Figure 2). Biofilm growth was spatially heterogeneous along the

streams, with visually observed variations in surface growth, thickness, and formation within the

pore structure of the streambed substrate and biomass in the water column. Figure 6 shows the

BTCs for the tracer, P90, and E171 in the presence of enhanced biofilm growth, and the results

of the moment analysis are provided in Table S2 with trends shown in Figure 5. The overall
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transport behavior of the tracer and NPs was markedly different when biofilms were flourishing,
with mean arrival times for nearly all conditions approximately 55-70% slower. The two notable
exceptions were E171 in the Cobble and Mix streams, with approximately the same arrival time
and no arrival observed, respectively. The increased plume spread for the NPs was likely due to
the increased mixing caused by the presence of biofilm structures in the water column and
streambed. The increased mean arrival times could have been caused by many factors, including
longer flow pathways and enhanced regions of recirculation.

Under these biofilm conditions, the average mass recoveries for all streams for the tracer,
P90, and E171 were 100 + 5.4%, 2.4 = 0.7%, and 5.8 + 7.3%, respectively. The large difference
in mass recovery between the conservative tracer and the NPs indicates that the presence of
biofilms caused retention NPs, either through chemical or physical mechanisms. The mass
recovery for NPs under flourishing biofilm conditions was significantly different compared to
the mass recovery of the NPs under low biofilm conditions (P90, P = 0.041; E171, P = 0.0017).
In fact, after experiments were completed, a visual inspection of the stream revealed obvious
white sections of the biofilms where large amounts of the NPs had become trapped. Previous
studies have also observed transfer of NPs to biofilms in various environmental settings.>**’

Additionally, the mass recovery difference between the two NPs became insignificant (P
= 0.38) when biofilms were present. Though the mass recovery for E171 was as high as 16.3% in
at 40 m in the Sand stream, no mass recovery was observed for the Mix stream. This dichotomy
is presumably from the natural heterogeneous growth of biofilms in the streams, where large
chunks of biofilm can attach to the side of the streams and remain in the water column (i.e.
Figure 2), which would allow retention of suspended NPs. This is supported by comparing mass

recoveries between the 20 m and 40 m sampling point for E171 in the Sand stream. When
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biofilm growth was low, the mass recovery of E171 at the 20 and 40 m points was 60% and
54%, respectively. In comparison, when biofilms were flourishing, the mass recovery of E171 at
the 20 and 40 m points was 44% and 16%, respectively. The decrease in mass recovery as E171
was transported downstream was more drastic under flourishing biofilm conditions, presumably
due to the aforementioned heterogeneity. Similar results were observed for the Pea stream (Table

S2).
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4. CONCLUSIONS

The results presented herein highlight the importance of hyporheic exchange and biofilm growth
in controlling the transport of NPs in streams, and conceptual schematic of these processes is
shown in Figure 7. In streams where biofilm growth is minimal, transport of NPs will be
controlled by mixing and hyporheic exchange and subsequent retention in the streambed
substrate. When biofilms are flourishing, these will dominant immobilization of the NPs. The
physico-chemical properties, especially the surface charge, of the NPs will affect aggregation
and retention of NPs in the substrate, but this becomes less important in the presence of biofilms.
Thus, in real streams, linking physico-chemical properties of pristine NPs to transport behavior
may not be appropriate, as suggested previously.®® Future studies should move toward creating
sophisticated models that can capture the inherent variability of the streams by coupling datasets
from controlled field streams with lab-scale substrate transport experiments.

While this study is one of the first to our knowledge to present estimates of the transport
of TiO, NPs in field-scale streams with differing streambed substrate and biofilm conditions,
there are limitations that exist due to experimental constraints. Foremost, experiments
represented only a “pulse injection” scenario of a highly concentrated NP solution under
relatively steady flow conditions. Likely, differing transport behavior will be observed with a
continuous release of NPs to the streams, as observed previously for CeO, NPs.** With a
continuous release, the concentration of NPs will be lower and that may reduce aggregation and
settling tendencies allowing for increased mobility. Nonetheless, downstream transport of NPs
will likely be limited, and thus accumulation within the geological and biological media is to be
expected near discharge points (e.g., wastewater treatment plant effluents). This chronic

accumulation may cause localized negative effects on the streambed habitats,* with unintended
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negative consequences for stream ecological structure and function.*® Additionally, storm events
and higher flows are expected to cause resuspension of the NPs from the streambed substrate, *
potentially moving them further downstream. The stream water used had relatively high ionic
strength that was low in TSS and DOC. NP homoaggregation would be reduced in lower ionic
strength waters, while higher TSS and DOC could enhance heteroaggregation and mobility,
respectively. To enhance our understanding of NP transport in stream networks, further studies
are needed with increased complexity at the field-scale involving geological collectors (e.g., clay

particles), DOC, and organisms.
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Figure 7. Conceptualization of processes affecting NP transport in streams under the experiment

conditions tested. Both NPs undergo homoaggregation in the streams, which is more severe for
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P90. Hyporheic exchange is greater for coarser substrates (indicated by the thickness of the
vertical blue arrows). This allows for increased interaction between the NPs and the substrate
resulting in increased retention. Biofilms can grow suspended in the water column, on the
benthic layer, or within the pore spaces of the substrate. When biofilms are flourishing,
hyporheic exchange is reduced, but they increase the retention of NPs and it is similar for P90

and E171 and across streams.
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