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Constructed wetlands (CWs) have gained scholarly TrOCs TrOCs
attention in the last two decades as promising technologies for the +e-£DTA
attenuation of trace organic contaminants (TrOCs) from municipal Jv Dissolved iron amendment

wastewater effluent and combined sewer overflow discharge. Using
lab-scale vertical flow constructed wetlands, we investigated ‘
amending these systems with Fe-EDTA to improve CW degradation

- ; . Lower effluent dissolved oxygen
of five representative trace organic contaminants. The study
combined a 7-month monitoring campaign, 3 different hydraulic ‘
regimes, and soil extraction data to elucidate the effects of the Greater removal of recalcitrant TrOCs
amendment on the fate of the TrOCs within the systems. Our
results indicate that Fe-EDTA contributed to the degradation of '
carbamazepine and sulfamethoxazole under the studied flow
regimes. Iron-amended soil columns (n = 5/9 columns fed for 7 months with synthetic domestic wastewater) removed 12 +
19% of influent carbamazepine (the most recalcitrant TrOC included in the study), 18% higher than the control columns. Operating
the columns with periods of retention and discharge further improved carbamazepine and sulfamethoxazole removal efficiency
(removal increased to 49 + 7.6% and 81 + 9.2% of influent concentrations, respectively). The more readily degradable compounds
atenolol and trimethoprim were removed with >97% efficiency in both control and amended columns, regardless of flow. This
column study positively correlates Fe-EDTA with improved removal efficiencies of environmentally recalcitrant TrOCs without
affecting readily degradable TrOCs.

constructed wetlands, iron amendment, trace organic contaminants, EDTA, redox, biodegradation

(filtration, sorption, biotransformation, and plant uptake)'’
with varying degrees of treatment efficiency.'” Numerous case
studies on full-scale, pilot, and lab-based CWs for TrOC
removal over the last two decades indicate that performance is

Trace organic contaminants (TrOCs), such as pharmaceuticals
and pesticides, are increasingly associated with a myriad of
adverse effects on environmental and human health.'™

Municipal wastewater treatment plant effluent is a primary dependent on contaminant physicochemical properties and
pathway for TrOCs to enter local water bodies because wetland design."'>'>'° In a review of CW performance for
conventional wastewater treatment infrastructure is not TrOC removal, vertical flow CWs (VECWs) were found to
designed to remove these contaminants from wastewater perform especially well for the removal of readily biodegrad-
streams.” Further, combined sewer overflows (CSOs) able hydrophobic compounds such as naproxen, ibuprofen,
introduce wastewater-derived TrOCs to aquatic environments and caffeine (average removal efﬁciency across reviewed case
via discharge of untreated wastewater and stormwater near studies was >75% for each compound).lz However, poorly
urban areas during large rain events.”® Advanced treatment biodegradable compounds, such as carbamazepine, showed

processes capable of removing TrOCs from wastewater, such
as advanced oxidation,” high-pressure membranes,® and
engineered biological treatment,” are often prohibitively
expensive.

Constructed wetlands (CWs) can present a low-cost
alternative to advanced treatment processes for wastewater
treatment'>'" and have the potential to both remove and
degrade TrOCs in wastewater treatment plant effluent and
CSOs."*™'* In particular, the unique environments in subsur-
face CWs generate multiple pathways for TrOC removal

poor removal (average removal efficiency across the case
studies reviewed was <40%) regardless of the wetland
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Figure 1. Experimental timeline. During the conditioning phase, all nine columns received influent from the same reservoir. During the test phase,
separate influent reservoirs were used for control and Fe-EDTA amended columns. *Note that one control column was switched from continuous
flow to batch operation during batch regime #2 (denoted with dashed lines).

configuration (i.e., horizontal flow, vertical flow, free water, or
hybrid)."

To improve TrOC removal in CWs, amendments have been
proposed to enhance sorption in CW soil.'”~'? While sorption
is an important removal pathway, sorbed contaminants may
accumulate in the subsurface if there is not adequate microbial
transformation,” posing a potential risk of soil contamination,
contaminant remobilization, and breakthrough. Therefore,
amendments that promote contaminant degradation along
with sorption would be advantageous.

Iron amendments have the potential to enhance the
degradation of contaminants, including TrOCs, via biological
and abiotic mechanisms. For instance, iron-amended biochar
was shown to remove benzofluoranthrene and ammonia in a
model wetland by enhancing sorption and subsequent
microbial degradation.”’ Other forms of iron (iron scraps,
pyrite (FeS,), and zerovalent iron (ZVI)) have been shown to
enhance nitrogen removal by promoting the growth of
autotrophic denitrifying bacteria that use Fe’* as an electron
donor.”*™*° In an abiotic pathway, iron may catalyze the
oxidation of TrOCs in soil via the Fenton reaction under
circumneutral pH conditions. For instance, in a comparison of
laterite-amended and biochar-amended CW systems, 30% of
the removed acetaminophen was oxidized by hydroxyl radicals
produced from the Fenton reaction in the laterite system,
whereas the biochar system simply immobilized the TrOC.*°
However, interpretation of the impacts of iron in amended
soils is complicated by the concurrence of iron precipitation
and homogeneous reactions, which can contribute to changes
in redox states, formation of reactive species, and contaminant
sorption.

To better understand the role of iron in enhancing TrOCs
degradation in iron-amended CWs, we utilized lab-based
column experiments designed to mimic VFCWSs amended with
Fe-ethylenediaminetetraacetic acid (Fe-EDTA). Fe-EDTA was
chosen as the amendment because: (1) it is relatively cost-
effective and easily accessible (i.e., it is used in commercially
available fertilizers,”” (2) it remains soluble in aqueous
solution, allowing us to isolate the effects of transformation
from changes in sorption that might occur if iron precipitated
within the columns,”®° and (3) while well studied for its
efficacy in metals removal in contaminated soils,>"* its
application to TrOC treatment has not been well studied
despite the known benefits of other forms of iron amend-
ments.””*® Five TrOCs (trimethoprim, atenolol, fipronil,
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sulfamethoxazole, and carbamazepine) that span a range of
physicochemical properties representative of wastewater-
derived TrOCs were dosed into the CW columns (Table
S1). Contaminant concentrations in influent, effluent, and
porewater samples were combined with soil extract data and
transformation product measurements to distinguish between
contaminant immobilization and degradation within the soil
columns.

Synthetic wastewater was prepared approximately weekly with
nutrient and bulk organic matter concentrations representative
of un-nitrified secondary wastewater treatment plant efflu-
ent’* as well as 10 g L™" of each TrOC. The solution was
continually dosed into the columns from continuously mixed
influent reservoirs. Concentrations, suppliers, and composition
of the synthetic wastewater are listed in Section S2.1.

Nine gravity-driven soil columns were constructed using 50 cm
lengths of clear PVC pipe and filled in sequence with 12.5 cm
of coarse gravel, 2.5 cm of quartz sand, and 30 cm of soil
(EcoMedia, Veratec Engineered Products, Inc. British
Columbia). A full overview of the column construction and
the physical characteristics of the soil is described in Section
S2.2 and Table S3.

Influent water was pumped into the columns using
peristaltic pumps (Shenchen Precision Pumps, Baoding City,
China); a constant hydraulic head of 40 cm was maintained
above the soil layer by overflow valves. Tubing attached to the
open overflow valves recycled overflow water to the influent
reservoir. The columns were first conditioned with deionized
(DI) water for 10 days at a flow rate of 0.25 mL min~" (Figure
1). This relatively slow flow rate was selected to avoid clogging
and the development of preferential flow paths within the
columns. During this period, tracer tests were conducted using
sodium bromide to determine that all columns had hydraulic
retention times (HRT) of 40—60 h (further details in Section
S2.4). Following the DI conditioning period, the columns were
further conditioned with synthetic wastewater without TrOCs
at a flow rate of 0.25 mL min~' for 2 months, followed by 3
months of conditioning with synthetic wastewater containing
TrOCs. Shortly after adding TrOCs to the influent, the flow
rate increased from 0.25 mL min~" to 1 mL min™" to accelerate
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the saturation of sorption sites and breakthrough of the
TrOCs. Another tracer test was conducted to assess whether
ideal flow conditions were maintained in the columns with a
higher flow rate. The results indicated that the columns had
HRTs of 5—15 h at the higher flow rate and were not
indicative of clogging or short-circuiting (Section S2.4). This
phase after DI conditioning is termed the wastewater
conditioning phase.

Following the S-month conditioning phase, iron was
introduced to S designated “Fe-amended” columns via a
second influent reservoir containing synthetic wastewater and
1 g L7" of dissolved Fe-EDTA in the test phase. During the test
phase, two different hydraulic regimes were tested: continuous
flow and batch flow. Six of the columns were operated under
continuous flow, with triplicate columns fed synthetic
wastewater without Fe-EDTA (“control”, designated C1, C2,
and C3) or with Fe-EDTA (“Fe-amended”, designated F1, F2,
and F3). Three of the columns were operated under batch
conditions (“batch columns”) to achieve anoxic—oxic redox
cycling in the soil. One batch column was fed synthetic water
without Fe-EDTA (“batch control”, BC1), and two were fed
with Fe-EDTA (“batch Fe-amended”, BF1 and BF2). The
batch columns were operated under two subsequent flow
regimes. In the first, effluent flow was paused for 48—72 h,
holding the water fully saturated within the column. Flow was
then resumed for 24 h at 1 mL min~}, mimicking continuous
flow operation. This regime continued for 3.5 weeks, for a total
of 8 cycles. Batch regime #2 began immediately after regime #1
and consisted of 2 cycles in which the effluent flow was paused
for 7 days, followed by 6 days of continuous flow. Column C3
from the continuous flow regime was switched to the batch
flow regime during batch regime #2 to serve as a second batch
control column along with BC1.

Flow was discontinued, and the columns were disassembled
after 7 months of operation. The soil and sand in each of the
columns were separated into three sections: sand, bottom soil
(bottom 15 cm of soil), and topsoil (top 15 cm of soil), and
samples from each section were saved for extractions and
moisture analysis.

Column eftluent samples were collected 3—5 times per week
for the duration of column operation. During the 0.25 mL
min~' flow period, SO mL samples were collected from the
outflow valves over the course of 3.5 h. When the flow rate
increased to 1 mL min~!, 30 mL samples were collected over
30 min. Samples were collected in 50 mL polypropylene
centrifuge tubes, with the tops covered in parafilm to reduce
the introduction of oxygen into the sample during collection.
Influent samples were taken at the same time as effluent
samples using a 25-mL glass pipette. Periodically, porewater
and pond water samples were also collected. pH, electrical
conductivity, and temperature were measured in each sample
immediately after collection using a calibrated Environmental
Express Oakton PC 100 Portable pH and conductivity meter.
Dissolved oxygen was analyzed immediately by using a Hach
HQ30d portable DO probe. Samples were filtered by either
0.45-um polyether sulfone (PES) syringe filters or 0.22-pm
PES syringe filters and prepared for analysis of ions, carbon,
dissolved iron, and TrOC concentrations, which are further
discussed in Section S2.5.

Selected transformation products of TrOCs were analyzed
alongside parent compounds to aid in the interpretation of
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removal processes. Specifically, metoprolol acid was analyzed
as the primary biotransformation product of atenolol to
indicate the role of biotransformation, in addition to sorption,
in the columns. Two transformation products of fipronil, which
form under different redox conditions in soil (i.e., fipronil
sulfone, which forms under oxic conditions, and fipronil
sulfide, which forms under anoxic conditions), were analyzed
to provide evidence regarding the redox conditions under
which biotransformation occurred.*>*

Two separate extraction methods were used on the soil
samples collected during column decommissioning. A
methanol extraction modified, from Stiegler et al®” was used
to quantify TrOC concentrations in the soils. Spike-recovery
tests were performed on soil from column BC1 and fresh soil
that had never been used in a column. Soil extraction results
are considered quantitative for sulfamethoxazole and fipronil,
which had recoveries between 90% and 110%. Trimethoprim
and atenolol recoveries were low (20—60%) and carbamaze-
pine recovery was >140%; therefore, we consider the soil
concentration data for trimethoprim, atenolol, and carbama-
zepine to be semiquantitative, and we only comment on
relative concentrations among columns for these compounds.
Further details on the soil extraction method, spike-recovery
tests, and calculation of soil concentrations are found in
Section S2.8.

Soil samples were extracted for iron following a modified
version of the sequential iron extraction method used by Chen
et al.’® to determine concentrations of: (1) ion-exchangeable
iron by 1 M CaCl,, (2) surface-adsorbed Fe and Fe in low-
crystalline minerals extractable by 0.5 M HCl, and (3) Fe in
high-crystalline minerals extractable by S M HCI. Total iron
content in each of the extracts was measured by UV—vis
spectrophotometry using the 1,10-phenanthroline method.
Each soil extraction was conducted in duplicate (full method in
Section S2.8).

Following the column study, a series of soil microcosm tests
were conducted to better understand the impact of the iron
amendment on the fate of carbamazepine (CBZ). Briefly, 20
mL scintillation vials were filled with approximately a 1:1
soil:water ratio. Three different soils were tested in the
microcosms: soil from the control columns, soil from the Fe-
amended columns, and fresh soil that was not used in the
column experiment. Each type of soil was then mixed with one
of four solutions: DI water + 100 ug L™" CBZ, DI water + 100
ug L' CBZ +1 g L™! Fe-EDTA, synthetic wastewater +100 Hg
L™' CBZ, and synthetic wastewater + 100 ug L' CBZ + 1 g
L' Fe-EDTA. Samples were taken for CBZ concentration
immediately after the microcosms were assembled (sample t0),
after 7 days during which the microcosms were sealed to
prevent oxygen perturbation and stored in the dark (sample
t1), and after an additional 24 h during which the microcosms
were unsealed and shaken for 24 h to promote oxygen
diffusion (sample t2). Microcosms were conducted in
triplicate. Full experimental details can be found in Section
S2.9.

All statistical analyses and data processing were performed with
Python on the Jupyter Lab platform (© Copyright 2018—
2023, Project Jupyter). Data cleaning and database manage-
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Table 1. Mean Values (+Standard Deviation) of General Water Quality Parameters and Nutrients During the Conditioning

and Test Phases

Electrical
Dissolved Dissolved Organic Conductivity Ammonia NOj; and NO,
Column Category pH Oxygen (ppm) Carbon (mg/L) (us/cm) (mg-N/L) (mg-N/L)
Influent conditioning with ~ All columns 7.56 + 0.27 7.37 + 1.85 10.05 + 6.76 422.79 + 21.26 9.78 + 1.13 1.31 +£ 241
synthetic WW n=34 n =30 n=18 n=34 n =35 n=23
Effluent conditioning with Continuous flow  6.60 + 0.36 5.28 + 1.63 29.53 + 15.6S 473.03 + 167.93 223 +£241 5.87 + 7.86
synthetic WW control n =159 n =168 n =123 n =159 n =175 n =181
Continuous flow 6.51 + 0.44 4.96 + 1.63 36.01 + 20.43 478.38 + 108.63 237 £232 3.61 + 7.80
amended n =163 n=172 n=127 n =163 n=177 n =195
Batch control 6.60 + 0.41 522 + 1.84 33.76 + 16.86 465.65 + 97.21 2.82 + 241 5.46 + 10.04
n =63 n =66 n =48 n =63 n = 68 n=72
Batch amended 6.53 + 0.42 5.06 + 1.53 32.80 + 17.55 48391 + 132.01 244 + 222 429 + 9.54
n =126 n =132 n =98 n =126 n=13$§ n = 144
Influent Fe-Test Control 6.61 + 0.32 5.57 £ 2.04 948 + 1.74 332.56 + 37.35 2.69 + 3.16 10.74 + 4.24
n =28 n=28 n=23 n=2§ n =28 n=24
Effluent Fe-Test Continuous flow  6.37 + 0.34 424 + 122 10.48 + 6.68 320.82 + 33.15 1.74 + 1.52 5.55 + 5.83
control n=72 n=71 n=5s7 n=72 n=71 n=62
Batch control 6.37 + 0.27 3.81 + 0.98 12.75 + 6.01 347.29 + 48.57 1.83 + 1.56 740 + 8.11
n=77 n =81 n =61 n=77 n=77 n=67
Influent Fe-Test Amended 6.63 + 0.29 5.78 + 1.97 324.16" + 7.11 487.54 + 24.83 1.89 + 2.20 16.67 + 3.91
n =28 n =28 n=23 n =25 n =28 n =25
Effluent Fe-Test Continuous flow  6.33 + 0.32 327 + 1.57 326.58" + 8.82 475.04 + 44.78 0.90 + 0.80 12.23 + 7.61
amended n=Ssl n=52 n=43 n=Ssl n =48 n =45
Batch amended 6.36 + 0.32 2.11 + 1.94 319.69“ + 52.45 492.35 + 71.20 0.90 + 0.56 11.29 + 8.04
n =66 n =68 n =56 n =66 n =64 n = 60

“The addition of the Fe-EDTA amendment added approximately 310 mg L™' DOC due to the EDTA molecule.

ment were accomplished using the Python packages Pandas
and NumPy, statistical tests were performed with the Python
package SciPy, and figures were created with a combination of
the Python packages Matplotlib and Seaborn. For boxplots, the
range of the box and whiskers comprises the interquartile range
and 1.5 times the interquartile range, respectively. Points
outside these ranges are plotted as outliers.

Unless otherwise stated, we present all summary values as
the sample mean + sample standard deviation. Duplicate data
values are averaged, and the error is presented as the difference
between the two values. Statistical comparisons between data
groups were made using the SciPy one-way ANOVA function
with a p-value cutoff of 0.01. We used SciPy optimize.curve_fit
to identify relationships within the data and the Python
machine learning package scikit-learn r2_ score function to
calculate the coefficient of determination for the fitted curve.

The columns quickly began to remove nutrients and dissolved
oxygen (DO) during the wastewater conditioning phase. We
consistently measured effluent DO concentrations >4 ppm,
which were 2.09-2.44 ppm less than the corresponding
influent concentrations (Table 1). During the test phase, the
dissolved oxygen concentration in the influent reservoirs was
lower and more variable than the values measured in the
wastewater conditioning phase. This observation was likely the
result of biofilm growth over time in the influent reservoirs.
Despite this variation in influent water chemistry, we
continued to observe DO consumption within the columns,
with the amended columns in the test phase consuming
concentrations of DO that were larger than those of the
corresponding control columns. Ammonia removal (7.1 + 3.03
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mg-N L7' relative to influent concentrations) was also
observed across all 9 columns. Total dissolved nitrate and
nitrite were detected in the effluent at maximum concen-
trations of 66.8 mg-N L™}, consistent with nitrification
occurring in the soil.

During the conditioning phase, salts and organic carbon
were present in higher concentrations in the effluent than in
the influent, indicative of leaching from the soil. Electrical
conductivity in effluent samples was higher than influent values
for the first 30 days of operation, after which concentrations
stabilized near influent values for the remainder of column
operation (Table 1 and Figure S20), consistent with the
normal operation of treatment wetlands.'” During the
conditioning period with deionized water, effluent samples
contained an average of 260 + 148 mg L™ DOC, indicating
significant leaching of soil organic matter (Figure S19). When
synthetic wastewater was introduced, effluent DOC values
remained higher than influent DOC values (35.2 & 20.5 vs 8.8
+ 4.8 mg L"), likely due to continued gradual leaching from
the soil as well as biomass produced by the microbial
communities within the soil columns. During the test phase,
effluent DOC concentrations resembled influent concentra-
tions (Table 1), indicating that all readily dissociable DOC had
been removed from the soil column during the conditioning
period.

During the test phase, influent ammonia concentrations
were lower and more variable than those observed during
conditioning, likely due to partial nitrification in the influent
reservoir and feed lines (further discussion of changes in
influent water quality is provided in Section S3.1). Effluent
ammonia concentrations were not significantly different from
influent concentrations during the test phase. Influent
concentrations of nitrate and nitrite during this period
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averaged 10.7 mg-N L™ and 16.67 mg-N L' in control and
amended columns, respectively, and partial removal of the
oxidized species was observed in both control (4.43 + 8.1 mg-
N L™ removed) and amended columns (4.89 + 8.7 mg-N L™
removed). However, effluent concentrations of the nitrogen
species were highly variable, as indicated by large relative
standard deviations (Table 1 and Figure S16).

During conditioning, effluent dissolved iron concentrations
were near the limits of detection of both iron analysis methods.
During the test phase, the control column effluent samples
continued to contain iron concentrations near the detection
limits, while the effluent iron concentrations from amended
columns were approximately 2 orders of magnitude greater and
within a standard deviation of influent concentrations (control:
0.88 + 1.55 mg L™!; amended: 100.30 + 37.27 mg L™} and
influent: 110.01 + 27.85 mg L"), indicating that the mass of
iron introduced in the influent remained dissolved in the
aqueous phase and did not substantially partition into the soil
of the columns. Soil iron content measured via extractions of
soil from the amended columns confirms this assumption; a
very small proportion of the total mass of iron introduced in
the column was retained in the soil matrix (<0.02%) (Section
S3.2).

During the test phase of the experiment, 6 of the columns were
operated under a continuous flow (CF) regime, in which
effluent flow rates were maintained at 1.2 + 0.3 mL/min™" and
1.1 + 0.3 mL min~! for the control columns and amended
columns, respectively. The corresponding hydraulic retention
times were 0.45 + 0.19 days and 0.40 + 0.2 days.
Carbamazepine and fipronil removal were significantly
greater in the amended columns compared to the controls
(one-way ANOVA, p < 0.01) (Figure 2). Carbamazepine is
notoriously recalcitrant in subsurface constructed wetland
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Figure 2. Box plot comparing the removal efficiencies of the 5 trace
organic contaminants in the control and amended columns under
continuous flow conditions during the test phase of the experiment
(i.e, after day 150 when iron addition began in the Fe columns).
CMX - carbamazepine; SMX — sulfamethoxazole; TRI —
trimethoprim; ATN — atenolol; FIP - fipronil.
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systems.'>”” Studies that have achieved high carbamazepine
removal (e.g, 94% removal in a horizontal-flow subsurface
treatment wetland for secondary wastewater treatment plant
effluent)*” operated under long retention times (10 days) or
with highly sorptive substrates.'” Most vertical flow systems
that resemble our setup, however, report less than 30%"*
removal of carbamazepine, with some studies indicating
negative removal.”> We observed —6 + 15% carbamazepine
removal in the control columns and 12 + 19% removal in the
amended columns.

We attribute carbamazepine removal in all soil columns
primarily to sorption followed by partial degradation, as has
been observed in previous studies.'”*”*"** Carbamazepine
(log Kow = 2.45) is estimated to have reached sorptive
breakthrough in all the columns before we began dosing the
iron amendment, after about 140 days of conditioning (Figure
S$22). Breakthrough is approximated as the time point at which
effluent concentrations reached a steady state, implying that
sorption sites throughout the columns were saturated with
respect to carbamazepine, and sorption could not account for
further carbamazepine removal after this point in time.
However, some removal of carbamazepine was observed after
breakthrough occurred, with greater removal in columns
amended by Fe-EDTA. Soil extract data indicate that the
dissolved Fe-EDTA amendment did not affect the sorption of
carbamazepine (i.e., concentrations in the soil extracts were
not significantly different between the control and amended
columns). However, the addition of Fe-EDTA may have
affected biodegradation by shifting the redox conditions within
the amended columns. Specifically, average effluent dissolved
oxygen concentrations in the control columns were approx-
imately 1 ppm greater than in the amended columns despite
similar influent DO levels (Table 1). Carbamazepine has been
previously observed to preferentially degrade under anaerobic
and suboxic conditions.*>** While effluent dissolved oxygen
concentrations remained oxic in amended columns (>0.5
ppm), porewater samples indicated that dissolved oxygen was
not consumed linearly with column depth, implying spatial
heterogeneity in redox conditions and that effluent dissolved
oxygen concentrations were not necessarily representative of
conditions throughout the soil column. The presence of
anaerobic microsites in otherwise oxic soils has been observed
in prior studies, as has the concurrence of aerobic and
anaerobic microbial activity due to heterogeneous oxygen
diffusion and consumption within soil structures.*> The
evidence from the column study correlating the presence of
Fe-EDTA with improved carbamazepine degradation implies
that Fe-EDTA may have played a role in the propagation of
anaerobic microsites within the amended columns.

Fipronil removal averaged 26 + 31% and 50 = 21% in the
control and amended columns, respectively, during the test
period (Figure 2). Unlike carbamazepine, over the course of
the test campaign, the effluent profile of fipronil indicates that
breakthrough was not achieved until day 180 — i.e., 30 days
after the addition of the amendment to 3 of the columns
(Figure S23). Prior to the test phase, the columns designated
for the control exhibited a steeper breakthrough curve than the
columns reserved for the iron amendment. This fact may
partially explain the poorer fipronil removal in the control
columns during the test phase due to the quicker exhaustion of
sorption sites prior to the test (Figure S23). Fipronil is
susceptible to sorption (log Koy = 4.5) and biotransformation
under both oxic and anoxic conditions.”® Sorption to soil
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organic matter (SOM) was likely a primary removal
mechanism in our experiment, considering the high organic
matter content of our soil (114.87 + 22.9 g of SOM kg™’ soil).
The soil extraction data are consistent with this mechanism:
fipronil was found in the highest concentration in soil among
the S TrOCs across all 9 columns (average concentration =
0.38 + 0.01 ug g '). However, there was no significant
difference between the fipronil concentrations in extracts from
the soil in the control and amended columns (p > 0.01).
Further, the mass of fipronil sorbed to the soil cannot explain
the total fipronil loss (Figures S6 and S9), indicating that
transformation may have occurred. Two transformation
products of fipronil were also detected in the soils (Figure
SS), despite being absent from column effluent samples for
most of the study (Figure S12). Fipronil sulfide concentrations
in the soil were approximately twice as high as fipronil
concentrations and 1—2 orders of magnitude larger than
concentrations of fipronil sulfone (Figure SS). As the anaerobic
metabolite of fipronil, the presence of fipronil sulfide in the soil
implies the occurrence of anaerobic biotransformation.”’
These findings indicate that the parent compound, fipronil,
was likely first immobilized via sorption and then anaerobically
transformed to fipronil sulfide in both soils. In closing the
fipronil mass balance, both the control and amended columns
indicated that approximately a third of the total mass of fipronil
was lost to transformation (37% and 31% in control and
amended soils, respectively).

For the readily biodegradable compounds atenolol and
trimethoprim, effluent concentrations were <15% of the
influent concentrations (Figure 2), and no significant differ-
ence was observed between the amended and control columns
(p > 0.01). In fact, for the duration of column operation,
effluent concentrations of atenolol and trimethoprim were
<25% of influent concentrations, and no breakthrough was
observed despite the relative hydrophilicity of the compounds
(i.e, log Kow values for atenolol and trimethoprim are 0.16
and 091, respectively) (Figures S22 and S25). Further, soil
extraction data indicated there was relatively little accumu-
lation of either atenolol or trimethoprim in the column soil
after 140 days of continuous dosing (Figures SS). The
concentrations of these compounds in the soil account for
<10% and <5% of the total mass of trimethoprim and atenolol
introduced to the columns, respectively. Most of the mass of
atenolol and trimethoprim extracted from the soil column was
found in the top half of the soil column (>90% of
trimethoprim and >60% of atenolol, Figure SS), indicating
very slow saturation of sorption sites for these compounds.
The evidence from effluent and extractable soil concentrations
indicates that the CF columns primarily removed atenolol and
trimethoprim via biodegradation rather than sorption.

Atenolol is known to be quickly biologically transformed
under aerobic conditions*® like those observed in the columns.
Prior studies on the fate of atenolol in vertical flow constructed
wetlands have also reported high removal efficiencies (e.g,
79—90%)"'>* at a variety of hydraulic retention times and
redox potentials, consistent with ready biodegradability. The
detection of metoprolol acid, a metabolite of atenolol, in the
effluent samples provides further evidence of the biotransfor-
mation of atenolol within the column (Figure S12). The
efficient trimethoprim removal observed in this study is also
consistent with reported trimethoprim removal in comparable
systems (prior studies report 40—99% removal)*"**°' and
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with prior observations of trimethoprim biotransformation via
both aerobic and anaerobic processes.”’

Sulfamethoxazole effluent concentrations were highly
variable and were not significantly different in amended
columns compared to controls (p > 0.01). Both sets of
columns averaged an approximately 45% removal (Figure 2).
The sulfamethoxazole removal efficiency in this study is
consistent with reported removal efficiencies for vertical flow
wetlands (54 + 29%),'” and sulfamethoxazole is regarded as
less readily degradable than atenolol and trimethoprim.*!
Sulfamethoxazole is also relatively hydrophilic (log Koy =
0.89) and negatively charged at circumneutral pH values
(Table S1). We therefore expect little sorption to the substrate
by either hydrophobic or electrostatic interactions, since
sulfamethoxazole has similar hydrophobicity to trimethoprim
and atenolol (for which little sorption was observed), and soil
surface sites are predominantly negatively charged.”” Soil
extraction data confirm that very little of the total mass of
added sulfamethoxazole was immobilized due to sorption to
the soil (<1%) and the observed removal is largely attributed
to transformations of the parent compound within the wetland
columns (Figure S6).

The two batch flow regimes resulted in fluctuations in effluent
dissolved oxygen concentrations, allowing us to investigate the
impact of the Fe-EDTA amendment on soil redox conditions.
In batch regime #1, when water was retained in the columns
for 48—72 h, effluent dissolved oxygen concentrations were
lower than those in the continuous flow columns during the
same time period. Further, dissolved oxygen concentrations in
the amended columns were consistently lower than those in
the control columns (2.1 + 1.5 and 3.45 + 043 mg/L,
respectively), mirroring the effect of the amendment in the
continuous flow columns. However, dissolved oxygen concen-
trations following the retention period were not significantly
different from those in samples collected after 24 h of
continuous flow (Figure 3) for either the amended or control
columns (p > 0.01).

10 Batch Regime #1 Batch Regime #2

g 8 A PostReduction Sample
é X PostOxidation Sample
o
g 6 / Amended
3 X
o x ) / Control
2 Y A . X
3 x© X
g2 Tax—f a A X
X *
A 'S ax
150 160 170 180 190 200
Days

Figure 3. Dissolved oxygen influent and effluent concentrations over
the course of both batch regimes. Post reduction refers to the samples
collected upon opening the column effluent valves following the
retention period. Post oxidation refers to the samples collected during
or following the 24 h “oxidation” or discharge period.

In columns operated in batch regime #1, we observed
enhanced removal of some TrOCs relative to continuous flow
columns, but there was no significant difference in TrOC
removal between the post-reduction and post-oxidation
effluent concentrations (p > 0.01) in either the control or
amended columns. As observed in the continuous flow
columns, the batch columns that received the iron amendment
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Figure 4. Box plots comparing the removal efficiencies of the 5 TrOCs in the control and amended columns during batch regime #1. Post
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Figure 5. Effluent concentrations of carbamazepine normalized by influent concentrations during both trials of batch regime #2.

showed better removal performance for carbamazepine than
the unamended batch columns during regime #1 (Figure 4).
Unlike the continuous flow columns, however, fipronil removal
was not enhanced by the amendment during batch regime #1.
Fipronil removal efliciency in both control and amended
columns was, on average, greater in the batch columns (66 +
31%) than in the continuous flow columns (38 + 29%) during
the test phase. The longer residence time provided by the
batch flow pattern may have enhanced the sorption of fipronil
to organic matter and biodegradation in the soil column.
Sulfamethoxazole removal efficiency was also greater in the
batch columns than the continuous flow columns, averaging 37
+ 32% for both control and amended continuous flow columns
and 64 + 27% for both control and amended batch columns.
We hypothesize that the batch regime may have increased the
fraction of sulfamethoxazole that underwent biotransformation
due to the increased residence time. Both atenolol and
trimethoprim continued to exhibit high removal rates in the
batch columns, as observed in the continuous flow columns.
The longer retention period in batch regime #2 resulted in a
significant decrease in effluent dissolved oxygen concentrations
exclusively in the Fe-amended columns (p < 0.01). The
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control column effluent DO concentrations following the 7-
day retention period were not significantly different from those
observed post-oxidation (p > 0.01) (Figure 3). In the amended
columns, DO levels in samples collected between 0 and 12 h
after flow through the columns was resumed were consistently
less than 0.5 mg LY indicating that these columns were anoxic
for a portion of the 7-day retention period. After 72 h of
continuous flow, effluent dissolved oxygen concentrations
increased to 3.6 + 0.9 mg L' and 1.7 + 0.3 mg L™ for the first
and second rounds of batch regime #2 operation, respectively.

Carbamazepine effluent concentrations decreased signifi-
cantly in the amended columns during batch regime #2, but
not in the control columns. Removal increased from 14 + 13%
under the continuous flow conditions in amended batch
columns to 49 + 7.6% in the 0—12 h following the 7-day
retention period (Figure S). As the amended columns returned
to oxic conditions, carbamazepine concentrations increased to
near-influent values over the course of the approximately 12-h
transition period, or the time for two bed volumes of water to
pass through the columns. No significant effect of the batch
regime operation was observed in the control columns, and
carbamazepine removal remained poor at 9 + 2%. The results
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from both batch regimes and the continuous flow columns
indicate that the lowest effluent carbamazepine concentrations
co-occurred with DO levels less than 1 ppm (Figure S13),
consistent with carbamazepine removal predominantly in
oxygen-poor environments that were promoted by the
presence of Fe-EDTA.

The retention periods of batch regime #2 resulted in a
significant decrease in sulfamethoxazole effluent concentra-
tions. We observed greater sulfamethoxazole removal in
samples collected in the 0—12 h following the 7-day retention
period (81 + 9.2%) than in samples collected during
continuous flow conditions in the same columns (50 +
22%) (Figure S25). The observed decreases in both
sulfamethoxazole and carbamazepine effluent concentrations
following the 7-day retention period are consistent with recent
findings by Stiegler et al. that indicated both compounds were
biologically removed under sulfate- and iron-reducing con-
ditions (i.e., oxygen-poor environments) in a pilot-scale
horizontal flow constructed wetland.”> In the pilot-scale
system, carbamazepine removal was correlated to sulfate
reduction. Other recent studies have also indicated that
sulfamethoxazole, carbamazepine, and halogenated TrOCs
may be preferentially biodegraded under oxygen-poor
conditions.”>™>> Our results suggest that the addition of
relatively high concentrations of Fe-EDTA may promote low-
DO conditions similar to those observed in the pilot-scale
horizontal flow system and similarly result in enhanced
removal of some TrOCs. The retention and discharge pattern
of batch regime #2 did not significantly affect effluent
concentrations of fipronil, trimethoprim, or atenolol relative
to continuous flow conditions.

Based on our findings, we can reasonably suggest potential
explanations for the enhanced removal of carbamazepine and
sulfamethoxazole in iron-amended columns under batch flow
conditions. We observed low DO concentrations in the
effluent samples corresponded with the lower carbamazepine
and sulfamethoxazole concentrations, indicating the enhanced
removal did not likely occur due to reactions that required DO
(i.e., the Fenton reaction for hydroxyl radical generation.’>"’
Instead, we hypothesize that the degradation occurred due to
reactions that are preferential to anoxic environments. Results
from supplementary microcosm experiments containing
carbamazepine indicated that, regardless of the amendment
addition, aqueous carbamazepine was lost during the anoxic
period (between time points t0 and t1) and not during the
oxidizing period (S14). While we cannot discount the role of
sorption in the microcosm experiments (soil extractions were
not performed following the microcosm study), this finding is
consistent with previous studies that indicate carbamazepine is
preferentially removed under anoxic conditions.'”**

Sulfamethoxazole and carbamazepine transformation may
have occurred either abiotically or biologically under the
anoxic conditions induced by Fe-EDTA amendment. In some
cases, reduced iron species are directly capable of reducing
organic contaminants in anoxic environments.”® Notably,
Mohatt et al. found that sulfamethoxazole was rapidly
transformed by microbially reduced Fe(II).”” Alternatively,
the unique environments created by the iron amendment and
the 7-day batch period may have supported the growth of
microbial communities capable of carbamazepine and
sulfamethoxazole biotransformation. Considering that all
amended columns consumed more dissolved oxygen than the
controls, the amendment may have increased the overall
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microbial metabolic activity. This hypothesis is consistent with
a previous study that found increased microbial diversity and
activity in constructed wetland systems fed with combinations
of ferric iron and zerovalent iron.”> In our experiments, when
the water was held during the 7-day retention period, the long
residence time may have enabled soil microbial communities
to utilize the Fe(III)-EDTA as an electron acceptor,
encouraging the growth of iron-reducing microorganisms,
which have been found to directly metabolize sulfamethox-
azole.”” EDTA may also contribute to enhanced TrOC
biotransformation. EDTA is poorly biodegraded in most
environments®' and contributed approximately 95% of the
influent dissolved organic carbon to amended columns in our
experiments (Table 1). Therefore, almost all of the carbon
supplied to the microbial community in amended columns was
not readily biodegradable, which may have created selective
pressure for microorganisms to grow that are able to
metabolize more recalcitrant carbon substrates.”” Microbial
communities adapted to using recalcitrant organic carbon
sources for growth are more likely to be able to cometabolize
recalcitrant TrOCs.”>*® This phenomenon was suggested as a
mechanism for the enhanced carbamazepine removal in
suboxic soil columns with low concentrations of biodegradable
dissolved organic carbon, and for the enhanced sulfamethox-
azole removal in both oxic and suboxic environments with low
concentrations of biodegradable dissolved organic carbon.”* It
is plausible that the removal of carbamazepine and
sulfamethoxazole in this study could be considered a
byproduct of cometabolism by microbes that produce enzymes
capable of metabolizing EDTA.

Overall, our experiments indicated multiple effects of an Fe-
EDTA amendment on the performance of soil columns
mimicking vertical-flow constructed wetlands. Under all
operating conditions (continuous flow, batch regime #1, and
batch regime #2), the iron amendment resulted in lower
effluent dissolved oxygen concentrations, likely by increasing
microbial oxygen consumption. The iron amendment, coupled
with a long batch period, increased carbamazepine and
sulfamethoxazole removal, resulting in comparable perform-
ance to previous observations in constructed wetland systems
operating with much longer HRTs.** Fipronil removal was also
greater in columns operated in batch mode compared with
continuous flow. The removal of the other, more readily
degradable TrOCs was similar under continuous flow and
batch operating conditions and was not affected by the Fe-
EDTA amendment. As a result, incorporating batch flows into
Fe-amended vertical-flow systems may help improve the
removal of contaminants that are recalcitrant under continuous
flow conditions without sacrificing performance for more
readily degradable compounds. Potential design configurations
for operating batch flow designs include the use of multiple
wetlands operating in parallel with alternating influent flow or
adjustments in flow control in a single wetland with an
upstream holding pond.

Our findings contribute to the fundamental understanding of
interactions between iron amendments and TrOCs by
demonstrating that a dissolved iron-ligand amendment may
enhance the removal of recalcitrant TrOCs via degradation.
Considering the more common use of iron amendments to
increase sorptive capacity, the capability of iron amendments
to accelerate biotransformation may enhance the removal of
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hydrophilic TrOCs and extend the operational time for iron-
amended systems prior to contaminant breakthrough. The
addition of iron-ligand amendments may also enable systems
with relatively short HRT' to reach reducing conditions, under
which contaminants that are recalcitrant in aerobic environ-
ments are more rapidly transformed.

While our results provide evidence of enhanced biotrans-
formation in the presence of iron-ligand amendments, further
research is needed to advance this approach to contaminant
degradation. In particular, we investigated a relatively high Fe-
EDTA dose for this proof-of-concept study. However, dosing 1
g L7" is likely impractical at the pilot or full scale, and the
effects of amendment concentration on contaminant trans-
formation rates require further investigation. In addition,
alternative ligands besides EDTA should be investigated.
EDTA is a poorly biodegradable ligand,’’ which may have
increased contaminant transformation rates but also has the
potential to result in adverse downstream impacts. Therefore,
further research is needed to ensure that the use of iron-ligand
amendments does not contribute to adverse impacts on
downstream water quality. Finally, while our study suggests
that the Fe-EDTA amendment improved microbial trans-
formation of some TrOC:s, further research is needed to more
quantitatively assess the role of abiotic effects, such as the
possibility for Fenton-like hydroxyl radical formation,**®
within Fe-ligand amended systems. Abiotic reactions are likely
to be affected by redox and flow perturbations, and further
research could elucidate methods to enhance these reactions,
for instance, by integrating electrochemical and wetland
treatment systems. Overall, our results indicate an important
pathway by which iron amendments can enhance TrOC
degradation in constructed wetlands via changes in redox
conditions and biotransformation, with implications for future
research regarding dissolved and solid iron amendments for
the treatment of TrOC-containing waters.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsenvironau.5¢00017.

The Supporting Information includes analytical meth-
ods, further information on the experimental set up, and
calculations for mass balance estimates. Detailed
information on soil extraction methods and validation
is also provided. Effluent and influent concentrations for
all analytes are plotted vs time for the duration of the
experiment, as well as plots describing the fate of each
TrOC in each column (PDF)

Rachel C. Scholes — Department of Civil Engineering,
University of British Columbia, Vancouver BC V6T 174,
Canada; © orcid.org/0000-0001-5450-8377;

Email: rachel.scholes@ubc.ca

Cayla M. Anderson — Department of Civil Engineering
University of British Columbia, Vancouver BC V6T 174,
Canada

327

Ayesha Mushtaq — Department of Civil Engineering,
University of British Columbia, Vancouver BC V6T 174,
Canada

Mackenzie Leckie — Department of Civil Engineering,
University of British Columbia, Vancouver BC V6T 174,
Canada

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsenvironau.5¢00017

The authors declare no competing financial interest.

This research was supported by a Natural Sciences and
Engineering Research Council (NSERC) of Canada Discovery
Grant (RGPIN-2022-03115) and the Coalition for Disaster
Resilient Infrastructure (CDRI) Research Fellowship (awarded
to Cayla Anderson).

(1) Garcfa, J.; Garcifa-Galén, M. J.; Day, J. W.; Boopathy, R.; White,
J. R; Wallace, S,; Hunter, R. G. A Review of Emerging Organic
Contaminants (EOCs), Antibiotic Resistant Bacteria (ARB), and
Antibiotic Resistance Genes (ARGs) in the Environment: Increasing
Removal with Wetlands and Reducing Environmental Impacts.
Bioresour. Technol. 2020, 307, 123228.

(2) Yan, S;; Wang, M,; Zha, J,; Zhu, L,; Li, W.; Luo, Q; Sun, J;
Wang, Z. Environmentally Relevant Concentrations of Carbamaze-
pine Caused Endocrine-Disrupting Effects on Nontarget Organisms,
Chinese Rare Minnows (Gobiocypris Rarus). Environ. Sci. Technol.
2018, 52 (2), 886—894.

(3) da Silva, D. A. M.; Buzitis, J.; Reichert, W. L.; West, J. E.;
O’Neill, S. M,; Johnson, L. L.; Collier, T. K; Ylitalo, G. M. Endocrine
Disrupting Chemicals in Fish Bile: A Rapid Method of Analysis Using
English Sole (Parophrys Vetulus) from Puget Sound, WA, USA.
Chemosphere 2013, 92 (11), 1550—1556.

(4) Luo, Y,; Guo, W.; Ngo, H. H.; Nghiem, L. D.; Hai, F. I; Zhang,
J; Liang, S; Wang, X. C. A Review on the Occurrence of
Micropollutants in the Aquatic Environment and Their Fate and
Removal during Wastewater Treatment. Sci. Total Environ. 2014,
473—474, 619—641.

(5) Launay, M. A,; Dittmer, U,; Steinmetz, H. Organic Micro-
pollutants Discharged by Combined Sewer Overflows — Character-
isation of Pollutant Sources and Stormwater-Related Processes. Water
Res. 2016, 104, 82—92.

(6) Petrie, B. A Review of Combined Sewer Overflows as a Source of
Wastewater-Derived Emerging Contaminants in the Environment and
Their Management. Environ. Sci. Pollut. Res. 2021, 28 (25), 32095—
32110.

(7) Kanakaraju, D.; Glass, B. D; Oelgeméller, M. Advanced
Oxidation Process-Mediated Removal of Pharmaceuticals from
Water: A Review. J. Environ. Manage. 2018, 219, 189—207.

(8) Scholes, R. C.; Stiegler, A. N.; Anderson, C. M.; Sedlak, D. L.
Enabling Water Reuse by Treatment of Reverse Osmosis Concen-
trate: The Promise of Constructed Wetlands. ACS Environ. Au 2021,
1(1),7-17.

(9) Oberoi, A. S.; Jia, Y.; Zhang, H.; Khanal, S. K.; Lu, H. Insights
into the Fate and Removal of Antibiotics in Engineered Biological
Treatment Systems: A Critical Review. Environ. Sci. Technol. 2019, 53
(13), 7234—7264.

(10) Kadlec, R. H.; Wallace, S. Treatment Wetlands, 2nd ed.; CRC
Press: Boca Raton, FL, 2009.

(11) Vymazal, J. Constructed Wetlands for Wastewater Treatment:
Five Decades of Experience. Environ. Sci. Technol. 2011, 45 (1), 61.

(12) Ilyas, H.; van Hullebusch, E. D. Performance Comparison of
Different Types of Constructed Wetlands for the Removal of

https://doi.org/10.1021/acsenvironau.5c00017
ACS Environ. Au 2025, 5, 319-329


https://pubs.acs.org/doi/10.1021/acsenvironau.5c00017?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsenvironau.5c00017/suppl_file/vg5c00017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenvironau.5c00017/suppl_file/vg5c00017_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rachel+C.+Scholes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5450-8377
mailto:rachel.scholes@ubc.ca
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cayla+M.+Anderson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ayesha+Mushtaq"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mackenzie+Leckie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenvironau.5c00017?ref=pdf
https://doi.org/10.1016/j.biortech.2020.123228
https://doi.org/10.1016/j.biortech.2020.123228
https://doi.org/10.1016/j.biortech.2020.123228
https://doi.org/10.1016/j.biortech.2020.123228
https://doi.org/10.1021/acs.est.7b06476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b06476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b06476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2013.04.027
https://doi.org/10.1016/j.chemosphere.2013.04.027
https://doi.org/10.1016/j.chemosphere.2013.04.027
https://doi.org/10.1016/j.scitotenv.2013.12.065
https://doi.org/10.1016/j.scitotenv.2013.12.065
https://doi.org/10.1016/j.scitotenv.2013.12.065
https://doi.org/10.1016/j.watres.2016.07.068
https://doi.org/10.1016/j.watres.2016.07.068
https://doi.org/10.1016/j.watres.2016.07.068
https://doi.org/10.1007/s11356-021-14103-1
https://doi.org/10.1007/s11356-021-14103-1
https://doi.org/10.1007/s11356-021-14103-1
https://doi.org/10.1016/j.jenvman.2018.04.103
https://doi.org/10.1016/j.jenvman.2018.04.103
https://doi.org/10.1016/j.jenvman.2018.04.103
https://doi.org/10.1021/acsenvironau.1c00013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenvironau.1c00013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b01131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b01131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b01131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es101403q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es101403q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11356-020-08165-w
https://doi.org/10.1007/s11356-020-08165-w
pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.5c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Pharmaceuticals and Their Transformation Products: A Review.
Environ. Sci. Pollut. Res. 2020, 27 (13), 14342—14364.

(13) Tondera, K; Ruppelt, J. P.; Pinnekamp, J.; Kistemann, T.;
Schreiber, C. Reduction of Micropollutants and Bacteria in a
Constructed Wetland for Combined Sewer Overflow Treatment
after 7 and 10 years of Operation. Sci. Total Environ. 2019, 651, 917—
927.

(14) Ruppelt, J. P.; Pinnekamp, J.; Tondera, K. Elimination of
Micropollutants in Four Test-Scale Constructed Wetlands Treating
Combined Sewer Overflow: Influence of Filtration Layer Height and
Feeding Regime. Water Res. 2020, 169, 115214.

(15) Liu, X.; Guo, X;; Liu, Y.; Lu, S;; Xi, B; Zhang, J.; Wang, Z.; Bi,
B. A Review on Removing Antibiotics and Antibiotic Resistance
Genes from Wastewater by Constructed Wetlands: Performance and
Microbial Response. Environ. Pollut. 2019, 254, 112996.

(16) Yan, J; Hu, X;; Chen, M; Zhang, J; Guo, F; Vymazal, J;
Chen, Y. Meta-Analysis of the Removal of Trace Organic
Contaminants from Constructed Wetlands: Conditions, Parameters,
and Mechanisms. Ecol. Eng. 2022, 178, 106596.

(17) Zhang, L; Lyu, T.; Ramirez Vargas, C. A, Arias, C. A;
Carvalho, P. N.; Brix, H. New Insights into the Effects of Support
Matrix on the Removal of Organic Micro-Pollutants and the
Microbial Community in Constructed Wetlands. Environ. Pollut.
2018, 240, 699—708.

(18) He, H.; Duan, Z.; Wang, Z.; Yue, B. The Removal Efficiency of
Constructed Wetlands Filled with the Zeolite-Slag Hybrid Substrate
for the Rural Landfill Leachate Treatment. Environ. Sci. Pollut. Res.
2017, 24 (21), 17547—17555.

(19) Pritchard, J. C.; Hawkins, K. M.; Cho, Y.-M.; Spahr, S.; Struck,
S. D.; Higgins, C. P.; Luthy, R. G. Black Carbon-Amended
Engineered Media Filters for Improved Treatment of Stormwater
Runoff. ACS Environ. Au 2023, 3 (1), 34—46.

(20) Wang, L.; O’Connor, D.; Rinklebe, J.; Ok, Y. S.; Tsang, D. C.
W.; Shen, Z.; Hou, D. Biochar Aging: Mechanisms, Physicochemical
Changes, Assessment, And Implications for Field Applications.
Environ. Sci. Technol. 2020, 54 (23), 14797—14814.

(21) Kang, Y.; Ma, H,; Jing, Z.; Zhu, C.; Li, Y.; Wy, H.; Dai, P.; Guo,
Z.; Zhang, J. Enhanced Benzofluoranthrene Removal in Constructed
Wetlands with Iron- Modified Biochar: Mediated by Dissolved
Organic Matter and Microbial Response. J. Hazard. Mater. 2023, 443,
130322.

(22) Ji, B; Jiang, M.; Yang, Y.; Deng, S.; Chen, J.; Chang, J. High
Treatment Effectiveness for Secondary Effluent in Fe—C Micro-
electrolysis Constructed Wetlands with Electron Donor Supplemen-
tation. J. Cleaner Prod. 2022, 342, 130934.

(23) Xu, J; Liu, X; Huang, J.; Huang, M.; Wang, T.; Bao, S.; Tang,
W.; Fang, T. The Contributions and Mechanisms of Iron-Microbes-
Biochar in Constructed Wetlands for Nitrate Removal from Low
Carbon/Nitrogen Ratio Wastewater. RSC Adv. 2020, 10 (39),
23212-23220.

(24) Ge, Z.; Wei, D.; Zhang, J.; Hu, J.; Liu, Z.; Li, R. Natural Pyrite
to Enhance Simultaneous Long-Term Nitrogen and Phosphorus
Removal in Constructed Wetland: Three Years of Pilot Study. Water
Res. 2019, 148, 153—161.

(25) Zhao, Z.; Zhang, X.; Cheng, M.; Song, X.; Zhang, Y.; Zhong, X.
Influences of Iron Compounds on Microbial Diversity and Improve-
ments in Organic C, N, and P Removal Performances in Constructed
Wetlands. Microb. Ecol. 2019, 78 (4), 792—803.

(26) Koottatep, T.; Phong, V. H. N.; Chapagain, S. K,
Panuvatvanich, A.; Polprasert, C.; Ahn, K.-H. Potential of Laterite
Soil Coupling Fenton Reaction in Acetaminophen (ACT) Removal in
Constructed Wetlands. Water, Air, Soil Pollut. 2017, 228 (8), 283.

(27) Chelated Iron EDTA Fertilizer; Greenway Biotech, Inc. https://
www.greenwaybiotech.com/products/chelated-iron-edta. (accessed
04 October 2023).

(28) Di Palma, L.; Ferrantelli, P.; Merli, C.; Biancifiori, F. Recovery
of EDTA and Metal Precipitation from Soil Flushing Solutions. J.
Hazard. Mater. 2003, 103 (1-2), 153—168.

328

(29) Lim, T.-T.; Chui, P.-C; Goh, K.-H. Process Evaluation for
Optimization of EDTA Use and Recovery for Heavy Metal Removal
from a Contaminated Soil. Chemosphere 2005, 58 (8), 1031—1040.

(30) Lo, I. M;; Zhang, W. Study on Optimal Conditions for
Recovery of EDTA from Soil Washing Effluents. J. Environ. Eng. 20085,
131 (11), 1507—1513.

(31) Gluhar, S; Kaurin, A.; Lestan, D. Soil Washing with
Biodegradable Chelating Agents and EDTA: Technological Feasi-
bility, Remediation Efficiency and Environmental Sustainability.
Chemosphere 2020, 257, 127226.

(32) Usharani, B.; Vasudevan, N. Impact of Heavy Metal Toxicity
and Constructed Wetland System as a Tool in Remediation. Arch.
Environ. Occup. Health 2016, 71 (2), 102—110.

(33) Cecchetti, A. R; Stiegler, A. N.; Graham, K. E.; Sedlak, D. L.
The Horizontal Levee: A Multi-Benefit Nature-Based Treatment
System That Improves Water Quality and Protects Coastal Levees
from the Effects of Sea Level Rise. Water Res. X 2020, 7, 100052.

(34) Safari, G. H.; Yetilmezsoy, K.; Mahvi, A. H.; Zarrabi, M. Post-
Treatment of Secondary Wastewater Treatment Plant Effluent Using
a Two-Stage Fluidized Bed Bioreactor System. J. Environ. Health Sci.
Eng. 2013, 11, 10.

(35) Tomazini, R; Saia, F. T.; van der Zaan, B.; Grosseli, G. M.;
Fadini, P. S.; de Oliveira, R. G. M.; Gregoracci, G. B.; Mozetto, A.;
van Vugt-Lussenburg, B. M. A.; Brouwer, A.; Langenhoff, A. A. M.
Biodegradation of Fipronil: Transformation Products Microbial
Characterisation and Toxicity Assessment. Water, Air, Soil Pollut.
2021, 232 (3), 123.

(36) Gan, J.; Bondarenko, S.; Oki, L.; Haver, D.; Li, J. X. Occurrence
of Fipronil and Its Biologically Active Derivatives in Urban Residential
Runoff. Environ. Sci. Technol. 2012, 46 (3), 1489—149S.

(37) Stiegler, A. N.; Cecchetti, A. R;; Sedlak, D. L. Plant Uptake of
Trace Organic Contaminants in Effluent-Dominated Streams: An
Overlooked Terrestrial Exposure Pathway. Environ. Sci. Technol. Lett.
2022, 9 (11), 929-936.

(38) Chen, N; Fu, Q.; Wu, T.; Cui, P.; Fang, G.; Liu, C.; Chen, C;
Liu, G.; Wang, W.; Wang, D.; Wang, P.; Zhou, D. Active Iron Phases
Regulate the Abiotic Transformation of Organic Carbon during
Redox Fluctuation Cycles of Paddy Soil. Environ. Sci. Technol. 2021,
55 (20), 14281—14293.

(39) Matamoros, V.; Caselles-Osorio, A.; Garcia, J.; Bayona, J. M.
Behaviour of Pharmaceutical Products and Biodegradation Inter-
mediates in Horizontal Subsurface Flow Constructed Wetland. A
Microcosm Experiment. Sci. Total Environ. 2008, 394 (1), 171—176.

(40) Auvinen, H.; Gebhardt, W.; Linnemann, V.; Du Laing, G
Rousseau, D. P. L. Laboratory- and Full-Scale Studies on the Removal
of Pharmaceuticals in an Aerated Constructed Wetland: Effects of
Aeration and Hydraulic Retention Time on the Removal Efficiency
and Assessment of the Aquatic Risk. Water Sci. Technol. 2017, 76 (S—
6), 1457—1465.

(41) Hijosa-Valsero, M.; Fink, G.; Schliisener, M. P.; Sidrach-
Cardona, R.; Martin-Villacorta, J.; Ternes, T.; Bécares, E. Removal of
Antibiotics from Urban Wastewater by Constructed Wetland
Optimization. Chemosphere 2011, 83 (5), 713—719.

(42) Nivala, J.; Abdallat, G.; Aubron, T.; Al-Zreiqat, L; Abbassi, B;
Wu, G.-M,; van Afferden, M.; Miiller, R. A. Vertical Flow Constructed
Wetlands for Decentralized Wastewater Treatment in Jordan:
Optimization of Total Nitrogen Removal. Sci. Total Environ. 2019,
671, 495—504.

(43) Stiegler, A. N.; Cecchetti, A. R.; Scholes, R. C.; Sedlak, D. L.
Persistent Trace Organic Contaminants Are Transformed Rapidly
under Sulfate- and Fe(III)-Reducing Conditions in a Nature-Based
Subsurface Water Treatment System. Environ. Sci. Technol. 2023, 57
(43), 16616—16627.

(44) Regnery, J; Wing, A. D, Alidina, M.; Drewes, ]. E.
Biotransformation of Trace Organic Chemicals during Groundwater
Recharge: How Useful Are First-Order Rate Constants? J. Contam.
Hydrol. 2018, 179, 65-75.

https://doi.org/10.1021/acsenvironau.5c00017
ACS Environ. Au 2025, 5, 319-329


https://doi.org/10.1007/s11356-020-08165-w
https://doi.org/10.1016/j.scitotenv.2018.09.174
https://doi.org/10.1016/j.scitotenv.2018.09.174
https://doi.org/10.1016/j.scitotenv.2018.09.174
https://doi.org/10.1016/j.watres.2019.115214
https://doi.org/10.1016/j.watres.2019.115214
https://doi.org/10.1016/j.watres.2019.115214
https://doi.org/10.1016/j.watres.2019.115214
https://doi.org/10.1016/j.envpol.2019.112996
https://doi.org/10.1016/j.envpol.2019.112996
https://doi.org/10.1016/j.envpol.2019.112996
https://doi.org/10.1016/j.ecoleng.2022.106596
https://doi.org/10.1016/j.ecoleng.2022.106596
https://doi.org/10.1016/j.ecoleng.2022.106596
https://doi.org/10.1016/j.envpol.2018.05.028
https://doi.org/10.1016/j.envpol.2018.05.028
https://doi.org/10.1016/j.envpol.2018.05.028
https://doi.org/10.1007/s11356-017-9402-x
https://doi.org/10.1007/s11356-017-9402-x
https://doi.org/10.1007/s11356-017-9402-x
https://doi.org/10.1021/acsenvironau.2c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenvironau.2c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenvironau.2c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c04033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c04033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jhazmat.2022.130322
https://doi.org/10.1016/j.jhazmat.2022.130322
https://doi.org/10.1016/j.jhazmat.2022.130322
https://doi.org/10.1016/j.jclepro.2022.130934
https://doi.org/10.1016/j.jclepro.2022.130934
https://doi.org/10.1016/j.jclepro.2022.130934
https://doi.org/10.1016/j.jclepro.2022.130934
https://doi.org/10.1039/D0RA03609A
https://doi.org/10.1039/D0RA03609A
https://doi.org/10.1039/D0RA03609A
https://doi.org/10.1016/j.watres.2018.10.037
https://doi.org/10.1016/j.watres.2018.10.037
https://doi.org/10.1016/j.watres.2018.10.037
https://doi.org/10.1007/s00248-019-01379-7
https://doi.org/10.1007/s00248-019-01379-7
https://doi.org/10.1007/s00248-019-01379-7
https://doi.org/10.1007/s11270-017-3454-x
https://doi.org/10.1007/s11270-017-3454-x
https://doi.org/10.1007/s11270-017-3454-x
https://www.greenwaybiotech.com/products/chelated-iron-edta
https://www.greenwaybiotech.com/products/chelated-iron-edta
https://doi.org/10.1016/S0304-3894(03)00268-1
https://doi.org/10.1016/S0304-3894(03)00268-1
https://doi.org/10.1016/j.chemosphere.2004.09.046
https://doi.org/10.1016/j.chemosphere.2004.09.046
https://doi.org/10.1016/j.chemosphere.2004.09.046
https://doi.org/10.1061/(ASCE)0733-9372(2005)131:11(1507)
https://doi.org/10.1061/(ASCE)0733-9372(2005)131:11(1507)
https://doi.org/10.1016/j.chemosphere.2020.127226
https://doi.org/10.1016/j.chemosphere.2020.127226
https://doi.org/10.1016/j.chemosphere.2020.127226
https://doi.org/10.1080/19338244.2014.988674
https://doi.org/10.1080/19338244.2014.988674
https://doi.org/10.1016/j.wroa.2020.100052
https://doi.org/10.1016/j.wroa.2020.100052
https://doi.org/10.1016/j.wroa.2020.100052
https://doi.org/10.1186/2052-336X-11-10
https://doi.org/10.1186/2052-336X-11-10
https://doi.org/10.1186/2052-336X-11-10
https://doi.org/10.1007/s11270-021-05071-w
https://doi.org/10.1007/s11270-021-05071-w
https://doi.org/10.1021/es202904x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202904x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202904x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.2c00543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.2c00543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.2c00543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scitotenv.2008.01.029
https://doi.org/10.1016/j.scitotenv.2008.01.029
https://doi.org/10.1016/j.scitotenv.2008.01.029
https://doi.org/10.2166/wst.2017.328
https://doi.org/10.2166/wst.2017.328
https://doi.org/10.2166/wst.2017.328
https://doi.org/10.2166/wst.2017.328
https://doi.org/10.1016/j.chemosphere.2011.02.004
https://doi.org/10.1016/j.chemosphere.2011.02.004
https://doi.org/10.1016/j.chemosphere.2011.02.004
https://doi.org/10.1016/j.scitotenv.2019.03.376
https://doi.org/10.1016/j.scitotenv.2019.03.376
https://doi.org/10.1016/j.scitotenv.2019.03.376
https://doi.org/10.1021/acs.est.3c03719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c03719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c03719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconhyd.2015.05.008
https://doi.org/10.1016/j.jconhyd.2015.05.008
pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.5c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(45) Zhang, Z.; Furman, A. Soil Redox Dynamics under Dynamic
Hydrologic Regimes - A Review. Sci. Total Environ. 2021, 763,
143026.

(46) Cryder, Z.; Wolf, D.; Carlan, C.; Gan, J. Removal of Urban-Use
Insecticides in a Large-Scale Constructed Wetland. Environ. Pollut.
2021, 268 (Pt A), 115586.

(47) Sadaria, A. M.; Labban, C. W.; Steele, J. C.; Maurer, M. M,;
Halden, R. U. Retrospective Nationwide Occurrence of Fipronil and
Its Degradates in U.S. Wastewater and Sewage Sludge from 2001 -
2016. Water Res. 2019, 155, 465.

(48) Ramil, M.; El Aref, T.; Fink, G.; Scheurer, M.; Ternes, T. A.
Fate of Beta Blockers in Aquatic-Sediment Systems: Sorption and
Biotransformation. Environ. Sci. Technol. 2010, 44 (3), 962—970.

(49) Rithmland, S.; Wick, A.; Ternes, T. A.; Barjenbruch, M. Fate of
Pharmaceuticals in a Subsurface Flow Constructed Wetland and Two
Ponds. Ecol. Eng. 2015, 80, 125—139.

(50) Dan, A; Yang, Y,; Dai, Y.-n,; Chen, C.-x; Wang, S.; Tao, R.
Removal and Factors Influencing Removal of Sulfonamides and
Trimethoprim from Domestic Sewage in Constructed Wetlands.
Bioresour. Technol. 2013, 146, 363—370.

(51) Sgroi, M.; Pelis§ari, C.; Roccaro, P.; Sezerino, P. H.; Garcia, J.;
Vagliasindi, F. G. A,; Avila, C. Removal of Organic Carbon, Nitrogen,
Emerging Contaminants and Fluorescing Organic Matter in Different
Constructed Wetland Configurations. Chem. Eng. ]. 2018, 332, 619—
627.

(52) Sposito, G. The Chemistry of Soils; Oxford University Press,
2016.

(53) Barkow, 1. S.; Oswald, S. E.; Lensing, H.-J.; Munz, M. Seasonal
Dynamics Modifies Fate of Oxygen, Nitrate, and Organic Micro-
pollutants during Bank Filtration — Temperature-Dependent
Reactive Transport Modeling of Field Data. Environ. Sci. Pollut. Res.
2021, 28 (8), 9682—9700.

(54) Munz, M,; Oswald, S. E; Schifferling, R; Lensing, H.-J.
Temperature-Dependent Redox Zonation, Nitrate Removal and
Attenuation of Organic Micropollutants during Bank Filtration.
Water Res. 2019, 162, 225—-235.

(55) Hiibner, U.; Wurzbacher, C.; Helbling, D. E.; Drewes, J. E.
Engineering of Managed Aquifer Recharge Systems to Optimize
Biotransformation of Trace Organic Chemicals. Curr. Opin. Environ.
Sci. Health 2022, 27, 100343,

(56) Sun, S.-P.; Zeng, X.; Lemley, A. T. Kinetics and Mechanism of
Carbamazepine Degradation by a Modified Fenton-like Reaction with
Ferric-Nitrilotriacetate Complexes. J. Hazard. Mater. 2013, 252—253,
155—165.

(57) Liy, K; Yu, J.-C.-C; Dong, H.; Wy, J. C. S.; Hoffmann, M. R.
Degradation and Mineralization of Carbamazepine Using an Electro-
Fenton Reaction Catalyzed by Magnetite Nanoparticles Fixed on an
Electrocatalytic Carbon Fiber Textile Cathode. Environ. Sci. Technol.
2018, 52 (21), 12667—12674.

(58) Kim, D.; Strathmann, T. J. Role of Organically Complexed
Iron(II) Species in the Reductive Transformation of RDX in Anoxic
Environments. Environ. Sci. Technol. 2007, 41 (4), 1257—1264.

(59) Mohatt, J. L; Hu, L,; Finneran, K. T.; Strathmann, T. J.
Microbially Mediated Abiotic Transformation of the Antimicrobial
Agent Sulfamethoxazole under Iron-Reducing Soil Conditions.
Environ. Sci. Technol. 2011, 45 (11), 4793—4801.

(60) Mao, F.; Liu, X; Wu, K; Zhou, C.; Si, Y. Biodegradation of
Sulfonamides by Shewanella Oneidensis MR-1 and Shewanella Sp.
Strain MR-4. Biodegradation 2018, 29 (2), 129—140.

(61) Nértemann, B. Biodegradation of EDTA. Appl. Microbiol.
Biotechnol. 1999, 51 (6), 751—759.

(62) Li, D.; Alidina, M.; Drewes, J. E. Role of Primary Substrate
Composition on Microbial Community Structure and Function and
Trace Organic Chemical Attenuation in Managed Aquifer Recharge
Systems. Appl. Microbiol. Biotechnol. 2014, 98 (12), 5747—5756.

(63) Schwartzenbach, R. P. Environmental Organic Chemistry, 3rd
Edition, Wiley. https://www.wiley.com/en-us/
Environmental+Organic+Chemistry%2C+3rd+Edition-p-
9781118767238. (accessed 25 October 2022).

329

(64) Vicente, F.; Rosas, J. M.; Santos, A.; Romero, A. Improvement
Soil Remediation by Using Stabilizers and Chelating Agents in a
Fenton-like Process. Chem. Eng. ]. 2011, 172 (2), 689—697.

(65) Miller, C. J.; Rose, A. L.; Waite, T. D. Importance of Iron
Complexation for Fenton-Mediated Hydroxyl Radical Production at
Circumneutral pH. Front. Mar. Sci. 2016, 3, 134.

https://doi.org/10.1021/acsenvironau.5c00017
ACS Environ. Au 2025, 5, 319-329


https://doi.org/10.1016/j.scitotenv.2020.143026
https://doi.org/10.1016/j.scitotenv.2020.143026
https://doi.org/10.1016/j.envpol.2020.115586
https://doi.org/10.1016/j.envpol.2020.115586
https://doi.org/10.1016/j.watres.2019.02.045
https://doi.org/10.1016/j.watres.2019.02.045
https://doi.org/10.1016/j.watres.2019.02.045
https://doi.org/10.1021/es9027452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es9027452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ecoleng.2015.01.036
https://doi.org/10.1016/j.ecoleng.2015.01.036
https://doi.org/10.1016/j.ecoleng.2015.01.036
https://doi.org/10.1016/j.biortech.2013.07.050
https://doi.org/10.1016/j.biortech.2013.07.050
https://doi.org/10.1016/j.cej.2017.09.122
https://doi.org/10.1016/j.cej.2017.09.122
https://doi.org/10.1016/j.cej.2017.09.122
https://doi.org/10.1007/s11356-020-11002-9
https://doi.org/10.1007/s11356-020-11002-9
https://doi.org/10.1007/s11356-020-11002-9
https://doi.org/10.1007/s11356-020-11002-9
https://doi.org/10.1016/j.watres.2019.06.041
https://doi.org/10.1016/j.watres.2019.06.041
https://doi.org/10.1016/j.coesh.2022.100343
https://doi.org/10.1016/j.coesh.2022.100343
https://doi.org/10.1016/j.jhazmat.2013.02.045
https://doi.org/10.1016/j.jhazmat.2013.02.045
https://doi.org/10.1016/j.jhazmat.2013.02.045
https://doi.org/10.1021/acs.est.8b03916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es062365a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es062365a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es062365a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es200413g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es200413g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10532-017-9818-5
https://doi.org/10.1007/s10532-017-9818-5
https://doi.org/10.1007/s10532-017-9818-5
https://doi.org/10.1007/s002530051458
https://doi.org/10.1007/s00253-014-5677-8
https://doi.org/10.1007/s00253-014-5677-8
https://doi.org/10.1007/s00253-014-5677-8
https://doi.org/10.1007/s00253-014-5677-8
https://www.wiley.com/en-us/Environmental+Organic+Chemistry%252C+3rd+Edition-p-9781118767238
https://www.wiley.com/en-us/Environmental+Organic+Chemistry%252C+3rd+Edition-p-9781118767238
https://www.wiley.com/en-us/Environmental+Organic+Chemistry%252C+3rd+Edition-p-9781118767238
https://doi.org/10.1016/j.cej.2011.06.036
https://doi.org/10.1016/j.cej.2011.06.036
https://doi.org/10.1016/j.cej.2011.06.036
https://doi.org/10.3389/fmars.2016.00134
https://doi.org/10.3389/fmars.2016.00134
https://doi.org/10.3389/fmars.2016.00134
pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.5c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

