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Abstract: Urban stormwater runoff is a significant source of pollutants in surface water bodies.
One such pollutant, 1H-benzotriazole, is a persistent, recalcitrant trace organic contaminant
commonly used as a corrosion inhibitor in airplane deicing processes, automobile liquids, and
engine coolants. This study explored the removal of 1H-benzotriazole from stormwater using
bench-scale biofilter mesocosms planted with California native sedge, Carex praegracilis, over a series
of three storm events and succeeding monitoring period. Benzotriazole metabolites glycosylated
benzotriazole and benzotriazole alanine were detected and benzotriazole and glycosylated
benzotriazole partitioning in the system were quantified. With a treatment length of seven days,
97.1% of benzotriazole was removed from stormwater effluent from vegetated biofilter mesocosms.
Significant concentrations of benzotriazole and glycosylated benzotriazole were observed in the C.
praegracilis leaf and root tissue. Additionally, a significant missing sink of benzotriazole developed
in the vegetated biofilter mesocosms. This study suggests that vegetation may increase the operating
lifespan of bioretention basins by enhancing degradation of dissolved trace organic contaminants,
thus increasing the sorption capacity of the geomedia.

Keywords: benzotriazole; biofilter; bioretention; green infrastructure; phytoremediation; sorption;
stormwater

1. Introduction

Urban stormwater runoff is globally recognized as a significant source of surface water quality
impairment through its deliverance of pollutants, including nutrients, metals, pathogens, and trace
organic contaminants (TrOCs) into surface water bodies [1-3]. Bioretention basins are a common, low-
cost, decentralized stormwater control strategy to reduce the quantity and improve the quality of
urban stormwater while allowing for infiltration and recharge of the groundwater [4-6]. Often
referred to as biofilters and bioretention cells, bioretention basins contain vegetation, high-
permeability geomedia, and underdrains [7]. Bioretention basins are often popular choices because
of their aesthetic value and ability to provide biological treatment and phytoremediation [7,8]. For
example, bioretention basins are proven to reduce nutrient [9-13], metal [14,15], pathogen [16-18],
and suspended solids [16,17] loads in stormwater runoff. However, few studies have investigated
their removal of TrOCs in stormwater. Moreover, studies of TrOCs in stormwater have focused
mainly on hydrophobic organic compounds such as polycyclic aromatic hydrocarbons (PAHs) [19]
and polychlorinated biphenyls (PCBs) [20] that sorb particularly well to solids that are physically
removed by filtration [21]. Often times however, more than half of the TrOC pollutant load may exist
in the dissolved phase which are more mobile, bioavailable, and removed by different mechanisms
than particle-bound contaminants [1]. This study explores the removal of the labile TrOC 1H-
benzotriazole (BT) in biofilter mesocosms vegetated with Carex praegracilis, a drought and flood
tolerant native field sedge preferred for use in bioretention basins in California [22].
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BT is a persistent organic contaminant found in urban and airport stormwater runoff [23,24].
Classified by the U.S. Environmental Protection Agency as a high production volume substance, BT
is commonly used as an anticorrosive agent in aircraft deicing fluids, engine coolants, and automobile
anti-freeze liquids as well as in dishwashing detergents and dyes [25,26]. BT is microbially
recalcitrant with reported bio-transformation half-lives between 4315 and 83%6 days in aquifer
material under various aerobic and anaerobic conditions [27]. Due to its persistence, BT accumulates
in the urban environment at environmentally relevant concentrations [28,29]. Fairly water soluble
(Kow = 1.44), BT has been found at concentrations in the mg/L range in stormwater runoff from
airports [25] and is frequently found in surface waters in the pug/L range [30]. BT is known to be toxic
in vertebrates with an LCso of 65 mg/L for fat head minnows (Pimephales promelas) and 102 mg/L for
water fleas (Ceriodaphnia dubia) [31]. In addition, BT has been found to impact metabolic processes in
the brain of Chinese rare minnows (Gobiocypris rarus), indicating that more studies of chronic
exposure are needed [32]. The persistence of BT and limited understanding of its chronic effects
suggest that BT has the potential pose a risk for aquatic species.

A previous study identified two BT metabolisms pathways in the plant Arabidopsis thaliana in a
hydroponic system: glycolysis and tryptophan synthesis followed by auxin synthesis [33]. Glycolysis
is catalyzed by glycosyltransferases and is a common pathway used by plants in order to detoxify
xenobiotic compounds, creating more soluble compounds, such as glycosylated BT (GBT), that are
either nontoxic or less toxic than the parent compound [34,35]. Tryptophan is an essential amino acid
necessary to synthesize numerous hormones and auxins in plants [36,37]. Auxins are plant hormones
that are necessary for plant processes associated with growth and reproduction including cell
elongation, division, and differentiation [36]. Benzotriazole alanine (M207) is a conjugate of
tryptophan, with BT replacing the native indole rings, and is thought to participate in similar BT-
tryptophan synthesis and BT-auxin syntheses, ultimately producing BT-auxins [33]. LeFevre et al.
verified the structures of GBT and M207 to Level 1 Confidence based on the Schymanski et al.
framework [33,38]. While hydroponic studies may be useful for identifying plant metabolism
pathways, they do not reflect environmental factors such as contaminant availability in the soil or
transformations in the soil and rhizosphere [39].

This study aims to understand the effect of C. praegracilis on BT removal in bench-scale biofilter
mesocosms simulating bioretention basins with repeated storm events. Specifically, biofilter
mesocosms vegetated with C. praegracilis are compared with nonvegetated biofilter mesocosms with
particular focus on BT removal, BT distribution within the mesocosm, and the detection of known BT
metabolites. Biofilter mesocosms are exposed to three storm events with seven days of treatment time
in between and then monitored for an additional 21 days. This study hypothesizes that vegetation
will improve biofilter mesocosm performance and that BT will be taken up by C. praegracilis and
metabolized yielding similar metabolites as observed previously [33,40]. This study demonstrates
that significant masses of BT and BT metabolites were observed in C. praegracilis and that a substantial
missing sink of BT developed in the vegetated biofilters after the conclusion of the storm events. This
study has implications for design strategies to maximize contaminant removal and increase
operational lifespan of bioretention basins.

2. Materials and Methods

2.1. Materials

Chemicals used in this study include: 1H-Benzotriazole (BT; Fluka, CAS 95-14-7), d4-
Benzotriazole (d4-BT; CDN isotopes, CAS: 1185072), hexopyranosyl-1H-benzotriazole (GBT;
ChemDiv 72870191, San Diego, CA). All solvents and chemicals used for LC-MS analysis were of LC-
MS grade. Biofilter geomedia consisted of: filtration sand (F-108, CEMEX) with grain size 0.70-0.80
mm; compost (Really Good Compost TMR 04-16, Nature’s Care); and pea gravel (Vigoro Pea Pebble).
Plugs of C. praegracilis (Clustered Field Sedge) were purchased from a local nursery (Ladera Garden,
Portola Valley, CA) and all soil associated with the plant was removed before transplanting. C.
praegracilis, a drought and flood tolerant native California sedge, has been documented to uptake
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nutrients and bioaccumulate metals and is a recommended species for use in bioretention basins in
California [10,14,22].

2.2. Experimental Design

Nine treatment biofilter mesocosms were constructed to simulate a model bioretention system
as specified by MS4 Discharges within the Coastal Watersheds of Los Angeles County
Bioretention/Bioinfiltration Design Criteria [41]. Plastic bins (35 cm x 28 cm x 44 cm) were filled with
alayer of gravel followed by alternating layers of sand and compost containing a total of 2 L of gravel,
9.5 L of compost, and 19 L of sand. Perforated screened 1.5 cm inner diameter PVC drainage pipes
with outlet controls and 1.5 cm inner diameter PVC pipe monitoring wells were installed in each
mesocosm. Mature C. praegracilis (n=12 plugs per mesocosm) were transplanted into six mesocosms,
of which three were randomly identified as controls, and the remaining three mesocosms were left
unvegetated as seen below in Figure 1. Mesocosms were found to have a pore volume of 14 L. All
mesocosms were provided with grow lights (TaoTronics, 660, 630, and 460 nm wavelength) that
operated for 8 hours each day. The mesocosms were watered weekly with tap water and C. praegracilis
allowed to stabilize for one year. The C. praegracilis leaves were occasionally trimmed using stainless
steel scissors to a height of 15 cm to prevent overcrowding and allow for new growth. Preliminary
tests to inform the experiment and sampling protocols were conducted soon after planting, and may
be found in the Appendix B.

/ 800 ug/L BT \/ No BT \

\ 3x Vegetated 3x Nonvegetated J\ 3x Control /

Figure 1. Diagram showing nine total biofilter mesocosms, of which six were planted with C.
praegracilis and three were nonvegetated. A monitoring well and effluent pipe with an outlet control
were installed in each mesocosm.

At the beginning of the study, mesocosms were flushed with one pore volume (14 L) of synthetic
stormwater. Three storm events, each equivalent to 91 mm (3.6 in) rainfall, were simulated occurring
at weekly intervals (t=0, 7, 14 days), as seen in Figure 2. Synthetic stormwater was prepared based on
a specified recipe [42], with the pH adjusted to 7.0 and without the addition of natural organic matter.
The storm events consisted of a pulse of stormwater through the biofilter mesocosms. At the
beginning of each storm event, the outlet controls were opened to allow the mesocosms to drain.
Synthetic stormwater (14 L) was then poured onto the surface of the biofilter mesocosms and the
outlet control was closed when the water level in each mesocosm fell to the pre-determined height in
the monitoring well. The vegetated (n=3) and nonvegetated (n=3) mesocosms received synthetic
stormwater spiked with 800 ng/L BT while the control (n=3) mesocosms received non-spiked
synthetic stormwater.
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Figure 2. Timeline depicting biofilter mesocosm construction, the initial flush (t=-7), three weekly
storm events (t=0, 7, 14), and the extended monitoring period (t=28, 35, 42). Daily monitoring occurred
from t=(-7)-21 days, after which addition monitoring occurred on days t=28, 35, 42.

2.3. Sampling Plan

Daily monitoring began after an initial flush of stormwater (t=-7) to establish background BT
concentrations in the mesocosms and continued for 7 days after the third storm event (t=21), after
which monitoring was conducted weekly for three additional weeks (t=28, 35, 42) for a total
experiment time of 49 days, as seen in Figure 2. Daily duplicate pore water samples were obtained
from the monitoring well using a glass pipette. C. praegracilis leaf tissue was sampled daily at seven
randomly distributed locations from each mesocosm. Bidiurnal C. praegracilis root tissue samples
were obtained by cutting one root segment from a randomly distributed plant. Three geomedia cores
were taken weekly from each mesocosm using a 2 cm diameter tube at random locations and
analyzed separately. On days with storm events, sampling occurred immediately before the storm
event. Triplicate mesocosm effluent was collected promptly after the conclusion of each storm event.
Samples were immediately frozen at -20 °C until processing and analysis.

Every seven days (t=0, 7, ..., 42 days), C. praegracilis leaves were cut back to a height of 15 cm
and C. praegracilis leaf growth was determined by the mass of trimmed leaves collected. Synthetic
stormwater was added to all mesocosms each day throughout the experiment to replenish
evapotranspiration losses in order to maintain a set water table in the mesocosms.

2.4. Analytical Methods

2.4.1. Method for Pore Water, Influent, and Effluent

Pore water, influent, and effluent samples (1 mL) were spiked with internal standard (IS), D4-
BT, filtered with 0.22 um PDVF filters, and transferred to auto sampler vials for HPLC-MS/MS
analysis.

2.4.2. Method for C. praegracilis Tissue

C. praegracilis leaf and root tissue samples were extracted using a procedure used by LeFevre et
al. [33]. Briefly, leaf and root tissue (dry leaf mass = 0.24 +0.05g; dry root mass = 0.089 +0.201g,
median=0.081g) were freeze dried for at least 3 days using a lyophilizer, cut into 5 mm pieces using
stainless steel scissors, and placed into 2 mL centrifuge tubes. Extractant solution (1:1 methanol/water
by volume), IS and a stainless-steel homogenization bead (5 mm) were added and the sample was
frozen at -80 °C for three hours. Samples were thawed and placed on a mixer mill (Retsch) for 5
minutes at a frequency of 30 Hz. Samples were then vortexed, placed into a sonication bath for 10
minutes, and centrifuged at 2,000 rpm for 15 minutes. Supernatant was decanted and filtered using
a 0.22um PDVF filter into autosampler vials. This extraction was repeated twice more, and samples
were analyzed with HPLC-MS/MS.
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2.4.3. Method for Geomedia

Geomedia samples were first freeze-dried, then crushed using a mortar and pestle, and sieved
using size #40 (425 um) mesh in order to separate and weigh both the compost and sand components
of each sample. These components were then combined into a 50 mL falcon tube. Samples were
spiked with IS, and extractant solution (1:1 methanol/water by volume, adjusted to pH = 3.00 using
hydrochloric acid) was added. Samples were then vortexed for 4 min, placed into a sonication bath
for 1 hour 30 min, and centrifuged at 2,000 rpm for one hour. Supernatant was collected and two
more subsequent extractions were completed. Supernatant was combined, diluted to 250 mL using
DI water, and SPE was performed. SPE cartridges (Waters Oasis HLB 200 mg 6cc) were conditioned
with 2 x 2 mL acetone followed by 3 x 2 mL methanol and 4 x 2 mL Milli-Q water. Samples were
loaded at a flow rate of no more than 3 mL/min onto the cartridges. Cartridges were dried for at least
one hour under nitrogen and eluted with 4 x 2 mL eluent solution (60:40 methanol/acetone). Samples
were then evaporated to just before dryness under nitrogen, diluted into 1 mL of 1:1 methanol/water
solution, and transferred to auto sampler vials and analyzed with HPLC-MS/MS. Method recovery
efficiency was observed to be 91+3%.

2.4.4. Mesocosm Deconstruction

At the end of the experiment, mesocosms were dismantled and plant mass was retrieved by
sieving and rinsing followed by freeze-drying to measure the total dry mass of C. praegracilis root and
leaf tissue in the vegetated and control mesocosms. To assess potential sorption of BT to the plastic
mesocosm container, the mesocosm walls were rinsed with methanol three times and the extracts
were analyzed for BT with HPLC-MS/MS.

2.4.5. HPLC-MS/MS Method

BT and GBT were quantified in positive mode using liquid chromatography-electrospray
ionization tandem mass spectrometer (LC-ESI-MS/MS; Applied Biosystems API 3000) with Shmadzu
SCL-10A VP system controller and Analyst 1.5.2 software (AB SCIEX). A Higgins Analytical Sprite
Targa C18 (40x2.4 mm, 5 um) chromatography column was used. The mobile phases consisted of
0.1% formic acid in water (A) and methanol (B). The mobile phase gradient (as percent of B) was as
follows: 5% for 0-0.06, 5-95% for 0.06-6.5 min, 95% for 6.5-10 min, and 95-20% for 10-11 min at a flow
rate of 0.2 mL/min. Injection volume was 10 uL. A 5 min equilibration time was set between each
sample run. Two MRM transitions were used for each compound and may be found in the Appendix
Al. An eight-point internal standard normalized calibration curve was used to account for surrogate
recovery and matrix effects during ionization. Separate curves were used for each matrix. The
instrument response was linear throughout the calibration range. Instrument detection and
quantification limits were determined by analyte response relative to the baseline.

2.5. Mass Balance and Statistical Analysis

Averaged mass balances were computed for t=7, 14, 21, 35, 42 days for vegetated, nonvegetated,
and control mesocosms. Expected mass in the biofilters was computed by quantifying the mass of BT
in the stormwater delivered to each biofilter and adding it to any background BT mass. The mass of
BT and BT metabolites was then calculated in each sink (i.e., geomedia, C. praegracilis tissue, pore
water, and effluent) for each time point using the known concentrations of BT and BT metabolites
and the known mass of each component. The mass of BT metabolite GBT is reported as equivalent
BT mass. Mass of C. praegracilis leaf and root tissue was estimated using the total mass of C. praegracilis
determined after mesocosm deconstruction.

Statistical analysis was conducted using R Studio. One-way repeated measures analysis of
variance (ANOVA) with post hoc paired t-tests and Tukey HSD tests were used to assess the
difference between vegetated, nonvegetated, and control data sets, and linear regression models were
used to assess trends.
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3. Results

3.1. Biofilter Performance and C. praegracilis Growth

Vegetated biofilters consistently reduced BT effluent concentration to a greater extent than
nonvegetated biofilters, as seen in Figure 3. Vegetated biofilters reduced BT concentrations to 23.4
£3.4 ug/L (97.1% reduction) in the effluent while nonvegetated biofilter effluent contained 39.9 £10.7
ug/L BT (95.0% reduction), a difference of about 200 pg per storm event. Effluent BT concentrations
among the vegetated, nonvegetated, and control mesocosms were found to be significantly different
(p < .01, repeated measures ANOVA with Tukey HSD). Moreover, time was not observed to
significantly affect the effluent BT concentrations (p = .41 repeated measures ANOVA).
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Figure 3. Log plot of BT concentrations in storm water influent (blue) and effluent during the three
storm events for the vegetated (green) and nonvegetated (red) biofilters. Error bars represent one
standard deviation. The difference between vegetated and nonvegetated effluent is statistically
significant (p < .01, repeated measures ANOVA with Tukey HSD)

There was no significant difference between the growth of C. praegracilis in the biofilter
mesocosms exposed to BT and control biofilter mesocosms throughout the experiment (p = 0.60,
repeated measures ANOVA with Tukey HSD). Likewise, the loss of water due to evapotranspiration
from the vegetated mesocosms was statistically similar to that from the control mesocosms (p = .99,
repeated measures ANOVA with Tukey HSD). The loss of water due to evapotranspiration was
significantly greater for the vegetated mesocosms than the nonvegetated mesocosms (p < 0.01,
repeated measures ANOVA with Tukey HSD) and also between the control and nonvegetated
mesocosms (p < 0.01, repeated measures ANOVA with Tukey HSD). The final total dry mass of C.
praegracilis in the vegetated mesocosms was 51.2+6.8g and 55.0g +3.7g in the control mesocosms. In
the vegetated biofilters, the roots made up 52+2% of the total vegetated mass in the biofilter
mesocosm, while in the control, the root mass made up 55+3% of the C. praegracilis mass. Upon
deconstruction of the mesocosms, the root system was found to be extensive, penetrating the gravel
at the bottom of the mesocosm:s.

3.2. Presence of BT and BT Metabolties in Biofilter Sinks

The expected fate of BT in the biofilters include sorption to the soil, uptake and
phytotransformation by C. praegracilis, residing in the pore water, exiting the biofilter through the
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effluent, and other processes including microbial degradation, photodegradation, and sorption to the
plastic bin [43]. BT was detected in the soil, pore water, and C. praegracilis as well as in the mesocosm
effluent during the entirety of the sampling period. Sorption to the plastic bin was not a significant
sink of BT. Additionally, BT metabolites GBT and M207 were detected in the vegetated biofilters.
Metabolite GBT was the most commonly detected metabolite and was quantified in the soil and C.
praegracilis tissue. Metabolite M207 was detected in C. praegracilis root tissue but not quantified due
to lack of an analytical standard.

3.2.1. Presence of BT in Geomedia

BT was found in the geomedia of all biofilters exposed to stormwater containing BT (Figure 4a).
Geomedia BT concentrations rose consistently in the vegetated and nonvegetated mesocosms with
the influx of BT into both the vegetated and nonvegetated biofilters during the storm events.
Statistical analysis reveals that there is not a significant difference in the geomedia concentrations of
BT in the vegetated and nonvegetated mesocosms within the first 21 days (p = .65, repeated measures
ANOVA with Tukey HSD). After the conclusion of the storm events, the BT concentration in the
geomedia of the vegetated biofilters decreased more rapidly than in the geomedia of the
nonvegetated biofilters. The geomedia BT concentrations in the vegetated and nonvegetated
mesocosms are significantly different (p = 0.02, repeated measures ANOVA with Tukey HSD) over
the final 21 days (Figure 4a).

BT metabolite GBT were also found in the geomedia in the vegetated mesocosms (Figure 4b).
GBT concentrations in the geomedia increased during the storm events and then plateaued at a
concentration of about 0.05 pug BT equivalents per gram of dry geomedia (Figure 4b). Geomedia
concentrations of GBT in the vegetated mesocosms are significantly larger than GBT concentrations
in both the nonvegetated and control mesocosms (p < 0.05, repeated measures ANOVA with paired
t-test). Concentrations of GBT in the nonvegetated mesocosms are not significantly different than
those in the control mesocosms (p = 0.98, repeated measures ANOVA with Tukey HSD).

BT and GBT concentrations in the geomedia of the vegetated mesocosms were spatially
heterogeneous (Figure 4c, 4e). Notably, BT concentrations are statistically significantly lower in the
center of the vegetated biofilters than around the perimeter (p = 0.04, ANOVA) while no significant
trend exists for the nonvegetated biofilters (p = 0.37, ANOVA) (Figure 4d). Likewise, in the vegetated
biofilters, GBT concentrations are statistically significantly greatest near the center of the biofilters (p
=0.02, ANOVA), where the vegetation was most dense.
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Figure 4. Mean concentration of BT (a) and concentration of GBT (b) in biofilter mesocosm geomedia
over the course of the study period in the vegetated biofilters (green) and nonvegetated biofilters
(red). Storm events occurred on day 0, 7, and 14. Error bars represent one standard deviation (n=9).
Linear regressions (dashed lines) are plotted with equation of line of best fit and r-squared values for
soil BT concentrations in the vegetated (green) and nonvegetated (red) mesocosms during the storm
events (t = 0-21) and extended monitoring period (t = 21-42). Spatial distribution of BT concentrations
in the vegetated (c) and nonvegetated (d) biofilter mesocosms and GBT in the vegetated biofilter
mesocosms (e). Values reflect the percent difference in concentration of each sample from the mean
concentration (n=9) for the respective sampling period based on the sample’s location in the
mesocosm. Nine locations were sampled once during each time point. No significant GBT
concentrations were observed in the nonvegetated mesocosms, so data is not shown. A fully screened
monitoring well was located in position (4,4).

3.2.2. Presence of BT in Pore Water

The concentration of BT in the pore water decreased consistently following the storm events
each week (Figure 5). The concentration of BT in the pore water in the vegetated mesocosms was
consistently and significantly greater than the nonvegetated mesocosms over the entire sampling
period (p < 0.05, repeated measures ANOVA, paired t-test); however, the rate of decrease is not
significantly different among the vegetated and nonvegetated mesocosms (p = 0.62, repeated
measures ANOVA, Tukey HSD).
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Figure 5. Mean concentration of BT in biofilter mesocosm pore water over the course of the study
period (42 days) in the vegetated biofilters (green), nonvegetated biofilters (red), and control biofilters
(blue). Storm events occurred on days t =0, 7, 14. Error bars represent one standard deviation (n=3).

3.2.3. Presence of BT in C. praegracilis

BT was detected in both C. praegracilis leaf and root tissue (Figure 6a—b). BT concentrations in
the vegetated mesocosms were significantly different than BT concentrations in the control
mesocosms (leaf tissue, p = .02, repeated measures ANOVA with paired t-test; root tissue, p < .01,
repeated measures ANOVA with paired t-test). BT concentrations in the root tissue increased after
the first two storm events and then stabilized after the conclusion of the storm events (Figure 6b). BT
concentrations stabilized around 0.01+0.008 ug/g in the leaf and 0.15+0.10 pg/g in the root tissue
(Figure 6a-b).

GBT was also detected in the C. praegracilis leaf and root tissue (Figure 6¢c—d). Concentrations of
GBT were significantly different in the vegetated mesocosms than GBT concentrations in the
nonvegetated mesocosms (leaf tissue, p < .01, repeated measures ANOVA with paired t-test; root
tissue, p < .01, repeated measures with paired t-test). GBT concentrations increased throughout the
first three storm events before stabilizing. Concentrations of GBT stabilized around 0.22+0.07 ug BT
eq/g in the leaf and 4.60+2.21 pg BT eq/g in the root tissue over the last four weeks (Figure 6c-d).
Concentrations of BT and GBT were about 21 times greater in the root tissue than the leaf tissue.
Concentrations of GBT were about 30 times greater than BT concentrations in both C. praegracilis leaf
and root tissue. GBT represented 96% of the quantifiable mass of BT detected in C. praegracilis.
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Figure 6. Mean concentration of BT in C. praegracilis leaf (a) and root (b) tissue in vegetated biofilter
mesocosms exposed to BT (green) and control (blue) biofilter mesocosms. Mean concentration of GBT,
in BT equivalents, in C. praegracilis leaf (c) and root (d) tissue in vegetated biofilter mesocosms exposed
to BT (green) and control (blue) biofilter mesocosms. Storm events occurred on days 0, 7, and 14.
Error bars represent one standard deviation (n=3). Note that tissue samples for t=14, 15, and 16 were
visually contaminated with mold and therefore omitted.

3.3. Mass Distribution of BT in Syst

BT was mainly distributed in the geomedia (Figure 7a—b). During the first three weeks of BT
influx to the system, the distribution of } BT in the geomedia increased, signifying that the majority
of BT added to the system sorbed to the geomedia in both the vegetated and nonvegetated
mesocosms. In the vegetated mesocosms, during the three-week monitoring period after the final
storm event, an average of 99.45% of detected BT was found to be sorbed to the geomedia while this
value was 100% for the nonvegetated mesocosms. During the monitoring period, the distribution of
2BT in the geomedia decreased in the vegetated mesocosms, implying that BT desorbed from the
geomedia. However, in the nonvegetated mesocosms, the distribution of )BT remained constant.
During the three weeks after the conclusion of the storm events, C. praegracilis contained on average
about 0.28% of the detected }'BT. The distribution of }'BT in the C. praegracilis tissue increased during
this time, signifying that C. praegracilis was continuing to uptake and metabolize BT.
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Figure 7. Plot showing the mass distribution of BT (solid fill) and BT metabolite GBT (hatched fill)
detected in vegetated and nonvegetated biofilter mesocosms after the storm events (a) and during the
extended monitoring period (b). Percent metabolite GBT mass is reported in percent BT mass
equivalents. Note the break in the y-axis.

3.4. Mass Balance of BT in the Biofilter Mesocosms

A mass balance of BT in the system is shown in Figure 8a-b. Large standard deviations reflect
the large spatial variability of BT and GBT concentrations in the geomedia. During the extended
monitoring period, the mass balance for BT in the system approached 100% for the nonvegetated
biofilter mesocosms and dropped below 100% for the vegetated biofilter mesocosms. Statistical
analysis reveals that the loss of BT is a significant trend in both the vegetated and nonvegetated
mesocosms (p = .05, repeated measures ANOVA). Significantly more BT is unaccounted for in the

vegetated mesocosms compared to the nonvegetated mesocosms (p = .05, repeated measures
ANOVA with paired t-test).
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Figure 8. (a) Mass balance of BT and metabolite GBT in the vegetated (green) and nonvegetated (red)
mesocosms over the period of extended monitoring (t = 21-42 days). Percent BT missing is calculated
based off the total BT and GBT detected in the mesocosms and the expected BT based off the
background concentrations of BT and the total mass of BT added during the storm events. (b) Linear
regression of the percent BT missing is plotted for the vegetated (green) and nonvegetated (red)
biofilter mesocosms. Equations of best fit and r squared values are provided. Error bars represent one
standard deviation (n=3).

4. Discussion

4.1. Biofilter Mesocosm Performance and C. praegracilis Growth

The reduction of BT concentrations in the vegetated biofilter mesocosm effluent relative to the
nonvegetated biofilter mesocosm effluent (Figure 3) indicates that vegetation provides a benefit to
BT removal during the storm events. The mass of BT taken up by C. praegracilis during the first three
storm events is about half of the difference in BT mass between the vegetated and nonvegetated
mesocosm effluent, indicating that C. praegracilis uptake alone is not able to account for the extra
reduction of BT in the vegetated effluent. In addition, the statistical similarity between the BT
concentrations in the vegetated and nonvegetated geomedia during the storm events, as seen in
Figure 4, suggest that it is unlikely that the vegetated biofilter mesocosms had an increased sorption
capacity. As effluent concentrations are significantly greater than the pore water concentrations in
the mesocosms immediately before the storm events (Figure 3 and Figure 5), we hypothesize that
ponded stormwater may have entered directly into the monitoring well leading directly to the gravel
layer near the effluent pipe, bypassing the soil and vegetation and short-circuiting the biofilter
mesocosms during the storm events. Thus, it is probable that the reduction in BT pore water
concentrations in the vegetated biofilter mesocosms may be attributed to a combination of C.
praegracilis uptake and reduced short-circuiting during the storm events.

The heterogeneity of BT concentrations in the geomedia of both the vegetated and nonvegetated
mesocosms throughout the first three storm events suggest that the biofilter mesocosms experienced
preferential flow, leading to short-circuiting of the biofilter. An investigation of the spatial
distribution of BT concentrations in the vegetated and nonvegetated biofilters reveals significantly
higher BT concentrations near the front of the biofilters, most notably near the front right corner in
which the monitoring well had been placed, as seen in Figure 4. Based on the effluent BT
concentration (Figure 3), this short-circuiting appears to be more significant in the nonvegetated
biofilters, perhaps because the hydraulic conductivity of the soil in the nonvegetated biofilters is less
than in the vegetated biofilters [44]. Vegetation is known to improve the hydraulic conductivity of
soil in biofilters by creating macropores in the soil through which stormwater can infiltrate more
easily than hard-packed soil [44,45]. As the biofilters in this study were aged for one-year, greater
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hydraulic conductivity was anticipated in the vegetated biofilters compared to the nonvegetated
biofilters, as evident by the observation of increased stormwater ponding in the nonvegetated
mesocosms relative to the vegetated mesocosms during the storm events. Increasing the hydraulic
conductivity of the biofilter mesocosms increases the amount of stormwater treated, minimizing
ponding on the surface and short-circuiting the system. Care should be taken to maintain adequate
hydraulic conductivity when designing biofilters, and to ensure that minimal stormwater is able to
short circuit through the treatment system by the placement of monitoring wells or overflow weirs.

The statistically similar amounts of new growth and water lost to evapotranspiration between
the vegetated and control biofilter mesocosms suggests that the presence of BT did not appear to have
any ill-effects on the C. praegracilis. The detection of BT metabolite M207 indicates that tryptophan
synthesis followed by auxin synthesis may occur in the C. praegracilis, potentially producing synthetic
BT-auxins. Two previously identified BT-auxins are benzotriazole acetyl-alanine (M247) and
benzotriazole acetyl-aspartic acid (M293), conjugates of indole-3-acetyl-alanine and indole-3-acetyl-
aspartic acid, auxin storage compounds that contribute to the active auxin storage and inactivation
in plants [33,46]. While it is unclear the exact effects synthetic BT auxins have on the C. praegracilis,
other synthetic xenobiotic auxins have been observed to act as natural auxins, though less potent,
including 1-napthalacetic acid (NAA), 2,4-dichloropephnoxyacetic acid (2,4-D), and 3,6-dichloro-2-
mehoxybenzoic acid (dicamba) [46]. Auxin interference and manipulation is the basis for some types
of herbicides (2,4-D, dicamba) as alteration of natural auxin may have detrimental effects on plants
[46,47], but this does not appear to be the case for BT and C. praegracilis. Thus, C. praegracilis appears
to be suitable for use in bioretention basins receiving high loads of BT, though studies of C.
praegracilis’ resiliency with exposure to other TrOCs are necessary.

4.2. BT and BT Metabolites

BT metabolites detected in the biofilter mesocosms include GBT and M207. While M207 was
only detected in C. praegracilis root tissue, GBT was detected in both C. praegracilis leaf and root tissue
(Figure 6a—d) and in the geomedia (Figure 4b), indicating that GBT was excreted from the C.
praegracilis roots. Glycolysis appears to be the most significant pathway for BT metabolization in C.
praegracilis planted in the biofilter mesocosms based on the known metabolism pathways for BT [33]
and the mass of GBT observed in the soil and C. praegracilis tissue. Glycosylation of BT can occur
without the addition of any functional groups, as BT can be directly N-glycosylated on any of the
nitrogen in the triazole ring [33,34].

The presence of BT and GBT in both the C. praegracilis leaf and root tissue (Figure 6a—d) provide
insight to how BT and GBT are partitioned and transported within the plant. The low ratio of BT and
GBT concentrations in leaf tissue relative to the root tissue may indicate ineffective transport of BT to
the leaves, possibly due to low solubility of BT in C. praegracilis xylem sap [48]. While it is possible
that BT and GBT in the leaf tissue are photodegraded, this is not expected to be significant as BT is
poorly photolyzed in the environment [49-51]. The ratios of BT to GBT were nearly equal in both the
root and leaf tissue. Different plant species are known to bioaccumulate and metabolize xenobiotic
compounds differently [40,52,53]. For example, similar BT metabolites were observed in strawberries
(Fragaria ananassa) and lettuce (Lactuca sativa) grown in greenhouses and the field that were irrigated
with water containing low levels of BT [40]. LeFevre et al. (2017) detected metabolite GBT in
strawberry and lettuce root tissue and M247 in strawberry root tissue while detecting BT all (leaf,
root, strawberry fruit) tissue samples [40].

High ratios of GBT to BT in C. praegracilis tissue (Figure 6a—d) as well as the presence of GBT in
the geomedia (Figure 4b) indicate that significant masses of BT are metabolized. Spatial analysis of
the geomedia samples (Figure 4c—e) reveal that cores sampled near the center of the mesocosms (with
the highest density of C. praegracilis) had the lowest concentrations of BT yet the highest
concentrations of GBT relative to other cores taken at each particular time point. The nearly-constant
concentration of GBT in the C. praegracilis (Figure6c—d) may represent a steady state concentration of
GBT resulting from BT glycolysis and GBT exudation from the C. praegracilis roots [33]. Likewise, the
nearly constant concentration of GBT in the biofilter soil (Figure 4b) may represent a steady state
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concentration of GBT resulting from GBT exudation and further microbial degradation in the
rhizosphere.

BT and GBT were detected in the both C. praegracilis leaf and root tissue in the control biofilters
(Figure 6a—d), indicating that BT is able to accumulate in C. praegracilis even at low background
concentrations. The detection of BT is most likely due to the exposure of the control biofilter
mesocosms to BT spiked stormwater during the preliminary tests (Appendix B) as well as continued
exposure from low ambient concentrations in the tap water [33,40]. This indicates that BT is able to
accumulate in C. praegracilis, even at low background concentrations, and that BT and GBT are able
to persist in vegetation for extended periods of time. The ratio of GBT to BT in the C. praegracilis root
and leaf tissue is significantly smaller than in the vegetated biofilter mesocosms, suggesting that BT
persist longer than GBT. Additionally, higher ratios of BT and GBT in the leaf tissue compared to the
root tissue suggest that BT and GBT persist longer in the leaf tissue than in the root tissue.

4.3. Distribution of BT in Biofilter Mesocosms and Missing Sinks

The majority of BT distributed in the geomedia over the course of the study (Figure 7a-b)
indicates that sorption to organic matter in the geomedia is the most significant removal mechanism
for BT in stormwater. This is not surprising given the sorptivity of BT to organic carbon such as
activated carbon and biochar [54,55]. The steady decrease of both BT pore water concentration and
pore water mass distribution over the course of the study suggests that the bioavailability of BT
should decrease. However, the steady in planta concentrations of BT and GBT indicate that C.
praegracilis increases the phytoavailability of BT, perhaps by releasing exudates into the rhizosphere
that facilitate the desorption of BT, a phenomenon commonly observed with nutrients [56,57]. While
plants typically release exudates in order to facilitate the uptake of deficient nutrients, the released
exudates can impact chemistry in the rhizosphere, often allowing for the increased phytoavailability
of contaminants including metals [58,59] and PAHs [60].

After the last storm event (t=21 days), the mass of detected BT in both the vegetated and
nonvegetated biofilter mesocosms decreased (Figure 4b), indicating continuing BT loss in the system,
likely due to microbial degradation from microbes in the compost. However, significantly more BT
is unaccounted for in the vegetated biofilter mesocosms (Figure 8a-b). Thus, vegetation appears to
increase the rate of BT loss in the system over time, perhaps due to phytodegradation and
phytostimulation. Phytodegradation includes the metabolization of contaminants by plant enzymes
in planta and also by plant enzymes that have been excreted by the roots ex planta. One such enzyme
known to catalyze the oxidation of phenolic compounds, including PCBs, is laccases [61].
Phytostimulation is the facilitation of microbial degradation and mineralization of contaminants in
the rhizosphere. Plants are known to release photosynthesis derived organic compounds, up to 20%
of the total carbon fixed by the plant, which serve as carbon sources for microbes, into the rhizosphere
[62,63]. In fact, vegetation has been observed to increase the density of microbes in the rhizosphere
by one to four orders of magnitude [62,64]. In addition, exudates released by vegetation can facilitate
the microbial degradation of organic contaminants by increasing their bioavailability [65].

The decrease of BT mass from the soil in the middle of the vegetated mesocosms (Figure 6¢c—e) is
not explained solely by BT uptake and sequestration in C. praegracilis or by the mass of GBT excreted
by C. praegracilis. Thus, it is hypothesized that BT and excreted GBT are further biodegraded in the
rhizosphere. Similar dissipation of veterinary antibiotic sulfadiazine and phytotransformation
metabolite 4-hydroxy-suladiazine in the rhizosphere of similar vegetated mesocosms have been
observed and also hypothesized to result from plant enhanced microbial degradation [66]. In
addition, biocides atrazine and parathion have been observed to have significantly higher microbial
degradation and mineralization rates in vegetated soils compared to nonvegetated soils [64] and
increased degradation rates of PAHs and PCBs have been observed in the rhizosphere [39,67,68].
Submerging the root zone of biofilters, thus creating an anoxic environment, is known to increase
metal and nutrient removal [69].

The relatively low hydrophobicity of BT means that BT is hydrophobic enough to pass through
the lipid bilayer of membranes while still water soluble enough to travel into cell fluids. This allows
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BT to become biologically available to microbes and mobile in C. praegracilis while also allowing it to
sorb to compost in the soil and be removed from the biofilter effluent [62]. More research is necessary
on the microbial activity within the C. praegracilis rhizosphere and the significance of the
glycosylated-BT for microbial degradation to better understand the effect of C. praegracilis on BT
degradation and mineralization. However, the glycosylation of BT may make GBT more bioavailable
to microbes in the rhizosphere because of its increased solubility [62]. Further investigation of the
rate of BT and BT metabolite degradation in the rhizosphere of bioretention basins would help
determine the optimal retention time of bioretention basins to allow for complete contaminant
degradation.

4.4. Environmental Implications

This study demonstrated that bench-scale biofilter mesocosms reduced influent stormwater
concentrations of BT by 97.1% after 7 days of treatment. Three storm events each delivered an average
flux of about 11,735+1,176 ug BT, depositing about 35,000 ug BT in each mesocosms over the three
storm events. Although the main mechanism of BT removal appeared to be sorption to the geomedia,
vegetation appears to provide multiple benefits. In addition to increasing the hydraulic conductivity
of the biofilter mesocosms, C. praegracilis appears to significantly decrease BT concentrations in the
geomedia over the extended monitoring period, indicating continued phytoremediation well after
the storm events have passed. Thus, by facilitating the desorption of BT from the soil and degradation
of BT, the sorption capacity of the geomedia is increased, potentially prolonging the operational
lifespan of bioretention basins in the field. The use of outlet controls is a beneficial way to control the
water level in the biofilter mesocosms to ensure optimal treatment time. Bioretention basins planted
with C. praegracilis appear to be promising for reducing the flux of BT and other organic contaminants
into surface water bodies and could be implemented by cities and airports to preserve the quality of
stormwater running off into local water bodies.
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Appendix A
Table A1l. HPLC-MS/MS parameters for BT and BT metabolites.
MRM Q1 Q3 Declustering  Focusing Entrance Collision %:11111:)31: Re;i;t:on
Mass Mass Mass Potential Potential Potential = Energy Potential (min)
Transition (Da) (Da) ) (\%] V) V) W)
1H-BT-1 119951 65.110 51.000 240.000 10.000 31.000 4.000 5.58
1H-BT-2 119951 92.127 51.000 240.000 10.000 25.000 6.000 5.58
d4-BT-1 123972  69.100 41.000 170.000 10.000 35.000 4.000 5.53
d4-BT-2  123.972  96.000 41.000 170.000 10.000 27.000 6.000 5.53
GBT-1 281.900 119.900 23.000 200.000 10.000 25.000 10.000 4.49
GBT-2 281.900 85.000 23.000 200.000 10.000 35.000 10.000 4.49
M207-1 207.088 120.000 36.000 170.000 10.000 22.000 8.000 4.29
M270-2 207.088 179.100 36.000 170.000 10.000 13.000 12.000 4.29
Appendix B

Preliminary tests were conducted soon after planting the biofilter mesocosms over a four-week
period. The goal of the preliminary experiment was to test the sampling procedures and BT detection
under various dosing conditions. Four storm events delivering 26 L (169 mm; 6.6 in) of synthetic
stormwater were simulated, of which two of the storm events (storm event=1, 3) were spiked with
BT. Various doses of BT were delivered to the vegetated biofilter mesocosms (1 mg/L), control
mesocosms (1 ug/L), and the nonvegetated mesocosms (1 mg/L, 1 pg/L, no BT), as seen in Figure B.1.
BT was detected in the effluent, pore water, and C. praegracilis tissue at the 1mg/L level, but not
consistently at the 1 ug/L level. BT and GBT concentrations in the C. praegracilis leaf and root tissue
show immediate response in BT uptake and metabolism with a lag period of 2 days followed by a

steady decline in BT and GBT concentrations.
N
1ug/LBT \ No BT

/ 1 mg/L BT
e @ o

V4 J,".1

Sk i

\ 3x Vegetated, 1 Nonvegetated \ 3x Control; 1 Nonvegetated J ( Nonvegetatej

Figure B.1. Diagram showing nine total biofilter mesocosms used in the preliminary experiment, of

which the three vegetated mesocosms and one nonvegetated mesocosm received stormwater spiked
with 1 mg/L, the three control mesocosms and one nonvegetated mesocosm received stormwater
spiked with 1 ug/L, and one nonvegetated mesocosm did not receive BT.
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