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 Floating treatment wetland (FTW) removed contaminants of emerging concern (CECs).
 FTW mesocosm systems with cannas removed more CECs than sweetﬂags.
 FTW-planting density did not inﬂuence CEC removals.
 The most inﬂuential factors for CEC removals were CEC persistency and plant species.
 Canna was the most promising plant species in FTW systems designed for CEC removals.
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This study evaluated removal efﬁciencies of six contaminants of emerging concern (CECs) in ﬂoating
treatment wetland (FTW) mesocosms established with either Japanese Sweetﬂag (Acorus gramineus Sol.
ex Aiton) or canna lilies (Canna Hybrida L. ‘Orange King Humbert’). The CECs included: acetaminophen
(APAP), atrazine (ATZ), carbamazepine (CBZ), perﬂuorooctanoic acid (PFOA), sulfamethoxazole (SMX),
and 17b-estradiol (E2). Each treatment was planted with different numbers of plants (i.e., 0, 10, 15, and
20), and the experiments lasted for 17 weeks. Dissipation of CECs was greater in planted treatments than
in non-planted controls, and the planting number had little effect on dissipation of CECs. All residues of
APAP and E2 dissipated rapidly within 2 weeks in all planted treatments. At the end of the experiment,
residues of ATZ and SMX completely dissipated in the canna treatments, but not in the sweetﬂag
treatments (75.8e87.6% and 96.3e97.1%, respectively). During the 17 week study, moderate dissipation of
CBZ was observed in treatments including cannas (79.5e82.6%) and sweetﬂag (69.4e82.3%), while less
dissipation was observed for PFOA (9.0e15.0% with sweetﬂag and 58.4e62.3% with cannas). Principal
component analysis indicates that aqueous persistency of CECs and species of plants used inﬂuenced the
dissipation of CECs in FTWs. Of the two species evaluated, canna was the most promising plant species
for FTW systems designed to remove these CECs from surface water.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
Floating treatment wetlands (FTWs) are an in-situ phytoremediation technique used to remove chemical contaminants from
surface water using plant-associated processes (Liu et al., 2018). In
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the FTW system, plants are secured onto buoyant mats that position the shoots above the water surface and the roots below the
water surface. The planted mats are ﬂoated on the surface of the
waterbody in need of remediation. As the plants grow, their roots
extend down into the water body where they can contact and
remove contaminants through transpiration and sorption, as well
as to serve as a substrate to support rhizospheric microﬂora that
can also contribute to contaminant degradation and/or mineralization (Kadlec and Wallace, 2009; Shahid et al., 2018). Since the
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ﬁrst application of FTWs (Hoeger, 1988), they have been utilized as
a cost-effective and ecologically-friendly remediation strategy for
removing a variety of contaminants from water (Wu et al., 2006;
Hijosa-Valsero et al., 2010; Chen et al., 2012; Wang et al., 2015; Xiao
et al., 2018). The efﬁciency of FTWs for contaminant removal may
be inﬂuenced by the type of plants used and the planting density.
However, few studies are available regarding such relationships
(Sun et al., 2013; Li et al., 2014). Likewise, to our knowledge no
studies are available in the literature evaluating the inﬂuence of
planting densities on contaminant removal using FTWs.
Trace concentrations of anthropogenic chemicals (for which
little is known about their eco-toxicity) are routinely found in
aquatic ecosystems (Lecomte et al., 2017) and are referred to as
contaminants of emerging concern (CECs) (Pablos et al., 2018).
Several CECs include the analgesic/antipyretic, acetaminophen (N(4-hydroxyphenyl)-ethanamide; APAP); the herbicide, atrazine (2chloro-4-ethylamino-6-isopropylamino-s-triazine; ATZ); the anticonvulsant,
carbamazepine
(5H-dibenzo[b,f]-azepine-5carboxamide; CBZ); the industrial surfactant, perﬂuorooctanoic
acid (PFOA); the antibiotic, sulfamethoxazole (4-Amino-N-(5methylisoxazol-3-yl)-benzenesulfonamide; SMX); and the estrogen, 17b-estradiol ((17b)-estra-1,3,5(10)-triene-3,17-diol; E2).
The pharmaceuticals APAP, CBZ, and E2 have been frequently
detected in domestic wastewater (Kim et al., 2007; Ekpeghere et al.,
2018; Zhang et al., 2019) and have been reported to have adverse
effects on humans and ecosystems (Al-Qaim et al., 2018; Zhang
et al., 2019). The herbicide ATZ is a relatively old chemical that is
frequently detected in water and is regarded as a CEC relative to its
potential endocrine disruptor activity (Sass and Colangelo, 2006)
and high persistence in water (U.S. EPA, 2007). PFOA is an industrial
chemical that was used to make heat-, oil-, and water-resistant
coatings on consumer products. These chemicals have hydrophobic and hydrophilic properties and are highly persistent in aquatic
ecosystems (Yamashita et al., 2005; Zareitalabad et al., 2013).
Moreover, PFOA is classiﬁed as “possibly carcinogenic” to humans
by the International Agency for Research on Cancer (2017). SMX is
the most frequently detected sulfonamide antibiotic detected in
municipal wastewater and is of concern due to the emergence of
antibiotic-resistant bacterial strains in the environment (Wang
et al., 2019).
As reported in many previous studies (Wilson et al., 1999; Lai
et al., 2010; He et al., 2013; Basu et al., 2015; Maine et al., 2019;
Abdel-Mottaleb and Wilson, 2019), cannas (having broad leaves
and densely-developing roots) may be a potential macrophyte
species for effectively removing trace concentrations of CECs from
contaminated surface water. In addition to their remediation ability, colorful blossoms of canna species can add an aesthetically
pleasing element to treatment sites. Sweetﬂags are another type of
macrophytes, having long, narrow, thick grass-like and slightly
curved leaves. These macrophytes are often found in wetlands and
are also reported to have a high potential for absorbing and accumulating various types of contaminants within their biomass
(Wilson et al., 2001; Li et al., 2014; Jiang et al., 2018; Singh et al.,
2019). In this study, FTWs were established with two macrophytes species, Acorus gramineus Sol. ex Aiton (common name:
Japanese sweetﬂag) and Canna hybrida L. ’Orange King Humbert’
(common name: canna), at different planting densities to evaluate
removal efﬁciencies of APAP, ATZ, CBZ, PFOA, SMX, and E2 from
contaminated surface water. The most inﬂuential factors affecting
CEC removal were identiﬁed using principle component analysis
(PCA).

2. Materials and methods
2.1. Chemicals and reagents
Analytical standards (96% purities) of APAP, ATZ, CBZ, PFOA,
SMX, and E2 were purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). A mixed standard solution of the chemicals was prepared in
methanol at the concentrations of 7870 mg mL1 APAP; 136 mg mL1
ATZ; 288 mg mL1 CBZ; 587 mg mL1 PFOA; 116 mg mL1 SMX; and
29 mg mL1 E2. Isotopically-labeled standards with deuterium
(APAP-d4, ATZ-d5, CBZ-d10, and E2-d5) or carbon-13 (13C8-PFOA and
13
C6-SMX) were purchased from Cerilliant Co. (Round Rock, TX,
USA) and Cambridge Isotope Laboratories Inc. (Tewksury, MA, USA),
respectively. The isotopically-labeled standards were dissolved in
methanol to achieve a concentration of 1 mg mL1 for each chemical. This resulting mixture was used as a surrogate standard.
Ascorbic acid, hydrochloric acid, sodium azide, formic acid, methyl
tert-butyl ether (MTBE), and optima high performance liquid
chromatographymass spectrometry (HPLCMS) grade methanol,
and water were purchased from Fisher Scientiﬁc, Inc (Fair Lawn, NJ,
USA).
2.2. Plant acclimation
For this study, mesocosms were established on the University of
Florida campus (29 380 21.3"N 82 21030.7"W; 2401 Memorial Road,
Gainesville, FL 32603, USA). Approximately nine-month old bare
root Acorus gramineus Sol. ex Aiton (common name: Japanese
sweetﬂag) and three-month old Canna hybrida L. ’Orange King
Humbert’ (common name: canna) were purchased from Grandiﬂora Nursery (Gainesville, FL, USA) and Florida Aquatic Nurseries
(Davie, FL, USA), respectively. Plant fresh weights and shoot heights
were recorded to facilitate selection of uniform individuals. The
most uniform plants were transplanted into net cups (225 mL vol.,
7.6 cm I.D.  10.2 cm depth; The Accelerator®, Stuewe and Sons,
Inc., Tangent, OR, USA), that were then packed with horticulturalgrade perlite. The plants in the net cups were then secured
within 7.8 cm diameter holes pre-punched into the ﬂoating mats
(Beemats, LLC, New Smyrna Beach, FL, USA). The holes were spaced
30 cm (center-to-center) from one another. The Beemats were
ﬂoated in 378 L (100 gal) commercial stock tanks [90 cm
(l)  130 cm (w)  66 cm (h); Rubbermaid, Atlanta, GA, USA]. Given
the surface dimensions for the tanks, the maximum number of
holes in the Beemats was limited to 20 per mat. The tanks were
ﬁlled with 302 L of water. Water levels in the tanks were calibrated
by pouring 18.9 L water repeatedly into each tank and marking the
inside of the tank after each addition. Water volumes within the
tanks ranged from 264.6 L to 378 L during the study. Water within
each mesocosm was fertilized with 3.8 mL of Dyna-Gro Liquid Grow
7-9-5 Plant Food (Richmond, CA, USA) and 4.1 g of calcium nitrate
(Southern Agricultural Insecticides, Inc., Palmetto, FL, USA) to
achieve environmentally-relevant concentrations of total nitrogen
(TN, 4.4 mg L1) and total phosphorus (TP, 0.7 mg L1) (Shrestha
et al., 2017; Papias et al., 2018).
To evaluate the inﬂuence of plant densities, sweetﬂag or canna
plants were established in the mesocosms at 20 plants per mesocosm (100% treatment; T-100), 15 plants per mesocosm (75%
treatment; T-75), and 10 plants per mesocosm (50% treatment; T50). Control mesocosms included non-planted tanks with
contaminant treatment and planted (15 plants) tanks without
contaminants. All treatments and controls were prepared in triplicate and were randomly assigned to the mesocosms to minimize
spatial bias.
During the entire study period, three fungicides (myclobutanil,
chlorothalonil, and tebuconazole) were foliar-applied on a weekly
2
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nitrogen (TN; sum of nitrate, nitrite, and ammonium) and total
phosphorus (TP) as described in Wilson and Albano (2013) and
Ordonez-Hinz et al. (2019). Samples for nutrient analysis were
ﬁltered through 0.2 mm PTFE syringe ﬁlters and stored at 20  C
until analysis. The nutrient analysis was performed at the USDAARS (Horticultural Research Laboratory, Fort Pierce, FL, USA). The
pH and electrical conductivity (EC) within mesocosms were
measured on each sampling day using a YSI 650 Multi-parameter
Display system with 600XL Sonde (YSI Inc., Yellow Springs, OH,
USA). On the ﬁnal sampling day, all plants were carefully removed
from each treatment and control tank. The plants were dissected
into shoots and roots (including tubers), and lengths of each part
were recorded. Root lengths were measured from the tuber to the
longest primary root tip. Subsequently, the dissected plant parts
were individually dried for three months in a 50  C oven room, after
which dry weights were measured.

rotation to control the orange rust-causing pathogen, Puccinia
thaliae. The plants were acclimated for 50 d under these conditions
before the CEC were added.
2.3. Mesocosm experiment
One day before CECs were added to the mesocosms, water used
during the plant acclimation period was removed and the tanks
were scrubbed with fresh tap water. The cleaned tanks were reﬁlled
with 302 L of water fertilized with nutrients at the same concentrations as described earlier. A mixed standard solution containing
the six CECs was stirred into each tank to achieve initial concentrations of 260 mg L1 APAP, 4.5 mg L1 ATZ, 9.5 mg L1 CBZ,
19.4 mg L1 PFOA, 3.8 mg L1 SMX, and 0.9 mg L1 E2. These concentrations were the highest concentrations previously reported in
aquatic ecosystems (Hoa et al., 2011; Slobodnik et al., 2012; Gall
et al., 2014; Douglass et al., 2015; Shiwaku et al., 2016; Schaider
et al., 2017), except for ATZ. ATZ was added at half of the highest
concentration due to concerns about its potential to cause phytotoxicity. Following the addition of nutrients and CECs, the water in
the mesocosm tanks was stirred using a polyvinyl chloride (PVC)
rod, and samples of the water were collected for analysis of initial
CEC concentrations (950 mL) and nutrients (20 mL). After sampling,
the Beemats were re-ﬂoated on the mesocosm surfaces, and the
surfaces were covered with black sheets of polyethylene with holes
punched where plants were present in order to prevent the growth
of aquatic algae due to light penetration through the non-planted
holes and edges between the tanks and mats. The entire mesocosm area was covered with a retractable rain mitigation facility
built at a height of 3 m using polyethylene sheets suspended from a
wire line running over each set of mesocosms (Fig. S1). The mesocosms were covered on rainy days to prevent them from overﬂowing, which would result in unaccountable losses of the CECs. To
maintain adequate nutrition, half of the initial dose of nutrients was
added to both treatments and controls after six weeks of the
experiment. Temperature, humidity, and precipitation data in the
local area during the study were obtained from the Weather Underground meteorological administration database (https://www.
wunderground.com/history/). The entire study was conducted for
17 weeks, from May 31 to October 1, 2018.

2.5. Chemical analysis
Prior to CEC analysis, water samples were warmed to ambient
temperature and then adjusted to pH 3 using 1 N hydrochloric acid
and 1 N sodium hydroxide. Extraction and analysis of samples were
based on previously-published methods (Vanderford and Snyder,
2006; Yang et al., 2016). All water samples were spiked with
200 mL of 1 mg mL1 surrogate standard solution. A matrix-spike
quality control sample and its duplicate sample were additionally
spiked with 100 mL of 1 mg mL1 standard solution of native
chemicals for each batch of samples extracted to measure recoveries and %RSD. Samples were extracted using Oasis
hydrophilic-lipophilic balance (HLB) solid phase extraction cartridges (6 cm3, 200 mg; Waters, Milford, MA), placed on a vacuum
manifold. The HLB cartridges were pre-activated by washing
sequentially with 5 mL of methyl tert-butyl ether, 5 mL of methanol,
and 5 mL of reagent grade water. The entire volume of water
sample was then passed through the cartridges at a ﬂow rate of
10 mL min1. Cartridges were dried under vacuum for 30 min
following sample extraction. CEC residues sorbed onto the HLB
media were eluted into a glass tube with 5 mL methanol, followed
by 5 mL methanol/MTBE (10/90, v/v). The eluate was then evaporated to about 0.5 mL using a RapidVap system (Model 79000-02,
Labconco Co., Kanas City, MO, USA). Methanol was added to adjust
the ﬁnal sample volume to 1 mL before transferring the extract into
a 2 mL amber glass vial. CECs in samples were quantiﬁed using a
Waters Alliance 2695 high pressure liquid chromatograph connected to a Micromass Quattro Ultima tandem mass spectrometer
(LCMS/MS) (Waters Corporation, Milford, MA, USA). A series of
calibration standards was analyzed for each CEC (5e2000 ng mL1)
for every batch of 20 samples. All calibration curves were required
to have regression correlation coefﬁcients (R2) of >0.99 for quantiﬁcation. Details regarding analytical conditions for the LCMS/MS
are provided in Supporting Information. Under the conditions
described recoveries were: 116.7 ± 23.4% (APAP); 111.9 ± 3.2%
(ATZ); 114.3 ± 18.4 (CBZ); 81.6 ± 1.4% (PFOA); 88.1 ± 15.6% (SMX);
105 ± 12.4% (E2). Instrument detection limits (IDLs) for native and
surrogate standards of each CEC were sufﬁciently low (<5 ng mL1)
to analyze trace CEC residues from water samples collected during
the study. Recoveries of CECs in the matrix-spiked quality control
samples (100 ng mL1) were within 80.1e116.7%, with relative
standard deviations of <20%.

2.4. Sampling
Water samples were collected weekly during the ﬁrst four
weeks after the beginning of the experiment, once every two weeks
for the following six weeks, and then once after an additional four
weeks. Before sampling, the Beemats (including plants) were
removed from the tanks and water in the tanks was replenished
with tap water up to the initial level (302 L). Once reﬁlled, the water
was stirred using a PVC rod and allowed to settle for 3 min. Water
samples (950 mL) were collected in 1 L amber glass bottles by
submerging each respective bottle 5 cm below the water surface in
the middle of each tank. In the same manner, samples for quality
assurance/quality control (QA/QC) were collected during each
sampling event from a randomly selected treatment tank to evaluate reproducibility in the sampling process (sample duplicate) and
from a non-spiked control tank to evaluate the performance of
extraction and analysis processes (matrix spike and matrix spike
duplicate) based on recoveries and variability (%RSD). All water
samples were transported to the laboratory, ﬁltered through syringe ﬁlters (0.2 mm, 30 mm I.D., Thermo Scientiﬁc Inc., Rockwood,
TN 37854), and stored at 4  C until analysis. In addition to cooling,
samples were also preserved by addition of 1 g L1 sodium azide
and 50 mg L1 ascorbic acid.
Water samples (20 mL) were also collected for analysis of total

2.6. CEC dissipation trend characterization
Time-dependent dissipation trends for each CEC in the mesocosms (Cw(t)) were simulated using ﬁrst-order (FO; Eq. (1)) and
second-order (SO; Eq. (2)) kinetic models, as well as a double3
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treatments. The pH in mesocosms established with cannas
decreased to 3.6 ± 0.3 within the ﬁrst two weeks and continued to
decrease through week 10 (1.8 ± 0.2) (Fig. S3B). Unlike the nonplanted controls and sweetﬂag treatments, the canna treatments
showed no momentary pH increase at week 6. Reductions in pH of
water associated with ﬂoating wetland vegetation has not been
reported. Fortunately, the lowered pH did not inhibit canna growth.
After week 10, the pH in canna-containing mesocosms increased to
3.5 ± 0.1 by the end of experiment. This increase in pH might be
associated with inﬂow of rain into the mesocosm tanks through
tears in the rain mitigation system, which was damaged during a
storm by strong winds and heavy rainfall (August 23, 2018). However, despite the inﬂow of rainwater, the water volumes in the
mesocosms were consistently maintained within the calibrated
level for estimating total volume. Salinities (0.36e0.87 mS cm1)
recorded in all treatments and controls were below the levels reported to cause salt stress to plants (Karimi et al., 2011) (Fig. S3C
and D). Time-dependent trends of ECs in mesocosms were similar
between all sweetﬂag treatments and the non-planted control.
However, compared to non-planted controls, the ECs in the canna
treatments were lower in weeks 1e2 and higher after week 6.

exponential (DE) model (Eq. (3); Hwang et al., 2018).

Cw ðtÞ ¼ C0  ekf t

(1)

Cw ðtÞ ¼ C0 =ð1 þ C0  ks  tÞ

(2)



i
h 
Cw ðtÞ ¼ C0  P1 1  ek1 t þ P2 1  ek2 t

(3)

where C0 is the initial concentration of each CEC in water (mg L1),
and kf and ks represent ﬁrst- and second-order dissipation rate
constants (d1), respectively. For the DE model, CEC dissipation
curves were divided into two phases (fast and slow) that were
divided into proportions of P1 and P2 (as percents summing to 100),
respectively. The k1 and k2 indicate dissipation rate constants for
the fast and slow dissipation phases (d1), respectively. All values of
model parameters and half-lives (DT50) were calculated using the
Solver Add-in tool in Microsoft Excel™ by minimizing the sum of
the square of residuals, which are differences between modeled
and measured values.
2.7. Statistical analysis

3.2. Nutrient dynamics
CEC concentrations between treatments and the controls on
each sampling day were subjected to analysis of variance with
means comparisons using Duncan’s multiple range test method
(P ¼ 0.05). Likewise, lengths, weights, and leaf numbers of plants
measured at the beginning and end of experiment were compared
between treatments and the controls using Duncan’s multiple
range test and Tukey test methods (P ¼ 0.05). In addition, principle
components analysis (PCA) was conducted using CEC analysis data
obtained from the non-planted controls and the T-100 treatments
(with both plants) over the 17 week study. From the factor analysis
with 18 variables, two principle components (PCs) having the
highest eigenvalues were extracted by minimizing the
factorfactor covariance with nine time oblique-rotation
(including Kaiser normalization) and were used to obtain a
pattern matrix, which describes the correlation between PCs and
factors. All statistical analysis used the Predictive Analytics Software (PASW) Statistics 18 (International Business Machines Co.,
Armonk, NY, USA) package.

Establishment of plants on the FTWs resulted in a rapid reduction in nutrient concentrations within the mesocosm water during
the study (Fig. S4). Concentrations of TN and TP in the water were
initially 3.93 ± 0.90 mg L1 and 0.34 ± 0.07 mg L1, respectively. In
non-planted controls, TN concentrations tended to decrease over
time following the additions on both the day of treatment and 6
weeks afterwards. This result indicates that nitrogen-consuming
microorganisms were present in the non-planted control mesocosms and that nitrogen losses in planted treatments were not
solely attributable to plant uptake. Nitrogen resources were
depleted within 1e2 weeks following nutrient additions indicating
signiﬁcant removal potential between the plants and microﬂora in
the systems.
Phosphorus resources in non-planted controls barely decreased
throughout the entire study period. Although the initial TP concentrations (0.32 ± 0.08 mg L1) decreased by 25%
(0.24 ± 0.09 mg L1) within 4 weeks, the concentrations after
nutrient additions 6 weeks after the study started
(0.45 ± 0.08 mg L1) remained relatively stable through the end of
the experiment (0.44 ± 0.08 mg L1). However, TP concentrations
decreased rapidly in all planted treatments, but especially in the
canna treatments where most was consumed within 1 week after
the initial addition. Phosphorous dissipation was more similar between the two species following the nutrient addition 6 weeks into
the study. In both cases, concentrations were <0.2 mg L1 at the
end of the study. Plant growth inhibition due to nutrient deﬁciency
was not observed throughout the study.

3. Results and discussion
3.1. Environmental conditions
Weather conditions in the vicinity of the mesocosms during the
study are provided in Fig. S2. Temperatures (mean 28.3 ± 5.4  C)
and humidities (mean 75.9 ± 4.5%) were relatively stable
throughout the experimental period and were appropriate for
supporting plant growth. Although there were 64 rainy days during
the entire 119-d study period with 603.3 mm of total precipitation,
water levels within the mesocosms never overﬂowed due to the
overhead rain mitigation system. The addition of contaminants did
not inﬂuence the pH of water in both the mesocosms grown with
sweetﬂag or canna plants and the non-planted mesocosms
(Fig. S3A and B). The initial pHs of all treatment and control mesocosms ranged from 7.2 to 8.6. The pH in non-planted controls
(6.2e8.8) was relatively stable during the entire study period,
except for a slight temporary increase associated with additional
nutrient dosing at week 6. The pH in the mesocosms containing
sweetﬂag (5.0e8.0) decreased slightly over time, but the pattern of
pH change was similar to that in the non-planted control mesocosm (Fig. S3A). As observed in the non-planted controls, the
temporary pH increase at week 6 was also seen in the sweetﬂag

3.3. CEC dissipation trends
None of the CECs were detected in the controls that were
planted, but not spiked. Initial concentrations of CECs in water
samples collected immediately after the chemical addition were
184.5 ng mL1 APAP, 3.8 ng mL1 ATZ, 11.8 ng mL1 CBZ,
21.8 ng mL1 PFOA, 3.4 ng mL1 SMX, and 0.8 ng mL1 E2. While
initial concentrations of ATZ, CBZ, PFOA, SMX, and E2 were close to
nominal target concentrations, measured concentrations of APAP
were 1.4 times lower, likely due to its vulnerability to biodegradation by aquatic microorganisms (Lin et al., 2010; Liang et al., 2016).
While lower than target, initial APAP concentrations were still high
enough for evaluation of its dissipation in water over time.
4
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dissipation of APAP in water. Plant density did not inﬂuence APAP
dissipation with either species.
ATZ dissipation was signiﬁcantly accelerated in the presence of
plants (Figs. 1 and 2). In the non-planted control, ATZ concentrations were relatively stable throughout the 17 week study except
for week 1 where little dissipation had occurred. From weeks 1
through 17, concentrations in the non-planted controls decreased
by approximately 40%. Less dissipation occurred in mesocosms
planted with sweetﬂag as compared to cannas, which is similar to
results from a study using individual plants and radiolabeled ATZ
(Abdel-Mottaleb and Wilson, 2019). In this case, 3.1e15.6% of the
initial ATZ dissipated within one week, increasing to 75.8e87.6%
(nearly 2  non-planted controls) by the end of the study (Fig. 1). In
contrast, dissipation of ATZ was much faster and greater in mesocosms planted with cannas (Fig. 2). ATZ dissipation ranged from
17.2 to 56.3% in the ﬁrst week, increasing to 87.4e91.0% the
following two weeks. ATZ concentrations decreased by 99.7% after
6 weeks. Planting density inﬂuenced ATZ concentrations at times
(i.e., weeks 6e10 for sweetﬂag treatments and week 1 for canna
treatments), though not consistently. When differences were
observed, ATZ dissipation was greater in the treatments including
20 plants.
ATZ dissipation may have occurred through several different
pathways, some of which may be related to the study system.

Measured initial CEC concentrations were used to estimate dissipation of each CEC within each treatment (sweetﬂag, Fig. 1; canna,
Fig. 2) and control after 1, 3, 6, 10, and 17 weeks.
APAP dissipated the most quickly of all CECs evaluated regardless of whether plants were present or not. Concentrations
decreased by 18.5% in the non-planted controls within one week
and were below detection limits after 2 weeks. While APAP dissipated quickly in all of the planted treatments and controls, the
presence of plants (regardless of species or density) accelerated
dissipation after one week (Figs. 1 and 2). In the treatments planted
with sweetﬂag, APAP dissipated 2.9e3.6 times more than in the
controls after 1 week. Dissipation in the canna treatments was
more rapid than with sweetﬂag, with no APAP being detected after
1 week regardless of planting density. These results are counter to
those observed by Abdel-Mottaleb and Wilson (2019) who reported
no dissipation of APAP in controls, 100% dissipation in the
A. gramineous treatments within 14 days, and 64% dissipation in
Canna hybrida “Orange Punch” treatments using radiolabeled
chemicals. This difference is likely due to the more sterile lab
testing environment as compared to the ﬁeld environment where
the mesocosms were located, further indicating that other processes (in addition to plant uptake) were involved with the dissipation observed. These results indicate that FTWs established with
plants, particularly cannas, can enhance and accelerate the

Fig. 1. Dissipation (% of original added) of acetaminophen (APAP), atrazine (ATZ), carbamazepine (CBZ), perﬂuorooctanoic acid (PFOA), sulfamethoxazole (SMZ), and 17b-estradiol
(E2) associated with ﬂoating treatment wetlands (FTWs) grown with different densities of Acorus gramineus Sol. ex Aiton plants (T-100 ¼ 20 plants, T-75 ¼ 15 plants, and T-50 ¼ 10
plants). Error bars represent standard deviations, and different lower-case letters indicate signiﬁcant differences between mean values evaluated by Duncan’s multiple range test
(p < 0.05).
5
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Fig. 2. Dissipation (% of original added) of acetaminophen (APAP), atrazine (ATZ), carbamazepine (CBZ), perﬂuorooctanoic acid (PFOA), sulfamethoxazole (SMZ), and 17b-estradiol
(E2) associated with ﬂoating treatment wetlands (FTWs) grown with different densities of Canna hybrida L. ’Orange King Humbert’ plants (T-100 ¼ 20 plants, T-75 ¼ 15 plants, and
T-50 ¼ 10 plants). Error bars represent standard deviations, and different lower-case letters indicate signiﬁcant differences between mean values evaluated by Duncan’s multiple
range test (p < 0.05).

between the sweetﬂag (9.2e82.3%) and canna (29.7e82.6%) treatments during all subsequent samplings. These results indicate that
dissipation of CBZ was not inﬂuenced by the type of plants established in the FTWs nor the planting densities. At the end of the
study, 69.4e82.6% of the CBZ dissipated in all of the planted
treatments and 46.5% dissipated in the non-planted controls. Taken
together, only 22.9e36.1% of the total dissipation observed in the
planted treatments was associated with the presence of plants.
Generally, 22.3e51.0% of CBZ removal in porous-media based artiﬁcial wetland systems established with macrophytes has been
attributed to plant uptake (Chen et al., 2018). Likewise, AbdelMottaleb and Wilon (2019) reported 25.8 and 49.3% removal of
CBZ associated with individual A. gramenius and C. hybrida ‘Orange
Punch’ plants after 2 weeks. Removal was moderately correlated
with cumulative transpiration volumes (R2 values: 0.50 and 0.82).
Microbial degradation in the rhizosphere and sorption onto surfaces of plant roots and FTWs might also inﬂuence the CBZ
dissipation.
The reduced dissipation observed may have been inﬂuenced by
the stable molecular structure of CBZ. CBZ contains p-bonds in
conjugated rings and an electron-withdrawing amide group that
can generate electrostatic potentials (Krahn and Mielck, 1989;
Hassan et al., 2013). This molecular structure increases the stability
of CBZ in aquatic systems, making it resistant to hydrolysis. A

Uptake of ATZ into plants via the xylem vessels is one potential
pathway (Su and Liang, 2011; Albright et al., 2013; Albright and
Coats, 2014). Abdel-Mottaleb and Wilson (2019) reported that
dissipation of radiolabeled ATZ from spiked solutions was strongly
correlated with cumulative transpiration volumes of Canna hybrida
‘Orange Punch’ (R2 ¼ 0.95) and moderately associated with cumulative transpiration volumes of A. gramineus (R2 ¼ 0.57). Additionally, ATZ can degrade by hydrolysis in strongly acidic and
alkaline solutions (Macbean, 2012). While the pH in the canna
treatments decreased drastically to <3.6 for several weeks, followup in-vitro lab studies where the CECs were incubated in DI water
with pH’s of 3, 5, and 7 indicated very little dissipation during a 4
week incubation period Fig. S5). Adsorption of ATZ to the roots of
plants might account for another dissipation pathway. However,
adsorption-relevant dissipation pathways may only be relevant to
the canna treatments since ATZ is a weak base (pKa ¼ 1.7) and the
adsorption increases with decreasing pH (McGlamery and Slife,
1966; Clay et al., 1988; Liu et al., 1995). Microbial degradation in
the rhizosphere might also account for some of the ATZ dissipation
observed (Lin et al., 2018).
Similar to results for APAP and ATZ, dissipation of CBZ residues
was not inﬂuenced by planting densities (Figs. 1 and 2). Although
dissipation in the canna treatments was 2.4e3.2 times greater than
in the sweetﬂag treatments after 1 week, dissipation was similar
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 ska et al. (2012) reported a hydrolysis rate of 12% per 30 days
Bielin
for SMX. Using this rate, SMX concentrations would be expected to
only decrease by 51% by the end of the study. Sorption may have
also accounted for some of this dissipation. SMX has two acid
dissociation constants (pKa) of 1.7 and 5.6, accounting for the
protonation of the aniline N and deprotonation of the sulphonamide NH, respectively (Ndagijimana et al., 2019). These pKa values
allow SMX to exist in three different ionic forms (anionic, SMX,
pH > 5.6; neutral, SMX, 1.7 < pH < 5.6; and cationic, SMXþ, pH < 1.7)
(Moral-Rodríguez et al., 2016). SMX was likely in the anionic form
in the controls and sweetﬂag-planted mesocosms (pH ~5.9) and in
the neutral form in the canna-planted mesocosms. Anionic species
are very soluble in water due to interaction of their ionized functional groups with polar water molecules. In contrast, neutral
functional groups do not interact as readily with water molecules.
Sorption of the neutral form to non-polar surfaces is more likely
due to the reduced solubility of the neutral molecules. Chen et al.
(2015) showed the sorption of neutral SMX to the non-polar constituent graphene from pH 2e5 but no sorption of anionic SMX at
pH 9.
Dissipation trends for E2 in the mesocosms were similar to
those for APAP. After one week, concentrations of E2 in non-planted
controls were reduced by 20.4%, while concentrations in the
sweetﬂag-planted mesocosms were reduced by > 73.2% (Fig. 1). E2
was not detectable in any of the mesocosms planted with cannas
(regardless of planting density) after one week (Fig. 2). After two
weeks, no residues of E2 were detected in any of the planted
treatments or non-planted controls. Generally, the hydrolysis of E2
is more rapid at relatively higher temperatures: 4  C (DT50 ¼ 40.9 d)
and 21.5  C (DT50 ¼ 1.3 d) (Cormier et al., 2015). During this study,
water temperature in mesocosms ranged from 20.5 to 29.3  C, and
the DT50 of E2 in the water without plants was 6.7 d. While E2 was
not persistent in the controls, FTWs established with sweetﬂag or
canna plants accelerated dissipation of E2 from the wastewater.
Overall results indicate that planting density did not inﬂuence
dissipation of the CECs in the FTW systems. No other studies are
available for comparison with these results.

previous study reported that degradation of CBZ residues in water
drastically increased at pH < 5 under 254-nm UV irradiation (Wang
et al., 2018). Even though acidic pH values have been shown to
increase degradation of CBZ, this effect in the current study was
likely minimal since dissipation was similar between the more
acidic cannas and less acidic sweetﬂag mesocosms. This is further
supported in follow-up lab dissipation studies that showed little
effect of pH on dissipation of CBZ in DI water (Fig. S5). Moreover,
chemical dissipation by photolysis should be minimal since mesocosm water surfaces were covered with black polyethylene
sheeting ﬁlm to limit light penetration into the water.
PFOA was the most persistent chemical in the mesocosms.
During the entire 17 week study, < 15.5% of PFOA residues dissipated in the non-planted controls (Figs. 1 and 2). PFOA molecules
are highly stable, due to strong electronegativity of ﬂuorine atoms
in long-chains with multiple carbonﬂuorine bonds (Liu et al.,
2019) that are resistant to biodegradation, hydrolysis, photolysis,
pyrolysis, and even chemical oxidation (Guo et al., 2019; Liu et al.,
2019). Overall efﬁciencies of planted FTWs for PFOA removal was
lowest compared to those for the other CECs tested in this study.
The FTWs planted with sweetﬂag removed relatively insigniﬁcant
amounts of PFOA (15.0e20.6%) over the 17 week study (Fig. 1).
Planting density did not consistently inﬂuence dissipation, being
signiﬁcant only at week 10. The extent of PFOA dissipation in cannaplanted mesocosms during the ﬁrst 3 weeks (17.1e20.9%; Fig. 2)
was similar to that observed for sweetﬂag (19.1e24.5%) and the
non-planted controls (15.5%), but was greater than the controls
from week 6 through the end of the study. At week 6, 23.9e35.3% of
the PFOA had dissipated, increasing to 60% by the end of the 17
week study. Planting density did not affect PFOA dissipation in
canna-planted treatments.
Given that PFOA is highly resistant to degradation, any observed
dissipation in the planted treatments relative to the non-planted
controls may have likely been due to uptake and/or sorption by
plants. Curiously, some dissipation (15.5%) was observed in the
non-planted controls at weeks 3 and 6, which then decreased to 6%
at week 17. Given the stability of PFOA, these phenomena may have
likely been associated with sampling and analysis errors.
SMX within the test systems dissipated in both the planted and
non-planted treatments. In the non-planted controls, 73.7% of the
SMX was no longer detectable after 17 weeks, possibly due to
biodegradation (Li et al., 2018, Figs. 1 and 2). Several species of
bacteria, fungi, and algae have been reported to decompose SMX
(Wang and Wang, 2018). Photodegradation was not likely signiﬁcant since the mesocosms were covered with black plastic sheets.
Dissipation of SMX increased when plants were present in the
FTWs. In sweetﬂag-planted treatments, SMX concentrations
decreased over 50% in two weeks and by 90% after 10 weeks (Fig. 1).
SMX concentrations decreased even more in treatments planted
with cannas (Fig. 2). SMX concentrations in canna treatments were
reduced by 50% one week after treatment, by over 90% after three
weeks, and were not detectable after 17 weeks. Microbiallymediated biodegradation was not as likely in the more acidic
treatments (i.e., cannas) since such conditions are not optimal for
microﬂora (Wang and Wang, 2018). However, SMX is susceptible to
hydrolysis under acidic conditions, which could have contributed to
the dissipation observed, especially with the canna treatments.
Even though SMX has been reported to degrade more readily under
 ska et al., 2012), pH did not
acidic pH conditions (Białk-Bielin
signiﬁcantly impact dissipation in the follow-up study (Fig. S5). The
pH within sweetﬂag-planted mesocosms was >5.9 during the
majority of the study, while the pH in canna treatments was
consistently 1.8 to 3.6 from two weeks through the end of the study.
While pH-mediated degradation may have occurred, other
processes also likely contributed to the dissipation observed. Białk-

3.4. Plant growth
Initial plant shoot and root lengths were 31.6 ± 3.7 cm and
22.9 ± 5.2 cm, respectively, for sweetﬂag; and 50.5 ± 5.9 cm and
20.6 ± 7.8 cm for cannas, respectively. Initial fresh weights of the
sweetﬂag and canna plants were 33.4 ± 5.3 g and 54.8 ± 14.8 g,
respectively; with corresponding dry weights of 6.23 ± 0.6 g (18.7%
of initial weight) and 11.9 ± 1.3 g (21.7% of initial weight), respectively. During the study, plant lengths and biomass increased
considerably (Fig. S6). Although shoot lengths (34.2 ± 1.5 cm) of
sweetﬂag plants harvested right after the study termination were
nearly similar to the initial lengths, their root lengths
(46.0 ± 8.3 cm) were 2-fold longer. At the end of the 17 week study,
lengths of shoots (107.7 ± 11.4 cm) and roots (46.8 ± 7.6 cm) for
cannas also doubled from their initial lengths. Overall lengths of the
harvested plants were statistically similar between all treatments
and the planted controls, with no observable effects due to planting
densities.
Plant densities inﬂuenced biomass production of canna plants
and numbers of asexually produced offshoots. Dry weights of the
canna plants harvested from the treatment grown with 20 plants
(100% density; 120.2 ± 11.1 g) were smaller than those planted with
10 (50% density; 163.7 ± 23.8 g) or 15 plants (75% density;
167.8 ± 16.4). Likewise, fewer shoots were produced (sum of original and new asexually produced shoots) in the T-100 treatment
(8.7 ± 3.0) during the 17 week study relative to the T-50 (11.5 ± 3.3)
and T-75 (10.8 ± 2.7) treatments and controls (12.9 ± 3.4). These
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comparable data calculated by FO and SO kinetic models are shown
in Supporting Information (Table S2). The aqueous DT50 values for
canna were shorter than for sweetﬂag, having values of 2.4 h
(APAP), 7.4 d (ATZ), 20.4 d (CBZ), 96.8 d (PFOA), 6.2 d (SMX), and
9.6 h (E2). In comparison, DT50 values for sweetﬂag were 4.0 d
(APAP), 19.3 d (ATZ), 32.8 d (CBZ), 690 d (PFOA), 7.7 d (SMX), and
2.4 h (E2). Dissipation within the non-planted controls was characterized by DT50 values of 7.1 d (APAP), 1930.8 d (ATZ), 103.2 d
(CBZ), 1228.8 d (PFOA), 28.9 d (SMX), and 6.7 d (E2). The DT50 values
observed in the canna treatment were also shorter than those reported in other studies: 0.7e2.1 d (APAP); 14e742 d (ATZ); 69.7∞
d (CBZ); stable (PFOA); 10.1e85 d (SMX); 1.3e40 d (E2) (Lam et al.,
2004; Lin et al., 2010; Macbean, 2012; Cormier et al., 2015; Li et al.,
2015; U.S. EPA, 2016; Hamann et al., 2016; IUPAC, 2018). These results indicate that cannas may be more useful than sweetﬂag for
accelerating dissipation of these CECs from contaminated water.
The differences in CEC dissipation between the two species is likely
due to a combination of factors including increased transpiration
associated with the broader leaves of cannas, as well as the larger
amount of root surfaces/biomass for interception of contaminants
and colonization by microﬂora.

results indicate that, relative to plant growth, there is no advantage
to planting at the maximum density of 20 canna plants per mesocosm due to growth reductions. Planting densities of 50% or 75% did
not restrict growth.

3.5. Model application
In general, dissipation of CECs in the highest planting density
treatment (T-100) was best characterized using a DE model with
correlation coefﬁcients (R2) of 0.76e1.00 with sweetﬂag and
0.95e1.00 with cannas (Fig. 3). Likewise, dissipation in the controls
was generally best characterized using the DE model with R2 values
ranging from 0.42 to 0.97 across the CECs. The SO and FO models
did not describe the data as well, having R2 values ranging
from 0.09 to 1.00 and 0.19 to 1.00, respectively (Table S1).
Dissipation trends for PFOA observed in the non-planted control
and sweetﬂag-planted treatment did not ﬁt FO and SO models
(0.19 < R2 < 0.01). Although those dissipation trends were ﬁtted
with the DE model (R2 ¼ 0.42e0.76), model accuracy was low. The
relative lack of correlation between modeled and measured results
is indicative of the low removal efﬁciency in these treatments.
The broad applicability of the DE model for describing chemical
dissipation has been reported in other studies (Utture et al., 2011;
Hwang et al., 2018). Using this parameterized model (Table 1), CEC
half-lives (DT50) were estimated for the mesocosms containing the
highest density of plantings (T-100 treatment) (Fig. 3). The

3.6. Principle component analysis (PCA)
PCA was conducted based on the CEC residue data obtained with
the non-planted control and T-100 treatments. Two principal

Fig. 3. Time-dependent dissipation trends for acetaminophen (APAP), atrazine (ATZ), carbamazepine (CBZ), perﬂuorooctanoic acid (PFOA), sulfamethoxazole (SMZ), and 17bestradiol (E2) in T-100 treatment and control that did not include any of plants. Error bars represent standard deviations.
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Table 1
Regression parameters and half-lives (DT50) obtained from the dissipation curves of acetaminophen (APAP), atrazine (ATZ), carbamazepine (CBZ), perﬂuorooctanoic acid
(PFOA), sulfamethoxazole (SMZ), and 17b-estradiol (E2) in water using a double-exponential (DE) model.
Target compounda)

APAP

ATZ

CBZ

PFOA

SMX

E2

a)
b)
c)
d)

Plant

No plant
Sweetﬂag
Canna
No plant
Sweetﬂag
Canna
No plant
Sweetﬂag
Canna
No plant
Sweetﬂag
Canna
No plant
Sweetﬂag
Canna
No plant
Sweetﬂag
Canna

DE model parameter
P1b)
(%)

P2b)
(%)

k1c)
(d1)

216.4
191.3
184.5
1.7
2.4
3.8
6.8
10.4
5.4
2.8
4.4
4.7
2.6
3.1
3.4
0.8
0.8
0.8

116.4
91.3
84.5
98.3
97.6
96.2
93.2
89.6
94.6
97.2
95.6
95.3
97.4
96.9
96.6
99.2
99.2
99.2

8.2 
1.7 
10.5
3.2 
6.6 
9.4 
2.0 
2.5 
1.4 
6.5 
1.2 
3.9 
3.6 
1.0 
1.1 
9.9 
9.2
1.9

k2c)
(d1)
102
101
102
102
102
102
102
101
102
101
102
102
101
101
102

3.4
8.6
0.0
7.7
8.1
0.0
0.0
0.0
3.9
0.0
1.0
7.1
0.0
1.6
8.7
0.0
0.0
0.0

 103
 104
 107
 105

 104
 104
 104
 105
 107

DT50d)
(d)
7.1
4.0
0.1
1930.8
19.3
7.4
103.2
32.8
20.4
1228.8
960.0
96.8
28.9
7.7
6.2
6.7
0.1
0.4

APAP ¼ acetaminophen; ATZ ¼ atrazine; CBZ ¼ carbamazepine; PFOA ¼ perﬂuorooctanoic acid; SMX ¼ sulfamethoxazole; E2 ¼ 17b-estradiol.
P1 and P2, Proportions of ﬁrst and second dissipation phases, respectively, in the DE model.
k1 and k2, Dissipation rate constants for ﬁrst and second dissipation phases, respectively, in the DE model.
DT50, Half-lives of CECs in the mesocosm water established with ﬂoating treatment wetlands.

cannas being similar to the SMX, ATZ, and CBZ controls. The PFOA
controls were not related to any of the treatments and the sweetﬂag PCA scores intermediate between those of CBZ-canna and ATZcanna. This atypical distribution may have resulted from the nonmonotonic decreasing trends in concentrations detected
throughout the study.

components (PC1 and PC2) were extracted to explain 80.8% and
11.3% of total variance, respectively. PC1 was related to persistence
of the chemical, while PC2 was related to the plant type. Correlation
scores between respective factors (n ¼ 18) and PCs were plotted
(Fig. 4). PCA scores for APAP and E2, which dissipated the most
rapidly in mesocosms, were mostly correlated with plant type
(PC2), while PCA scores for ATZ, CBZ, and SMX-controls, CBZsweetﬂag, and PFOA-canna were more correlated with the persistence factor (PC1). The other treatments were horizontally
distributed from left to right in the order of their dissipation rates
(i.e., SMX > ATZ > CBZ). With the exception of PFOA, PCA scores for
controls were most correlated with the persistence factor (PC1),
scores for cannas were more correlated with the plant type factor
(PC2), and scores for sweetﬂag were intermediate. PCA scores for
PFOA did not follow this order of correlation, with the PCA score for

4. Conclusions
In this study, the use of FTWs established with sweetﬂag (Acorus
gramineus Sol. ex Aiton) or canna (Canna hybrida L. ’Orange King
Humbert’) plants at different planting densities were evaluated for
their abilities to remove CECs from contaminated water. CEC
removal efﬁciencies were highest in the treatments established
with canna plants, and the planting density was not inﬂuential.
APAP and E2 were most rapidly dissipated from the mesocosms
established with sweetﬂag or canna plants, followed by SMX, ATZ,
CBZ, and PFOA. Principle Components Analysis indicated that the
most inﬂuential factors on the CEC removal by FTWs were the
persistence of CECs in water and the type of plants established in
the FTWs. Overall results show that cannas are a promising plant
species for use in FTW systems designed to remove trace concentrations of CECs from surface water. Results also demonstrate that
removal of CECs can vary signiﬁcantly depending on the chemical,
making it necessary to evaluate CEC removal on an individual basis.
Further studies are needed to understand transfer and transformation of CEC residues in the watercanna uptake system.
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17 week study.
9

J.-I. Hwang, F.O. Hinz, J.P. Albano et al.

Chemosphere 267 (2021) 129159
of organicmicropollutants during long-term/long-distance river bank ﬁltration.
Sci. Total Environ. 545546, 629e640.
Hassan, N.E., Ikni, A., Gillet, J.M., Bire, A.S., Ghermani, N.E., 2013. Electron properties
of carbamazepine drug in form III. Cryst. Growth Des. 13, 2887e2896.
He, H., Gao, H., Chen, G., Li, H., Lin, H., Shu, Z., 2013. Effects of perchlorate on growth
of four wetland plants and its accumulation in plant tissues. Environ. Sci. Pollut.
Res. 20, 7301e7308.
cares, E., 2010.
Hijosa-Valsero, M., Sidrach-Cardona, R., Martín-Villacorta, J., Be
Optimization of performance assessment and design characteristics in constructed wetlands for the removal of organic matter. Chemosphere 81, 651e657.
Hoa, P.T.P., Managaki, S., Nakada, N., Takada, H., Shimizu, A., Anh, D.H., Viet, P.H.,
Suzuki, S., 2011. Antibiotic contamination and occurrence of antibiotic-resistant
bacteria in aquatic environments of northern Vietnam. Sci. Total Environ. 409,
2894e2901.
Hoeger, S., 1988. Schwimmkampen: Germany’ artiﬁcial ﬂoating islands. J. Soil Water
Conserv. 43, 304e306.
Hwang, J.I., Kim, H.Y., Lee, S.H., Kwak, S.Y., Zimmerman, A.R., Kim, J.E., 2018.
Improved dissipation kinetic model to estimate permissible pre-harvest residue
levels of pesticides in apples. Environ. Monit. Assess. 190, 438.
IARC (International Agency for Research on Cancer), 2017. Some chemicals used as
solvents and in polymer manufacture. IARC Monographs on the Evaluation of
Carcinogenic Risks to Humans. International Agency for Research on Cancer,
Lyon Cedex, France, pp. 37e98.
IUPAC (International Union of Pure and Applied Chemistry), 2019. The Pesticide
Properties
Database.
http://sitem.herts.ac.uk/aeru/iupac/Reports/43.htm.
(Accessed 10 June 2019).
Jiang, B., Xing, Y., Zhang, B., Cai, R., Zhang, D., Sun, G., 2018. Effective phytoremediation of low-level heavy metals by native macrophytes in a vanadium
mining area, China. Environ. Sci. Pollut. Res. 25, 31272e31282.
Kadlec, R.H., Wallace, S.D., 2008. Treatment Wetlands. CRC Press, Boca Raton, FL.
Karimi, H.R., Ebadi, A., Zamani, Z., Fatahi, R., 2011. Effects of water salinity on growth
indices and physiological parameters in some pistachio rootstocks. J. Plant Nutr.
34, 935e944.
Kim, S.D., Cho, J., Kim, I.S., Vanderford, B.J., Snyder, S.A., 2007. Occurrence and
removal of pharmaceuticals and endocrine disruptors in South Korean surface,
drinking, and waste waters. Water Res. 41, 1013e1021.
Krahn, F.U., Mielck, J.B., 1989. Effect of type and extent of crystalline order on
chemical and physical stability of carbamazepine. Int. J. Pharm. 53, 25e34.
Lai, H.Y., Juang, K.W., Chen, Z.S., 2010. Large-area experiment on uptake of metals by
twelve plants growing in soils contaminated with multiple metals. Int. J. Phytoremediation 12, 785e797.
Lam, M.W., Young, C.J., Brain, R.A., Johnson, D.J., Hanson, M.A., Wilson, C.J.,
Richards, S.M., Solomon, K.R., Mabury, S.A., 2004. Aquatic persistence of eight
pharmaceuticals in a microcosm study. Environ. Toxicol. Chem. 23, 1431e1440.
Lecomte, S., Habauzit, D., Charlier, T.D., Pakdel, F., 2017. Emerging estrogenic pollutants in the aquatic environment and breast cancer. Genes 8, 229. https://
doi.org/10.3390/genes8090229.
Liang, C., Lan, Z., Zhang, X., Liu, Y., 2016. Mechanism for the primary transformation
of acetaminophen in a soil/water system. Water Res. 98, 215e224.
Lin, A.Y.C., Lin, C.A., Tung, H.H., Chary, N.S., 2010. Potential for biodegradation and
sorption of acetaminophen, caffeine, propranolol and acebutolol in lab-scale
aqueous environments. J. Hazard Mater. 183, 242e250.
Liu, G., Zhou, H., Teng, J., You, S., 2019. Electrochemical degradation of perﬂuorooctanoic acid by macro-porous titanium suboxide anode in the presence
of sulfate. Chem. Eng. J. 371, 7e14.
Liu, L., Li, W., Song, W., Guo, M., 2018. Remediation techniques for heavy metalcontaminated soils: principles and applicability. Sci. Total Environ. 633,
206e219.
Lin, Z., Zhen, Z., Chen, C., Li, Y., Luo, C., Zhong, L., Hu, H., Li, J., Zhang, Y., Liang, Y.,
Yang, J., Zhang, D., 2018. Rhizospheric effects on atrazine speciation and
degradation in laterite soils of Pennisetum alopecuroides (L.) Spreng. Environ.
Sci. Pollut. Res. 25, 12407e12418.
Liu, Z., Clay, S.A., Clay, D.E., Harper, S.S., 1995. Ammonia fertilizer inﬂuences atrazine
adsorptiondesorption characteristics. J. Agric. Food Chem. 43, 815e819.
Li, Y., Rashid, A., Wang, H., Hu, A., Lin, L., Yu, C.P., Chen, M., Sun, Q., 2018. Contribution of biotic and abiotic factors in the natural attenuation of sulfamethoxazole: a path analysis approach. Sci. Total Environ. 633, 1217e1226.
Li, Z., Sobek, A., Radke, M., 2015. Flume experiments to investigate the environmental fate of pharmaceuticals and their transformation products in streams.
Environ. Sci. Technol. 49, 6009e6017.
Li, Z., Xiao, H., Cheng, S., Zhang, L., Xie, X., Wu, Z., 2014. A comparison on the
phytoremediation ability of triazophos by different macrophytes. J. Environ. Sci.
26, 315e322.
Macbean, C., 2012. The Pesticide Manual, sixteenth ed. British Crop Production
Council (BCPC) Publications, Hampshire, UK, pp. 51e52.
Maine, M.A., Sanchez, G.C., Hadad, H.R., Caffaratti, S.E., Pedro, M.C., Mufarrege, M.M.,
Di Luca, G.A., 2019. Hybrid constructed wetlands for the treatment of wastewater from a fertilizer manufacturing plant: microcosms and ﬁeld scale experiments. Sci. Total Environ. 650, 297e302.
McGlamery, M.D., Slife, F.W., 1966. The adsorption and desorption of atrazine as
affected by pH, temperature, and concentration. Weeds 14, 237e239.
rez, R., Mendoza-Barron, J.,
Moral-Rodríguez, A.I., Leyva-Ramos, R., Ocampo-Pe
Serratos-Alvarez, I.N., Salazar-Rabago, J.J., 2016. Removal of ronidazole and
sulfamethoxazole from water solutions by adsorption on granular activated
carbon: equilibrium and intraparticle diffusion mechanisms. Adsorption 22,

Declaration of competing interest
The authors declare that they have no conﬂict of interests for
this paper.
Acknowledgements
This work was supported by the National Science Foundation
under Grant No. CBET-1435522. We thank Chris Lasser for
providing technical assistance.
Appendix B. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.chemosphere.2020.129159.
Appendix A. Supporting information
Included as Supporting Information are descriptions of the
LCMS/MS analytical method used for quantifying CEC residues,
tables including parameter values of various kinetic models for
evaluation of CEC dissipation trends, and ﬁgures describing daily
temperatures/precipitation/humidity onsite, changes of pH, EC and
nutrition in mesocosms, and dried weight data for plants at the end
of the study.
References
Abdel-Mottaleb, N., Wilson, P.C., 2019. Dissipation of acetaminophen, atrazine,
carbamazepine, and sulfamethoxazole in water mediated by Acorus gramenius
and Canna hybrida ‘Orange Punch’. Water Air Soil Pollut. 230, 135. https://
doi.org/10.1007/s11270-019-4180-3.
Albright III, V.C., Coats, J.R., 2014. Disposition of atrazine metabolites following
uptake and degradation of atrazine in switchgrass. Int. J. Phytoremediation 16,
62e72.
Albright III, V.C., Murphy, I.J., Anderson, J.A., Coats, J.R., 2013. Fate of atrazine in
switchgrasssoil column system. Chemosphere 90, 1847e1853.
Al-Qaim, F.F., Mussa, Z.H., Yuzir, A., Abdullah, M.P., Othman, M.R., 2018. Full factorial
experimental design for carbamazepine removal using electrochemical process:
a case study of scheming the pathway degradation. J. Braz. Chem. Soc. 29,
1721e1731.
Basu, S., Yadav, B.K., Mathur, S., 2015. Enhanced bioremediation of BTEX contaminated groundwater in pot-scale wetlands. Environ. Sci. Pollut. Res. 22,
20041e20049.
 ska, A., Stolte, S., Matzke, M., Fabian
 ska, A., Maszkowska, J.,
Białk-Bielin
Kołodziejska, M., Liberek, B., Stepnowski, P., Kumirska, J., 2012. Hydrolysis of
sulphonamides in aqueous solutions. J. Hazard Mater. 221222, 264e274.
Chen, H., Gao, B., Li, H., 2015. Removal of sulfamethoxazole and ciproﬂoxacin from
aqueous solutions by graphene oxide. J. Hazard Mater. 282, 201e207.
Chen, X., Hu, Z., Zhang, Y., Zhuang, L., Zhang, J., Li, J., Hu, H., 2018. Removal processes
of carbamazepine in constructed wetlands treating secondary efﬂuent: a review. Water 10, 1351. https://doi.org/10.3390/w10101351.
€ ser, H., 2012. ComparChen, Z., Kuschk, P., Reiche, N., Borsdorf, H., K€
astner, M., Ko
ative evaluation of pilot scale horizontal subsurface-ﬂow constructed wetlands
and plant root mats for treating groundwater contaminated with benzene and
MTBE. J. Hazard Mater. 209e210, 510e515.
Clay, S.A., Koskinen, W.C., Allmaras, R.R., Dowdy, R.H., 1988. Differences in herbicide
adsorption on soil using several soil pH modiﬁcation techniques. J. Environ. Sci.
Heal. B 23, 559e573.
, S., 2015. The degradation behaviour of
Cormier, G., Barbeau, B., Arp, H.P.H., Sauve
nine diverse contaminants in urban surface water and wastewater prior to
water treatment. Environ. Sci.: Processes Impacts 17, 2051e2065.
Douglas, J.F., Radosevich, M., Tuovinen, O.H., 2015. Molecular analysis of atrazinedegrading bacteria and catabolic genes in the water column and sediment of
a created wetland in an agricultural/urban watershed. Ecol. Eng. 83, 405e412.
Ekpeghere, K.I., Sim, W.J., Lee, H.J., Oh, J.E., 2018. Occurrence and distribution of
carbamazepine, nicotine, estrogenic compounds, and their transformation
products in wastewater from various treatment plants and the aquatic environment. Sci. Total Environ. 640641, 1015e1023.
Gall, H.E., Sassman, S.A., Jenkinson, B., Lee, L.S., Jafvert, C.T., 2014. Hormone loads
exported by a tile-drained agroecosystem receiving animal wastes. Hydrol.
Process. 28, 1318e1328.
Guo, C., Zhang, C., Sun, Z., Zhao, X., Zhou, Q., Hoffmann, M.R., 2019. Synergistic
impact of humic acid on the photo-reductive decomposition of perﬂuorooctanoic acid. Chem. Eng. J. 360, 1101e1110.
Hamann, E., Stuyfzand, P.J., Greskowiak, J., Timmer, H., Massmann, G., 2016. The fate
10

J.-I. Hwang, F.O. Hinz, J.P. Albano et al.

Chemosphere 267 (2021) 129159
https://www.epa.gov/sites/production/ﬁles/2016-05/documents/pfoa_health_
advisory_ﬁnal-plain.pdf. (Accessed 10 June 2019).
Utture, S.C., Banerjee, K., Dasgupta, S., Patil, S.H., Jadhav, M.R., Wagh, S.S.,
Kolekar, S.S., Anuse, M.A., Adsule, P.G., 2011. Dissipation and distribution
behavior of azoxystrobin, carbendazim, and difenoconazole in pomegranate
fruits. J. Agric. Food Chem. 59, 78667873.
Vanderford, B.J., Snyder, S.A., 2006. Analysis of pharmaceuticals in water by isotope
dilution liquid chromatography/tandem mass spectrometry. Environ. Sci.
Technol. 40, 7312e7320.
Wang, C.Y., Sample, D.J., Day, S.D., Grizzard, T.J., 2015. Floating treatment wetland
nutrient removal through vegetation harvest and observations from a ﬁeld
study. Eco. Eng. 78, 15e26.
Wang, J., Wang, S., 2018. Microbial degradation of sulfamethoxazole in the environment. Appl. Microbiol. Biotechnol. 102, 35733582.
Wang, Y., Zhang, H., Li, B., Yu, M., Zhao, R., Xu, X., Cai, L., 2019. g-FeOOH graphene
polyacrylamide carbonized aerogel as air-cathode in electro-Fenton process for
enhanced degradation of sulfamethoxazole. Chem. Eng. J. 359, 914e923.
€a
€, M., 2018. Fabrication of
Wang, Z., Srivastava, V., Iftekhar, S., Ambat, I., Sillanpa
Sb2O3/PbO photocatalyst for the UV/PMS assisted degradation of carbamazepine from synthetic wastewater. Chem. Eng. J. 354, 663e671.
Wilson, P.C., Albano, J.P., 2013. Novel ﬂow-through bioremediation system for
removing nitrate from nursery discharge water. J. Environ. Manag. 132,
192e198.
Wilson, P.C., Klaine, S.J., Whitwell, T., 2001. Metalaxyl toxicity, uptake, and distribution in several ornamental plant species. J. Environ. Qual. 30, 411e417.
Wilson, C., Whitwell, T., Klaine, S., 1999. Phytotoxicity, uptake, and distribution of
14
C simazine in Canna hybrida ‘king Humbert’. Environ. Toxicol. Chem. 18,
1462e1468.
Wu, Q.T., Gao, T., Zeng, S., Chua, H., 2006. Plant-bioﬁlm oxidation ditch for in situ
treatment of polluted waters. Eco. Eng. 28, 124e130.
Xiao, R., Shen, F., Du, J., Li, R., Lahori, A.H., Zhang, Z., 2018. Screening of native plants
from wasteland surrounding a Zn smelter in Feng County China, for phytoremediation. Ecotoxicol. Environ. Saf. 162, 178e183.
Yamashita, N., Kannan, K., Taniyasu, S., Horii, Y., Petrick, G., Gamo, T., 2005. A global
survey of perﬂuorinated acids in oceans. Mar. Pollut. Bull. 51, 658e668.
Yang, Y.Y., Toor, G.S., Wilson, P.C., Williams, C.F., 2016. Septic systems as hot-spots of
pollutants in the environment: fate and mass balance of micropollutants in
septic drainﬁelds. Sci. Total Environ. 566567, 1535e1544.
Zareitalabad, P., Siemens, J., Hamer, M., Amelung, W., 2013. Perﬂuorooctanoic acid
(PFOA) and perﬂuorooctanesulfonic acid (PFOS) in surface waters, sediments,
soils and wastewater e a review on concentrations and distribution coefﬁcients. Chemosphere 91, 725732.
Zhang, H., Wang, L., Li, Y., Wang, P., Wang, C., 2019. Background nutrients and
bacterial community evolution determine 13C-17b-estradiol mineralization in
lake sediment microcosms. Sci. Total Environ. 651, 2304e2311.

89e103.
Ndagijimana, P., Liu, X., Yu, G., Wang, Y., 2019. Synthesis of a novel core-shellstructure activated carbon material and its application in sulfamethoxazole
adsorption. J. Hazard Mater. 368, 602e612.
Ordonez-Hinz, F., Albano, J.P., Wilson, P.C., 2019. Phosphate removal from nursery
runoff water using an iron-based remediation system. Water 11, 795. https://
doi.org/10.3390/w11040795.
Pablos, M.V., Rodríguez, J.A., García-Hortigüela, P., Fern
andez, A., Beltr
an, E.M.,
Torrijos, M., Fern
andez, C., 2018. Sublethal and chronic effects of reclaimed
water on aquatic organisms. Looking for relationships between physicochemical characterisation and toxic effects. Sci. Total Environ. 640e610,
1537e1547.
Papias, S., Masson, M., Pelletant, S., Prost-Boucle, S., Boutin, C., 2018. In situ
continuous monitoring of nitrogen with ion-selective electrodes in a constructed wetland receiving treated wastewater: an operating protocol to obtain
reliable data. Water Sci. Technol. 77, 1706e1713.
Sass, J.B., Colangelo, A., 2006. European Union bans atrazine, while the United States
negotiates continued use. Int. J. Occup. Environ. Health 12, 260e267.
Schaider, L.A., Rodgers, K.M., Rudel, R.A., 2017. Review of organic wastewater
compound concentrations and removal in onsite wastewater treatment systems. Environ. Sci. Technol. 51, 7304e7317.
Shahid, M.J., Arslan, M., Ali, S., Siddique, M., Afzal, M., 2018. Floating wetlands: a
sustainable tool for wastewater treatment. Clean 46, 1800120.
Shiwaku, Y., Lee, P., Thepaksorn, P., Zheng, B., Koizumi, A., Harada, K.H., 2016. Spatial
and temporal trends in perﬂuorooctanoic and perﬂuorohexanoic acid in well,
surface, and tap water around a ﬂuoropolymer plant in Osaka, Japan. Chemosphere 164, 603e610.
Shrestha, S., Farrelly, J., Eggleton, M., Chen, Y., 2017. Effects of conservation wetlands
on stream habitat, water quality andﬁsh communities in agricultural watersheds of the lower MississippiRiver Basin. Ecol. Eng. 107, 99e109.
Singh, R.P., Wu, J., Fu, D., 2019. Puriﬁcation of water contaminated with Hg using
horizontal subsurface constructed wetlands. Environ. Sci. Pollut. Res. 26,
96979706.
Slobodnik, J., Mrafkova, L., Carere, M., Ferrara, F., Pennelli, B., Schüürmann, G.,
Ohe, P.C., 2012. Identiﬁcation of river basin speciﬁc pollutants and derivation of
environmental quality standards: a case study in the Slovak Republic. Trends
Anal. Chem. 41, 133e145.
Su, Y.H., Liang, Y.C., 2011. Transport via xylem of atrazine, 2,4-dinitrotoluene, and
1,2,3-trichlorobenzene in tomato and wheat seedlings. Pestic. Biochem. Physiol.
100, 284e288.
Sun, H., Wang, Z., Gao, P., Liu, P., 2013. Selection of aquatic plants for phytoremediation of heavy metal in electroplate wastewater. Acta Physicol. Plant. 35,
355e364.
U.S. EPA, 2007. Atrazine: Chemical Summary. https://archive.epa.gov/region5/teach/
web/pdf/atrazine_summary.pdf. (Accessed 10 June 2019).
U.S. EPA, 2016. Drinking Water Health Advisory for Perﬂuorooctanoic Acid (PFOA).

11

