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Research was carried out on the removal of a group of six contaminants of emerging concern:
bisphenol A, N,N-diethyl-m-toluamide, diethylstilbestrol, triclosan, estrone and estradiol from

the water matrix during contact with small floating macrophytes Wolffia arrhiza and Lemna minor.
The optimal conditions for the process, such as pH, light exposure per day, and plant mass, were
determined using the design of experiments chemometric approach based on central composite
design. Experiments conducted under the designated optimal conditions showed that after 7 days,
the removal efficiency equals 88-98% in the case of W. arrhiza and 87-97% in the case of L. minor,
while after 14 days of the experiment, these values are 93-99.6% and 89-98%, respectively. The
primary mechanism responsible for removing CECs is the plant uptake, with the mean uptake rate
constant equal to 0.299 day* and 0.277 day™* for W. arrhiza and L. minor, respectively. Experiments
conducted using municipal wastewater as a sample matrix showed that the treatment efficiency
remains high (the average values 84% and 75%; in the case of raw wastewater, 93% and 89%,

and in the case of treated wastewater, for W. arrhiza and L. minor, respectively). Landfill leachate
significantly reduces plants’ ability to remove pollutants (the average removal efficiency equals 59%
and 56%, for W. arrhiza and L. minor, respectively).

Keywo rds Hormones, Bisphenol A, DEET, Phytoremediation, Removal mechanisms, Wastewater, Landfill
leachates

Contaminants of emerging concern (CECs), including pharmaceuticals, personal care products (PPCPs),
and chemicals used in the plastics industry, are increasingly being detected in water environments'. CECs
are constantly introduced into the environment due to human activity. They are detected in concentrations
ranging from nanograms per liter (sometimes picograms per liter) to micrograms per liter>. Nonsteroidal anti-
inflammatory drugs, hormones, antioxidants, plasticisers, sunscreens, and repellents (including N,N-diethyl-
m-toluamide (DEET), which is one of the xenobiotics most frequently detected in water) are CECs commonly
detected in natural waters, especially surface waters, but also groundwater. Some compounds from the CECs
group in the environment pose a potential risk to ecosystems, particularly related to their effects on the hormonal
balance of organisms’. Estrogens, such as estrone (E1) and estradiol (E2), are endocrine disrupting compounds
(EDCs) of natural origin, entering the environment mainly with runoff from municipal wastewater treatment
plants (WWTPs) and farms, containing urine and feces of humans and animals. Municipal and industrial
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sewage, landfill leachate, and agriculture are sources of artificial EDCs, which include substances used in
industry (e.g. bisphenol A (BPA)), personal hygiene products (e.g. triclosan (TRC)) and synthetic hormones
(e.g. diethylstilbestrol (DES))**. The content of CECs in polluted waters varies greatly and depends on the type of
compound, local conditions related to the lifestyle of the population and the method of dealing with wastewater
and leachate. The concentrations of DEET, BPA, TRC, E1, E2 and DES reach the values of 6.9, 12.06, 23.9, 0.17,
0.05 and 0.02 pg/L, respectively, in the case of raw wastewater and 15.8, 10.8, 6.9, 0.08, 0.01 and 0.02 ug/L in the
case of treated wastewater®™. Literature data indicate that the CEC concentration in landfill leachates reaches
maximum values of 431, 33,500, 42.3, 46, 1.09 and 0.88 for DEET, BPA, TRC, E1, E2 and DES, respectively®!®!!.

EDCs, entering organisms through the digestive, respiratory, or transdermal route, interfere with the
synthesis, secretion, transport, and transformation of natural hormones or their binding to appropriate receptors.
This causes several structural and functional changes in exposed organisms related to the hormonal system and
the functioning of internal organs. It has been proven that exposure to EDCs, both natural, i.e. E1 and E2, and
synthetic, i.e. DES, BPA, and TRC, hurts the reproduction of fish, reptiles, and birds by causing feminization of
male organisms, reducing sperm quality, morphological changes in sexual organs, reduction in egg quantity and
quality, and causing stress, which contributes to population reduction and deterioration of their condition!*-°.
Research has shown that TRC in the environment exerts selective pressure on exposed microorganisms, thereby
altering the composition of the bacterial community'®. DEET in aquatic organisms inhibits nutrition and reduces
the population of green algae®. Studies on fish have proven that exposure to DEET damages androgen receptors
and changes the metabolism of amino acids and carbohydrates, causes oxidative stress that damages DNA, lipids
and cell membranes and triggers apoptosis®*%.

In humans, E1, E2, DES, BPA, and TRC have several harmful effects on the reproductive system: ovulation
disorders, endometriosis, fertility problems, premature puberty, breast cancer, and uterine fibroids?***. Chronic
contact with these EDCs also leads to neurological disorders, cardiovascular diseases, obesity, abnormal cell
proliferation, and prostate cancer®?”. DEET in humans can cause local (dermatitis) and systemic toxic effects.
Frequent and continuous contact with DEET causes disorientation, sleeplessness, and even convulsions,
unconsciousness, hypotension, and breathing problems?®.

The growing awareness of the harmful effects of EDCs results in the introduction of standards for their content
in various matrices into legislation. The European Union (EU) established guidelines for the concentrations of
E2 and 17a-ethinylestradiol in water of 0.4 and 0.035 ng/L, respectively”. In Canada, a water quality guideline
0f 0.47 ug/L for TRC was established to protect wildlife aquatic organisms™.

One of the important ways to prevent the presence of CECs in the environment is to use effective methods
of treating municipal and industrial wastewater before discharging it into natural waters or soil*'. Common
technologies used in wastewater treatment plants are based on biological, chemical, and physical methods, singly
or in various combinations. In frequently applied methods based on sorption, coagulation, sedimentation, and
semi-permeable membranes, contaminants are transferred unchanged from wastewater to another medium.
When these methods are used, the problem of management and disposal of new solid or liquid waste arises.
Biological methods lead to removing CECs by sorption, and then biodegradation occurs, i.e., the decomposition
of pollutants into simpler compounds so they can be classified as technologies based on the transformation.
Biological methods are usually based on microorganisms, mainly bacteria and fungi. Plants can also effectively
remove CECs due to their ability to absorb and degrade harmful compounds and create a suitable environment
for co-existing microorganisms, this process is called phytoremediation®>*.

A type of phytoremediation used in the case of polluted waters is hydrophytic treatment, in which aquatic
and water-loving plants (hydrophytes) and the microorganisms living together with them are responsible for the
removal of pollutants. Plants used in the phytoremediation of wastewater must be characterized by high resistance
to unfavorable conditions, rapid life processes, intensive biomass growth, and the ability to absorb organic
compounds from water. The most frequently used plants for this purpose are willow (Salix viminalis L.), deltoid
poplar (Populus deltoides), common reed (Phragmites australis), broadleaf cattail (Typha latifolia), lake mole
(Schoenplectus lacustris), branched coneflower (Sparganium ramusom), manna mullet (Glyceria aquatica), yellow
iris (Iris pseudoacorus), spike weevil (Myriophyllum spicatum), umbel weevil (Apium nodiflorum L.)**. Rooted
plants are characterized by high efficiency in removing pollutants, but their disadvantage is the long time needed
to achieve the desired effect, the need to occupy a large area, and the effortfulness of cultivation. Plants floating
freely on the surface of water reservoirs can also be effective in hydrophytic purification. Such plants include,
among others, duckweeds Lemna minor L., Lemna gibba L., Lemna trisulca L., as well as the smallest vascular
plant in the world, watermeal (Wolffia arrhiza L.), also belonging to the Lemnaceae family*>-*°. So far, little work
has been devoted to possibly using the latter plant for wastewater treatment. Still, available information indicates
that this plant easily acclimatizes to unfavorable external conditions, including high nitrogen concentrations,
phosphorus, organic compounds, and heavy metals*!.

Therefore, this study aimed to investigate the possibility of removing six environmentally hazardous CECs:
BPA, DEET, DES, TRC, E1, and E2 from polluted waters using W. arrhiza and to determine the process’s optimal
conditions, efficiency, kinetics, and mechanism. The removal of any of these compounds by W. arrhiza has not
been studied yet. Additionally, comparative studies were carried out using the L. minor, used in constructed
wetlands, but its effectiveness in CECs removal is still insufficiently recognized. The novelty of this work is
also a comprehensive approach to research, including the simultaneous determination of optimal process
conditions, in-depth study of the mechanism, and assessment of the impact of real matrices on the efficiency of
CECs removal. An important aspect of the work is to conduct tests for a mixture of compounds with different
structures, in concentrations actually found in polluted waters, and to compare two plants at the same time and
in the same conditions.
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Materials and methods
Chemicals and materials
Analytical BPA, DEET, DES, TRC, E1, and E2 standards (with a purity of at least 97%) were obtained from Merck,
Darmstadt, Germany. 1 mg/mL stock solutions were prepared by dissolving 10 mg of each analytical standard
in 10 mL of methanol (for liquid chromatography grade, Merck, Darmstadt, Germany). The obtained solution
was stored at a temperature of — 18 °C not longer than 2 weeks. Working solutions for removal experiments
were prepared in HPLC-grade water using a MilliQ Millipore system (Bedford, MA, USA). Extraction solvent
1-undecanol was purchased in Waltham, MA, USA. Acetic anhydride (for GC derivatization >99.0%, Sigma-
Aldrich, Switzerland) and potassium hydrogen phosphate (Avantor Performance Materials, Poland) were used
for EDCs derivatization. Hutner’s medium used to grow W. arrhiza and SIS medium used to grow L. minor were
prepared following procedures described in the literature*>*. All reagents used to prepare the culture media
and artificial wastewater were purchased from Chempur, Poland, and Avantor Performance Materials, Poland.
W. arrhiza community was donated by The Faculty of Biology of the University of Bialystok (Poland). L.
minor community was obtained from a natural population inhabiting a pond (Ozaréw, central Poland). The
plant collection and use were in accordance with all the relevant guidelines. Before starting the research, the
plants were acclimatized for 2 weeks by placing them in an appropriate sterile culture medium and under the
conditions of the experiment.

Real matrices: wastewater and landfill leachates

Wastewater and leachate were used to determine the effect of the matrix on the removal efficiency of CECs.
Raw and purified municipal wastewater samples were obtained from a municipal wastewater treatment plant
(WWTP) located in northeastern Poland. The treatment process in this plant includes mechanical purification
followed by biological purification through activated sludge, and no tertiary treatment is conducted. The WWTP
receives wastewater from a population of 300,000. Its daily capacity equals 100,000 m>/day, and real processing
is approximately 70,000 m®/day. Treatment efficiency meets the effluent standards required by Polish legislation
for a plant of this size.

The landfill leachate was obtained from the municipal solid waste (MSW) landfill site for non-hazardous
and inert waste in northeastern Poland. MSW landfill accepts and processes waste from a population of 300,000
people; its area equals 12.07 ha and a capacity of 677,091 m®. Some landfill fields are insulated with natural
insulation (layers of sand, gravel, and clay), and others have synthetic insulation in the form of a 2 mm HDPE
membrane. The leachate collected from landfill fields using special installations is stored in opened lagoons, and
their excess is discharged to a WWTP by tanker trucks.

Wastewater and landfill leachates were collected into glass bottles and transported to the laboratory. All
utensils and equipment used to collect samples were previously cleaned using an anionic detergent and thoroughly
rinsed with tap water, followed by deionized water. Collected wastewater and leachates were characterized by
determining the values of pollution indicators: electrolytic conductivity (EC), chemical oxygen demand (COD),
biochemical oxygen demand (BOD;), total carbon (TC), total nitrogen (TN), and total phosphorus (TP) content.
Determinations were conducted under the American Public Health Association (APHA) and American Water
Works Association (AWWA) standards**. The values of contamination indicators characterizing raw and treated
wastewater and landfill leachates used in the experiments as culture media are included in Supplementary
Table S1.

Optimization of the purification process
Optimization was performed to find the most efficient conditions for compounds removing during contact
with plants. The experiments were carried out for three compounds with different structures: TRC, DES, and
E2. The concentrations of each compound were 500 pg/L, Hutner’s medium was used as the culture medium,
and the plant used for phytoremediation was W. arrhiza. Design of experiments (DoE) chemometric approach
based on central composite design (CCD) was applied®**¢*>46, Effect of three independent parameters: pH (first
independent variable, x, ), time of exposure to light per day (second independent variable, x,), and mass of plant
per 100 ml of purified solution (third independent variable, x;) on the CECs removal efficiency (RE%) has been
examined. Each of the examined parameters was tested on five levels.

The statistical analysis was performed according to response surface methodology (RSM) using Statistica
13.3 (Tibco Software Inc.). The number of experiments (N) in a chosen five-level plan was established based on
the number of optimized variables (k) and the number of central points (n¢p) and calculated from the equation:

N = 2K 4 2k + ncp (1)

Since six central points were used, the total number of experiments was 20. The results of the conducted
experiments were used to develop the second-order polynomial regression model explaining the relationship
between operating variables and the response. The model used had the following form:

RE% = Ag + A1x1 + Ayxp + Asxs + A]le + Azzx%

+ A33x§ + Appx1x + Ar3xix3 + Axzxpxs

2)

where A, is the constant, A, A,, A; are linear effects, A,;, A,,, As; are the quadratic effects and A, A3, Ay; are
interaction effects between the input factors x,, x, and x;, respectively. The analysis of variance (ANOVA) has been
done, and a p-value lower than 0.05 was considered significant in three-dimensional surface response analysis.
The range of optimized parameter values was planned based on preliminary experiments, and the exact values
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were selected based on the coded values imposed by the model. Coded variables in the five-level CCD model
are as follows: —a; — 1; 0; 1; a. Star (or axial) point a could be estimated based on the equation: « = (Zk) % and
for used orthogonal CCD of three independent variables, it equals 1.68*. Coded and real values of optimized
parameters are listed in Table 1.

All cultivations were carried out for 7 days. After this time, culture samples were taken and processed in
the way described in "Extraction, detection, and quantification of CECs in culture media" section. The GC-MS
analysis was done to determine concentrations and RE% values for individual analytes. Each experiment was
performed in triplicate.

Removal experiments

Experiments were conducted with the mixture of all six EDCs, with the concentrations of each studied compound
equal 100 pg/L or 500 pg/L. The experimental solutions were prepared by adding the appropriate amount of the
CEC:s stock solution to the culture medium, municipal wastewater, or landfill leachate. 100 mL solutions were
used when culture was carried out using culture media; in the case of wastewater and eftluents, the volume of
the matrix was 2 L. Experiments aimed at determining the amount of CECs accumulated in plant tissues were
conducted using 5 g of L. minor or W. arrhiza per 250 mL of culture medium with the tested compounds. All
dishes used in plant breeding were made of glass and were carefully washed and sterilized (baked in an oven at
120 °C for 2 h) before experiments. An appropriate portion of plants was rinsed three times with distilled water
and, after thoroughly draining, placed in the sterile dish with growing solution (Hutner’s medium, SIS medium,
raw wastewater, treated wastewater, or landfill leachate) enriched with CECs. The dish was covered by transparent
foil (without touching the solution) to protect the growing medium against evaporation. Each experiment was
run in three identical replicates. At the same time, control experiments were carried out in which plants were
placed in the growing solution without adding CECs. The experiments were conducted at 23.5+ 0.5 °C with
exposure of light 13/11 h light/darkness (fluorescent light giving a photosynthetically active radiation (PAR)
intensity of 50 umol/m?*/s). Additional experiments under different conditions were realized to explain the fate of
EDCs during their removal by floating plants and to establish the participation of abiotic and biological processes
such as hydrolysis, photodegradation, sorption, and plant uptake in this phenomenon. The experiments were
carried out without the plant under dark conditions, without plant with exposure to light, with 1.0 g of a dead
plant with exposure to light (plants were killed through a 5-day exposure to sodium azide at a concentration of
2 g/L). All other conditions, that is, medium volume, temperature, light exposure time, photon flux, and EDC
concentrations, were the same. Samples of medium solution for determination of EDC concentration changes
were collected and analyzed after 1, 2, 3, 5, 7, and 14 days of cultivation. Based on determined concentrations,
RE% was calculated as follows:

C
RE% = (1 - —) 100%, 3)
Co

Cyand C are the EDC concentrations (ug/L) at the beginning and the end of the appropriate stage of the
purification process.

Extraction, detection, and quantification of CECs in culture media

The collected samples were filtered on glass fibre pre-filters (Merck, Darmstadt, Germany) and subjected to
extraction and GC-MS analysis. A previously established ultrasound-assisted emulsification microextraction
(USAME) procedure was used to isolate and enrich studied compounds from a growing medium*. In the
beginning, 0.15 g of Na,HPO, was introduced into 10 mL test tubes to which 5 mL of culture solution, 70 pL of
chloroform (extractant), and 150 pL of acetic anhydride (derivatization reagent) were then introduced. The test
tubes were sealed and sonicated for 5 min. Afterward, the tubes were centrifuged for 5 min (4000 rpm), and after
phase separation, an organic (lower) layer was drawn into the glass chromatographic syringe and transferred
to a chromatographic vial. Such a prepared sample was introduced to the GC-MS device. HP6890D gas
chromatograph with a mass spectrometric detector MSD5973 and HP7673 autosampler (Agilent Technologies,
USA) were used. Helium, with a purity of 99.9999%, was used as carrier gas at a 1 mL/min flow rate. The injector
temperature was 250 °C. The injected sample volume was 1 uL. The apparatus was equipped with HP-5MS (5%
phenylmethylsiloxane) size 30 m length x 0.25 mm, i.e., coated with 0.25 um film thickness and split/splitless
injector worked in splitless mode. The oven temperature was programmed from 150 °C, increased at 8 °C/min, to
300 °C. The total run time was 25 min. The MS detector worked in the selected ion monitoring (SIM) mode. The
electron impact source temperature was 230 °C with an electron energy of 70 eV. The quadrupole temperature
was 150 °C, and the GC interface temperature was 280 °C. The calibration curve method was used to carry

Levels
Variables -a |[-1 |0 1 +a
x;: pH 5 58 |7 82 |9
x,: light exposure per day (h) 10 |11.2 |13 | 148 |16
x3: amount of plant per 100 mL of solution (g) | 0.5 | 0.9 |15 | 21 |25

Table 1. Coded and real values of independent variables used in the CCD model.
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out the quantitative determinations. To record calibration curves, a series of aqueous working solutions were
subjected to an extraction procedure, and the obtained extracts were analyzed by GC-MS. The retention times of
the individual compounds, the ions selected for monitoring as well as an overview of the method’s performance,
including linearity, limits of detection (LOD) and quantification (LOQ), repeatability, and recovery, are listed
in Supplementary Table S2. An example chromatogram of CECs extracted from culture media registered under
the described conditions is shown in Supplementary Fig. S1.

Extraction and quantification of CECs in plant tissues

Sample pretreatment was done according to the procedure taken from the literature®. 5 g of plant material
collected after 7 days of culture on enriched with CECs culture medium was effectively filtered from the remaining
liquid on a glass fiber filter and dried by passing air for 15 min. After that, the plants were homogenized with
200 pL of 1 mol/L HCI methanol solution and 100 mL of acetone for 5 min in a laboratory blender (Omni Inc
Bead Ruptor Elite). The sample was then shaken by hand and placed under ultrasonication (Bandelin SONOREX
DIGITEC DT 102H) for 15 min at room temperature, 35 kHz ultrasound frequency, and 230 W power. The next
step was filtration on glass fiber pre-filters (Merck). The extract was evaporated to dryness in a bath at 70 °C
(Heidolph Hei-VAP Precision) and dissolved in 0.5 mL of acetonitrile. Then, after adding 20 mL of HCI, it was
incubated for 30 min at 80 °C. This solution was extracted with methylene chloride (10 mL) and evaporated to
dryness (Heidolph Hei-VAP Precision). Then, before GC-MS analysis, the sample was derivatized by adding
50 uL BSTFA (with 1% TMCS) and 50 uL pyridine to the dry residue and then heated in a sand bath for 30 min
at a temperature of 68 °C. After incubation, it was cooled to room temperature and evaporated to dryness under
nitrogen flow, and the dry residue was dissolved in hexane (100 pL) and analyzed by GC-MS. CEC concentrations
were determined using the single-point external calibration. For this purpose, the reference sample was prepared
by adding 500 pL of a methanol solution containing a mixture of tested CECs with a concentration of 1 mg/mL
each to 5 g of pure plant material (concentrations of CECs in the reference sample equal to 100 pig/g). After being
left for ten minutes, the obtained mixture was homogenized with HCI and acetone and subjected to the same
operations and identical GC-MS analysis as samples after cultivation on culture medium enriched with CECs.
The extraction and determination procedure was carried out in triplicate for cultured and reference samples.
An example chromatogram of CECs extracted from plant material registered under the described conditions is
shown in Supplementary Fig. S2.

Results and discussion

The impact of phytoremediation conditions on the CECs removal efficiency

The efficiency of phytoremediation depends to the greatest extent on the structure and chemical properties of
the pollutants removed and the dynamics and nature of the plant’s metabolism. The well-being of the plant used,
and thus the purification results, can also be influenced by the conditions of the process. In the case of the system
using a floating plant, the pH of the culture medium, the daily light exposure time, and the amount of the plant
per volume of purified water were considered important for the course of the process. The experimental design
chemometric approach was applied to assess the impact of selected parameters on the treatment efficiency. Such
an approach reduces the number of experiments necessary for selecting optimal conditions. It saves both time
and energy, which meets the assumptions of green chemistry. The characteristics of the course of experiments
and the values of removal efficiency of TRC, DES, and E2 obtained for successive sets of conditions are listed
in Supplementary Table S3. Based on this data, separate mathematical models were developed to characterize
the relationships between the RE% and the pH, the mass of plants, and the time of exposure to the light. The
statistical analysis (ANOVA) results of regression models generated for TRC, DES, and E2 are included in
Supplementary Tables S4-S6.

The ANOVA results indicate that the obtained regression models are characterized by determination
coefficients (R?) values of 0.88, 0.76, and 0.63 for DES, TRC, and E2, respectively. These values indicate that 88%
of the variations in DES removal efficiency can be explained by changes in the independent variables selected for
the construction of the model, and the model does not explain 12% of the observed changes. In the case of TRC
and E2, the applied model explains 76% and 63% of the differences in RE%, respectively. The adjusted R? values,
which equal between 0.50 and 0.77, prove the high significance of the models. The optimization process was
carried out for a mixture of pollutants, which causes more errors in the models but reflects the real conditions
where pollutants do not occur individually.

The Pareto analysis shows the importance of independent variables and interactions in the developed
models™. Pareto charts obtained based on statistical analysis for analyzed EDCs are shown in Fig. 1.

In Fig. 1, only those parameters whose impact on the efficiency of removing is statistically significant (p <0.05)
were included. In the case of each CEC, all three considered parameters, i.e. lighting time, pH, and amount of
plant, were significant. The obtained data indicate that the removal efficiency depends on linear values of the
independent variables and quadratic values and interactions between them. In the case of DES and TRC, the
greatest influence on the obtained RE% value is the weight of the plant per volume unit of the purified solution.
The daily light exposure time was indicated as a factor whose significance is second in the case of TRC. pH of
purified solution is the second most important factor in removing DES. The RE% of E2 depends the most on
pH value, followed by light exposure time.

Based on CCD models that only considered statistically significant data, response surface plots (RSP)
were generated. The RSPs show the influence of selecting two optimized parameters on the predicted removal
efficiency. Figure 2 presents the predicted RE% values from the CCD models as a function of daily light exposure
and pH.
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Figure 1. The Pareto charts for TRC, DES, and E2 (x; =pH; x,=light exposure per day (h); x;=amount of plant
(@)

The simultaneous impact of pH and plant density, as well as the plant density and light exposure time on
CECs removal rates, are included in Supplementary Figs. S3 and S4.

Effect of the mass of plant

Plant organisms, together with microorganisms coexisting with them, are, to the greatest extent, responsible
for removing pollutants during phytoremediation. Organic micropollutants in water are adsorbed on the
surface of floating plants and then collected inside the plant organism, where they undergo bioaccumulation
or biodegradation. Therefore, it can be expected that the greater the mass of plants in the studied system, the
greater the efficiency of the purification processes®!. It was observed that the RE value increases as the plant
density increases from 0.5 to 2.1 g per 100 ml of purified solution. Increasing plant density above these values
does not increase or even decrease the observed degree of removal. This is related to the fact that density affects
the growth and quality of plants®?. Too many neighboring plants disturb reproduction, biomass accumulation,
and morphology due to competition between individuals®. Plant density equal to 2 g per 100 mL of the purified
solution was selected as the most optimal.

Effect of the light exposure time

The length of the light period in the diurnal cycle of 24 h is an important environmental signal for plants.
They have developed mechanisms to measure the length of the photoperiod. This mechanism enables plants
to synchronize developmental processes, such as the onset of flowering, with a specific time of the year. It is
important in regulating responses to abiotic and biotic stresses as well as the redox state of plants®*. During
the conducted research, the influence of light exposure time in the range of 10-16 h a day on the results was
examined. It turned out that extending the light exposure time improves the efficiency of CECs removal, but
only to the level of 13 h a day. Further extending the duration of light action, although it promotes the intensive
course of life processes, not only does it not bring benefits but also reduces the effectiveness of processes. It can
be assumed that excessive exposure to light causes abiotic stress, which disturbs metabolic processes and thus
reduces the removal potential of CECs by floating plants. Finally, the photoperiod equal to 13 h per day should
be considered optimal from the point of view of the system’s efficiency.
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Figure 2. Effects of pH and light exposure time on CECs removal efficiency (mass of the plant 2 g).

Effect of the pH of purified solution

pH affects all chemical and biological processes that occur in water. This is one of the most important factors
limiting the distribution and welfare of plants in aquatic habitats. Different species thrive in different pH ranges,
with the optimum value for most aquatic plants being 6.5-8. Various environmental and anthropogenic factors
can contribute to lowering or upgrading the pH of water outside the optimal range. The acidifying factors are
acid-generating soils and rocks, industrial and agricultural wastewater, landfill leachate, and atmospheric acid
precursors. High pH is less common than low pH in natural waters, as anthropogenic sources are more often
acidic than alkaline. Alkalization of water may occur under the influence of alkaline rocks and soils and runoft
from the production and use of asphalt, lime, cement, and soap. The influence of pH on the results of EDC
removal was assessed in the range of 5-9. In the case of the considered substances, changes in pH impacted
the RE values obtained, which turned out to be the highest when the pH of the culture solution was closest
to neutral. It can be concluded that such conditions are optimal for small floating plants. Both too-acidic and
too-alkaline living environments negatively affect aquatic plants, causing problems with osmoregulation, tissue
damage, reduced growth and reproduction®. Based on the tests, a pH equal to 7 was chosen as optimal. Literature
data confirm the correctness of the choice. Various studies indicate that plants from the Lemnaceae family can
function well at a pH of 3.5 and 10, but the optimal pH, including growth rate and protein content, is from 6.5
to 7.5%%%7,
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Effectiveness and kinetics of CECs removal by floating plants

The course of W. arrhiza and L. minor in removing BPA, DEET, DES, TRC, E1, and E2 from the laboratory
mineral culture medium was examined under the established optimal conditions. For this purpose, the floating
plant cultures were set up according to the procedure in the experimental section. The initial concentration of
each CEC was 100 pg/L in the first research cycle. In addition, a second test cycle was carried out in the case
of TRC, BPA, DES, and E1, in which the concentrations were 500 pug/L. Current concentrations of CECs were
monitored using USAEME-GC/MS method sequentially after 6 h and 1, 2, 3, 5, 7, and 14 days of W. arrhiza or
L. minor cultivation in the first cycle of research and after 1, 3, 5, and 7 days of experiment in the second cycle of
research. The obtained average reduction profiles are shown in Fig. 3. A gradual loss of each CEC’s concentration
was observed during the cultivation of both plants.

The results obtained in the first research cycle (upper graphs in Fig. 3, C0=100 pg/L) indicate that a quite
intensive reduction of the pollutants concentrations occurred already during the first hours of the experiment,
especially in vessels with W. arrhiza. After 6 h of contact with the medium solution with plants, the concentration
of the tested compounds decreased by 11-68% in the case of W. arrhiza and 5-32% in the case of L. minor.
The reduction in concentration after 1 day ranged from 45 to 81% in the system with W. arrhiza and from 19
to 70% in the system with L. minor. Seven days of contact of the solution with the plants removes 88-98% of
the initial amount of CECs in the case of W. arrhiza and 87-97% in the case of L. minor. After 14 days of the
experiment, these values are 93-99.6% and 89-98%, respectively. The results obtained after the first day of the
second experiment cycle (lower graphs in Fig. 3, C0=500 pg/L) indicate a similar or even higher reduction in
concentrations compared to the first cycle in the case of W. arrhiza (62-76%) and slightly lower in the case of L.
minor (12-57%). After 7 days, the degree of concentration reduction is similar to the results obtained during the
first experiment (94-96% W. arrhiza; 84-93% L. minor). The analysis of literature data indicates that the efficiency
of removal of organic micropollutants by floating plants depends significantly on the plant species as well as the
structure and properties of the removed compound*>***. Studies conducted with W. arrhiza have shown that
the removal efficiency of phthalates by this plant ranges from 78 to over 99%. In the case of benzotriazoles RE is
from 23 to 100% while for benzotriazole ultraviolet stabilizers is in the range 65-92%. More data are available in
the literature regarding the removal of CECs by L. minor. Sucralose and fluoxetine are removed by this plant by 56
and 32%, respectively®’; cefadroxil, metronidazole, trimethoprim, and sulfamethoxazole in 100, 96, 59 and 73%,
respectively®’; diclofenac, naproxen, caffeine, ibuprofen, and clofibric acid at 99, 40, 99, 44 and 16%, respectively®';
for benzotriazoles the RE value ranges from 20 to 81%%. Reinhold and coworkers studied the removal of DEET
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Figure 3. CECs removal efficiency observed during experiments with W. arrhiza and L. minor; first research
cycle: C,=100 pg/L, second research cycle: C,=500 ug/L.
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and TRC by duckweed communities consisted predominantly of L. minor and Lemna punctata®®. The results
of their research indicate that TRC is removed by plants in 97%, which is in good agreement with the results
obtained by us. Similar results of TRC removal by L. minor are presented in the paper®’. However, no effect of
the presence of living Lemna plants on DEET concentration was observed compared to cultures without live
plants®2. More than 95% reduction in the concentration of E1 and E2 (initial concentration 1 pg/L) upon contact
with a plants of Lemna species was observed after 6 days in batch experiments®.

By comparing the graphs In C=1(¢) and 1/C=1{(¢) it was determined that the rate of reduction meets the
model of the pseudo-first-order kinetics. Therefore, the CECs removal rate constant (k) was determined based
on the formula:

Cr = Coe ™™, (4)

where C, and C, are the pollutants concentrations at time ¢ and ¢=0, respectively, (ug/L). The k values (day™)
calculated for subsequent time intervals of the conducting experiments are summarized in Supplementary
Tables S7 and S8. The relevant half-life values are reported in Supplementary Table S9. In the case of experiments
with W. arrhiza, the highest CECs removal rate is observed during the first day of contact of the plant with the
solution, and the observed k; values range from 0.59 to 1.67 day . The k; values for experiments with L. minor
are in the range of 0.12-1.20 day ™, and the highest removal rate is observed for most analytes on the second day
of contact with the plant. The removal rate of CECs by W. arrhiza on days 0-7 ranges from 0.30 to 0.57 day™! in
the case of a lower concentration of compounds (100 pg/L) and from 0.40 to 0.46 day™" in the case of a higher
concentration (500 pg/L). In the case of L. minor, the observed ranges are as follows: 0.29-0.98 day™! and
0.26-0.38 day* for lower and higher concentrations, respectively. The results indicate that W. arrhiza immediately
and without problems adapts to the presence of CECs in the medium at concentrations of 100 and 500 pg/L. In
the case of L. minor, the increase in pollutant concentrations initially reduces the intensity of CECs removal.
Still, the plant adapts well to the prevailing conditions in the following days. Similar behavior of both plants was
observed during previous research??2.

Removal mechanism investigation

Removal of CECs during the contact of polluted waters with plants in the applied conditions of the experiment,
as well as real conditions prevailing in nature, is the sum of biological and abiotic processes. Apart from
uptake by the plant followed by bioconcentration and/or biodegradation, the removal of pollutants may also
be caused by hydrolysis, photolysis, and sorption (evaporation can be omitted due to the low volatility of the
tested compounds)**®*. Additional experiments were performed under different conditions to determine
the contribution of individual mechanisms to the removal of CECs. Placing the tested solutions in the dark
without plants allows the evaluation of the kinetics of the hydrolysis process. When the solution is placed
under lighting conditions but without plants, the removal of CECs is the sum of hydrolysis and photolysis
processes. Determination of the total share of sorption, hydrolysis, and photolysis is possible when experiments
are conducted with a dead plant with access to light. In studies conducted with live plants in the light, hydrolysis,
photolysis, sorption, and uptake into the plant is responsible for removing CECs. The course of experiments to
determine the share of individual processes in the total effect is presented in Table 2.

Experiment T (°C) Light | Plants Removal mechanisms

I 22+2°C| Yes Alive Hydrolysis, photodegradation, adsorption, plant uptake
I 22+2°C| Yes Dead (5 days exposure for 2 mg/L NaN;) | Hydrolysis, photodegradation, adsorption

11 22+2°C| Yes No Hydrolysis, photodegradation

v 22+2°C| No No Hydrolysis

Table 2. Mechanisms responsible for the removal of CECs and the course of their determination.

k (day™)

uptake | sorption | uptake | sorption
CECs W. arrhiza L. minor photo-degradation | hydrolysis
DEET 0.385 0.038 0.023 0.131 0.029 0.113
TRC 0.385 0.059 0.410 0.022 0.006 0.124
BPA 0.109 0.269 0.251 0.083 0.061 0.123
DES 0.753 0.060 0.559 0.254 0.005 0.169
El 0.105 0.327 0.344 0.055 0.004 0.101
E2 0.055 0.229 0.074 0.192 0.050 0.155

Table 3. The values of the plant uptake, sorption, photodegradation, and hydrolysis rate constants.
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The rate constants of individual processes were determined based on the following relationships®:
Koptake = kK15 Keorption = KirKup Kyphotodegradation = Kir=Krvs Knyarolysis = kv (where ky, ky, kypp kyy are the rate constants
determined for experiments I, I, III, and IV). The detailed data of the rate constants for all obtained removal
mechanisms are gathered in Table 3.

Based on the averaging of the determined values, it can be concluded that the largest contribution to the
removal of CECs is the plant uptake, with the mean values of k, .. equal to 0.299 day™" and 0.277 day™" for
W. arrhiza and L. minor, respectively. Interestingly, despite the similarity of both plants, the uptake of DEET
by W. arrhiza is characterized by high intensity, while it has a small share in the removal of this compound by
L. minor. The obtained results confirm the observations made by Reinhold and colleagues, who also did not
observe a significant impact of biological processes on the efficiency of DEET removal®. Sorption is the dominant
mechanism for removing BPA, E1, and E2 by W. arrhiza and DEET and E2 by L. minor. It should be emphasized
that the processes of sorption and plant uptake are closely related because the pollutant must first be adsorbed
on the surface of roots or leaves to be introduced into the plant organism*. The average ki, values are about
half that of k. and are 0.164 day™' and 0.123 day™' for W. arrhiza and L. minor, respectively. Hydrolysis’s
contribution in removing CECs is similar to the contribution of sorption; the average value of kj,ys; for the
tested compounds is 0.131 day™!. Studies have shown that DEET, TRC, BPA, DES, E1, and E2 are very slightly
susceptible to photodegradation; the rate constant of this process (kphorodegradation) €quals only 0.026 day™".

As part of the mechanism assessment of CECs removal, the concentrations of the tested compounds in the
plant material were determined after a 7-day contact with the enriched nutrient solution containing 100 ug of
each compound per 1 g of W. arrhiza or L. minor, following the procedure described in "Extraction, detection,
and quantification of CECs in culture media” section. The experiment conducted in this way allows for the
assessment of what part of the tested compound that has been adsorbed and taken up by the plant remains
accumulated in the plant. The results of the experiment are shown in Fig. 4.

As can be seen in Fig. 4, no DES was detected in the plants, while the content of the remaining ECs ranged
from 0.15 ug/g (BPA) to 8.17 ug/g (E2) in the case of W. arrhiza and from 0.19 pg/g (TRI) to 12.23 pg/g (E2) in the
case of L. minor. Based on the rate constant data listed in Table 3, it can be calculated that, under the conditions
of the experiment, the total amount of individual CECs that were adsorbed and uptake by plants ranges from
58 ug/g (E2) to 82 ug/g (DES) in the case of W. arrhiza and from 52 pg/g (DEET) to 82 ug/g (DES) in the case
of L. minor (because the sum of Kg,,ion and ke constitutes from 58 to 82% and from 52 to 82% of the sum of
the rate constants of all processes, for W. arrhiza and L. minor, respectively). The obtained results indicate that
the plant takes up the vast majority of CECs after adsorption and that only a small part of the collected organic
compounds is accumulated in their original form. Organic compounds introduced into a plant cell may be
immobilized there unchanged and/or undergo enzymatic modifications, enzymatic degradation, or conjugation
with other compounds, mainly glucose and glutathione®. The uptake of organic compounds into plants and their
further fate is affected by many factors, such as chemical hydrophobicity, molecular ionization, and the tendency
of the compound to undergo sorption, which precedes the introduction of the compound into the plant®>®. The
values of the logarithm of the tested CECs partition coefficients in the n-octanol/water system (log K,,,,) are 2.02,
4.76,3.32,5.07, 3.43, and 3.94. The logarithm values of the soil organic carbon adsorption coefficient (log K,,) are
1.97,4.28,3.18, 4.68, 3.16, and 3.52 for DEET, TRC, BPA, DES, E1, and E2, respectively67’7°. In the studied group,
DES is the compound with the highest log K,,, and log K, values. This compound is characterized by the highest
level of sorption and uptake by plants (82% of total removal), and the most intense transformations in the plant
(no presence in unchanged form in the tissues of W. arrhiza and L. minor). DEET, characterized by the lowest
hydrophobicity and tendency to sorption, is much less subject to both uptake by the plant and changes inside it.
However, there is no strict correlation between the log K, and log K, values and the fate of CECs because other
factors, such as molecular volume, spatial structure, etc., also influence the processes. Ionization has also been
shown to influence the plant’s uptake and modifications of organic compounds because charged molecules have
a reduced ability to permeate cell membranes’". The values of the negative logarithm of the dissociation constants
(pK,) of the tested compounds are 7.9, 9.6, 9.1, 10.8, and 10.7, respectively, for TRC, BPA, DES, E1, and E2 (no
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Figure 4. The concentration of CECs in W. arrhiza and L. minor tissues after 7-days cultivation in culture
medium enriched with DEET, TRI, BPA, DES, E1, E2 (100 pg per 1 g of the plant).
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data for DEET)®”%. Under the experimental conditions (pH 7), the tested compounds are in a non-ionized form,
which is beneficial for phytoremediation.

Influence of the matrix on the course of phytoremediation

Experiments were carried out using raw municipal wastewater, treated municipal wastewater, and raw landfill
leachate enriched with a mixture of TRC, BPA, DES, and E1 at 100 ug/L each as a culture medium, maintaining
optimal conditions used in previous cultures. The study lasted 7 days; the concentrations of the tested compounds
were determined before the start of the experiment and after 1, 3, 5, and 7 days of contact of the plant with the
solution. The CECs removal efficiency obtained using real matrices is shown in Fig. 5.

In the case of raw wastewater, the average removal efficiency of the tested compounds after 7 days of treatment
was 84% and 75%; in the case of treated wastewater, 93% and 89%, and in the case of landfill leachate, 59% and
56%, for W. arrhiza and L. minor, respectively. The observed effectiveness of W. arrhiza and L. minor is similar
for each matrix used, with a slight advantage for W. arrhiza. A worse removal efficiency by L. minor is visible
mainly in the first days of the experiment. This may indicate a more difficult acclimatization of this plant to the
presence of a highly contaminated matrix. The high efficiency of CECs removal from raw wastewater indicates the
resistance of the tested plants to the presence of pollutants. Raw municipal wastewater contains certain amounts
of nutrients (N and P, see Table S1, Supplementary Material) that support the growth and development of plants.
Additionally, there are high concentrations of easily digestible organic compounds, including carbohydrates,
fats, and proteins, which may also positively affect the functioning of plants from the Lemnaceae family, given
their well-documented ability to provide mixotrophic nutrition”. The observed ability of floating plants to
remove CECs from landfill leachates is significantly lower than in the case of municipal wastewater. Leachate
is a liquid that is a toxic cocktail containing high concentrations of pollutants such as soluble organic matter,
inorganic components, heavy metals, and xenobiotic organic compounds’. Leachates are characterized by high
phytotoxicity”, so it can be assumed that the removal of the tested compounds during the experiment is carried
out to a small extent by biological processes, mainly by sorption, hydrolysis, and photolysis.

Conclusions

Studies have shown that floating aquatic plants W. arrhiza and L. minor effectively remove the CECs from the
contaminated water. The mass of the plant, daily light exposure, and pH of the purified solution have a significant
influence on the removal efficiency. The highest rate of the process is observed during the first day in the case of
W. arrhiza and the second day in the case of L. minor. Increasing concentration of pollutants initially disturbs
the activity of L. minor, but in the following days, the plant acclimatizes well to the process conditions. The
mechanism that is most responsible for removing pollutants is plant uptake, followed by sorption and hydrolysis.
Only a small part of the CECs taken up by plants is accumulated in their tissues unchanged, and most of them
are transformed or degraded. The type of matrix affects the efficiency of pollutant removal by floating plants but
it remains at a very high level in the case of treated wastewater, which means that the process can be used for
post-treatment of effluents from municipal WWTP. The presence of landfill leachates has a toxic effect on plants
and significantly reduces their effectiveness.
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Figure 5. The removal efficiency of CECs registered after 1, 3, 5 and 7 days of contact of raw municipal
wastewater, treated municipal wastewater and landfill leachates with W. arrhiza (a), L. minor (b).

Scientific Reports |

(2024) 14:15898 | https://doi.org/10.1038/s41598-024-66962-6 nature portfolio



www.nature.com/scientificreports/

Data availability

The authors declare that the data supporting the findings of this study are available within the paper and its
Supplementary Information files. Should any raw data files be needed in another format, they are available from
the corresponding author upon reasonable request.

Received: 7 March 2024; Accepted: 5 July 2024
Published online: 10 July 2024

References

1.

2.

3.

10.

11.

12.

13.

14.

15.
16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Sousa, J. C. G. et al. Monitoring of the 17 EU watch list contaminants of emerging concern in the ave and the sousa Rivers. Sci.
Total Environ. 649, 1083-1095 (2019).

Pastorino, P. & Ginebreda, A. Contaminants of emerging concern (CECs): Occurrence and fate in aquatic ecosystems. Int. J.
Environ. Res. Public Health 18, 13401 (2021).

Hamid, N., Junaid, M. & Pei, D. S. Combined toxicity of endocrine-disrupting chemicals: A review. Ecotoxicol. Environ. Saf. 215,
112136 (2021).

. Kotowska, U., Kapelewska, J., Kotowski, A. & Pietuszewska, E. Rapid and sensitive analysis of hormones and other emerging

contaminants in groundwater using ultrasound-assisted emulsification microextraction with solidification of floating organic
droplet followed by GC-MS detection. Water (Switzerland) 11, 1638 (2019).

. Barton-Maclaren, T. S. et al. Innovation in regulatory approaches for endocrine disrupting chemicals: The journey to risk

assessment modernization in Canada. Environ. Res. 204, 112225 (2022).

. Kapelewska, J. et al. Occurrence, removal, mass loading and environmental risk assessment of emerging organic contaminants in

leachates, groundwaters and wastewaters. Microchem. J. 137, 292-301 (2018).

. Luo, Y. et al. A review on the occurrence of micropollutants in the aquatic environment and their fate and removal during

wastewater treatment. Sci. Total Environ. 473-474, 619-641 (2014).

. Chen, W. et al. Simultaneous determination of 20 trace organic chemicals in waters by solid-phase extraction (SPE) with triple-

quadrupole mass spectrometer (QqQ-MS) and hybrid quadrupole Orbitrap high resolution MS (Q-Orbitrap-HRMS). Chemosphere
163, 99-107 (2016).

. Celano, R,, Piccinelli, A. L., Campone, L. & Rastrelli, L. Ultra-preconcentration and determination of selected pharmaceutical and

personal care products in different water matrices by solid-phase extraction combined with dispersive liquid-liquid microextraction
prior to ultra high pressure liquid chromatography tandem mass spectrometry analysis. J. Chromatogr. A 1355, 26-35 (2014).
Qj, C. et al. Contaminants of emerging concern in landfill leachate in China: A review. Emerg. Contam. 4, 1-10 (2018).

Masoner, J. R., Kolpin, D. W, Furlong, E. T., Cozzarelli, I. M. & Gray, J. L. Landfill leachate as a mirror of today’s disposable society:
Pharmaceuticals and other contaminants of emerging concern in final leachate from landfills in the conterminous United States.
Environ. Toxicol. Chem. 35,906-918 (2016).

Marlatt, K. L. et al. Body composition and cardiometabolic health across the menopause transition. Obesity (Silver Spring). 30,
14-27 (2022).

Carnevali, O., Santangeli, S., Forner-Piquer, I, Basili, D. & Maradonna, F. Endocrine-disrupting chemicals in aquatic environment:
What are the risks for fish gametes?. Fish Physiol. Biochem. 44, 1561-1576 (2018).

Bodziach, K. ef al. Gastrointestinal and respiratory exposure of water birds to endocrine disrupting phenolic compounds. Sci.
Total Environ. 754, 142435 (2021).

Matthiessen, P. Endocrine Disrupters: Hazard Testing and Assessment Methods (Wiley, 2012).

Adeel, M, Song, X., Wang, Y., Francis, D. & Yang, Y. Environmental impact of estrogens on human, animal and plant life: A critical
review. Environ. Int. 99, 107-119 (2017).

Rogers, R. E.,, Chai, S., Pask, A. J. & Mattiske, D. M. Prenatal exposure to diethylstilbestrol has long-lasting, transgenerational
impacts on fertility and reproductive development. Toxicol. Sci. 195, 53-60 (2023).

Abraham, A. & Chakraborty, P. A review on sources and health impacts of bisphenol A. Rev. Environ. Health 35, 201-210 (2019).
Yueh, M. F. & Tukey, R. H. Triclosan: A widespread environmental toxicant with many biological effects. Annu. Rev. Pharmacol.
Toxicol. 56, 251-272 (2016).

Lawrence, ]. R. et al. N, N-Diethyl-m-toluamide exposure at an environmentally relevant concentration influences river microbial
community development. Environ. Toxicol. Chem. 38, 2414-2425 (2019).

Colds-Ruiz, N. R., Courant, F,, Gomez, E., Lara-Martin, P. A. & Hampel, M. Transcriptomic and metabolomic integration to assess
the response of gilthead sea bream (Sparus aurata) exposed to the most used insect repellent: DEET. Environ. Pollut. 316, 120678
(2023).

Rani, R. & Kumar, D. Recent advances in degradation of N,N-diethyl-3-toluamide (DEET)-an emerging environmental
contaminant: A review. Environ. Monit. Assess. https://doi.org/10.1007/s10661-024-12414-7 (2024).

Sifakis, S., Androutsopoulos, V. P,, Tsatsakis, A. M. & Spandidos, D. A. Human exposure to endocrine disrupting chemicals: Effects
on the male and female reproductive systems. Environ. Toxicol. Pharmacol. 51, 56-70 (2017).

Marlatt, V. L. et al. Impacts of endocrine disrupting chemicals on reproduction in wildlife and humans. Environ. Res. 208, 112584
(2022).

Engler-Chiurazzi, E. B., Brown, C. M., Povroznik, J. M. & Simpkins, . W. Estrogens as neuroprotectants: Estrogenic actions in the
context of cognitive aging and brain injury. Prog. Neurobiol. 157, 188-211 (2017).

Giulivo, M., Lopez de Alda, M., Capri, E. & Barceld, D. Human exposure to endocrine disrupting compounds: Their role in
reproductive systems, metabolic syndrome and breast cancer: A review. Environ. Res. 151, 251-264 (2016).

Wang, Q. et al. Reprogramming of the epigenome by MLL1 Links early-life environmental exposures to prostate cancer risk. Mol.
Endocrinol. 30, 856-871 (2016).

Briassoulis, G., Narlioglou, M. & Hatzis, T. Toxic encephalopathy associated with use of DEET insect repellents: a case analysis of
its toxicity in children. Hum. Exp. Toxicol. 20, 8-14 (2001).

Commission, E. Report from the Commission to the European Parliament and the Council on the Implementation of the Water
Framework Directive (2000/ 60/EC) (European Commission, 2012).

Hill, K. L. et al. Deriving a water quality guideline for protection of aquatic communities exposed to triclosan in the Canadian
environment. Integr. Environ. Assess. Manag. 14, 437-441 (2018).

Rodriguez-Narvaez, O. M., Peralta-Hernandez, J. M., Goonetilleke, A. & Bandala, E. R. Treatment technologies for emerging
contaminants in water: A review. Chem. Eng. J. 323, 361-380 (2017).

Kafle, A. et al. Phytoremediation: Mechanisms, plant selection and enhancement by natural and synthetic agents. Environ. Adv. 8,
100203 (2022).

Barroso, G. M. et al. Phytoremediation: A green and low-cost technology to remediate herbicides in the environment. Chemosphere
334, 138943 (2023).

Kadlec, R. H. & Wallace, S. Treatment Wetlands. Treat. Wetl. https://doi.org/10.1201/9781420012514 (2008).

Scientific Reports |

(2024) 14:15898 | https://doi.org/10.1038/s41598-024-66962-6 nature portfolio


https://doi.org/10.1007/s10661-024-12414-7
https://doi.org/10.1201/9781420012514

www.nature.com/scientificreports/

35

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.
67.
68.
69.
70.
71.
72.

73.

. Polinska, W., Piotrowska-Niczyporuk, A., Karpinska, J., Struk-Sokotowska, J. & Kotowska, U. Mechanisms, toxicity and optimal
conditions—Research on the removal of benzotriazoles from water using Wolffia arrhiza. Sci. Total Environ. 847, 157571 (2022).
Poliniska, W., Kotowska, U., Karpinska, J. & Piotrowska-Niczyporuk, A. Removal of benzotriazole micropollutants using Spirodela
polyrhiza (L.) Schleid and Azolla caroliniana Willd. Environ. Pollut. 332, 121982 (2023).

Kotowska, U., Wawrzkiewicz, M. & Polska-Adach, E. Mechanism of interactions in C.I. Acid Red 18—Floating plants and polymeric
resins systems: Kinetic, equilibrium, auxiliaries impact and column studies. J. Mol. Liq. 333, 115903 (2021).

Kotowska, U. et al. Removal of phthalates and other contaminants from municipal wastewater during cultivation of Wolffia arrhiza.
Process Saf. Environ. Prot. 120, 268-277 (2018).

Mkandawire, M. & Dudel, E. Are Lemna spp. effective phytoremediation agents. Bioremediation Biodivers. Bioavailab. 1, 56-71
(2007).

Iatrou, E. I, Gatidou, G., Damalas, D., Thomaidis, N. S. & Stasinakis, A. S. Fate of antimicrobials in duckweed Lemna minor
wastewater treatment systems. J. Hazard. Mater. 330, 116-126 (2017).

Fujita, M., Mori, K. & Kodera, T. Nutrient removal and starch production through cultivation of Wolffia arrhiza. J. Biosci. Bioeng.
87, 194-198 (1999).

Hutner, S. H., Provasoli, L. & Filfus, J. Nutrition of some phagotrophic freshwater chrysomonads. Ann. N. Y. Acad. Sci. 56, 852-862
(1953).

Oecd. Test No. 221: Lemna sp. Growth Inhibition Test. Guidel. Test. Chem. 1-26 (2006).

Rice, E. W, Baird, R. B, Eaton, A. D. & Clesceri, L. S. Standard Methods for the Examination of Water and Wastewater. In (Ame.
Pub. Hea. Ass. (APHA), Ame. Wat. Wor. Ass. (AWWA), Wat. Envir. Fed. (WEF), 2017).

Polinska, W., Kotowska, U. & Karpinska, J. The problem with benzotriazole ultraviolet stabilizers in the environment—Are the
aquatic plants the solution for them?. Ind. Crops Prod. 210, 118050 (2024).

Maldonado, L., Vega Quispe, A. P, Merma Chacca, D. & Zirena Vilca, E. Optimization of the elimination of antibiotics by Lemna
gibba and Azolla filiculoides using response surface methodology (RSM). Front. Environ. Sci. https://doi.org/10.3389/fenvs.2022.
940971 (2022).

Sarrai, A. E. et al. Using central composite experimental design to optimize the degradation of Tylosin from aqueous solution by
Photo-Fenton reaction. Materials (Basel). 9, 428 (2016).

Kapelewska, J., Kotowska, U. & Wisniewska, K. Determination of personal care products and hormones in leachate and groundwater
from Polish MSW landfills by ultrasound-assisted emulsification microextraction and GC-MS. Environ. Sci. Pollut. Res. 23, 1642—
1652 (2016).

Lu, J., Wy, ], Stoffella, P. J. & Chris Wilson, P. Isotope dilution-gas chromatography/mass spectrometry method for the analysis of
alkylphenols, bisphenol A, and estrogens in food crops. J. Chromatogr. A 1258, 128-135 (2012).

Khataee, A. R., Dehghan, G., Ebadi, E. & Pourhassan, M. Central composite design optimization of biological dye removal in the
presence of macroalgae Chara sp. Clean - Soil, Air, Water 38, 750-757 (2010).

Razmi, B., Ghasemi-Fasaei, R., Ronaghi, A. & Mostowfizadeh-Ghalamfarsa, R. Investigation of factors affecting phytoremediation
of multi-elements polluted calcareous soil using Taguchi optimization. Ecotoxicol. Environ. Saf. 207, 111315 (2021).

Liu, H., Meng, E, Tong, Y. & Chi, J. Effect of plant density on phytoremediation of polycyclic aromatic hydrocarbons contaminated
sediments with Vallisneria spiralis. Ecol. Eng. 73, 380-385 (2014).

Jiang, J. et al. Sediment type, population density and their combined effect greatly charge the short-time growth of two common
submerged macrophytes. Ecol. Eng. 34, 79-90 (2008).

Roeber, V. M., Schmiilling, T. & Cortleven, A. The photoperiod: Handling and causing stress in plants. Front. Plant Sci. 12, 781988
(2022).

Allen, E. D. & Spence, D. H. N. The differential ability of aquatic plants to utilize the inorganic carbon supply in fresh waters. New
Phytol. 87, 269-283 (1981).

Ullah, H. et al. Impact of pH on the growth and nutritional profile of Lemna minor L. as a sustainable alternative for Pakistan’s
feed sector. Aquac. Int. 31, 1879-1891 (2023).

Baek, G., Saeed, M. & Choi, H.-K. Duckweeds: Their utilization, metabolites and cultivation. Appl. Biol. Chem. 64, 1-15 (2021).
Poliniska, W., Kotowska, U., Kiejza, D. & Karpinska, J. Insights into the use of phytoremediation processes for the removal of organic
micropollutants from water and wastewater; A Review. Water 13, 2065 (2021).

Ekperusi, A. O., Sikoki, F. D. & Nwachukwu, E. O. Application of common duckweed (Lemna minor) in phytoremediation of
chemicals in the environment: State and future perspective. Chemosphere 223, 285-309 (2019).

Amy-Sagers, C., Reinhardt, K. & Larson, D. M. Ecotoxicological assessments show sucralose and fluoxetine affect the aquatic plant.
Lemna minor. Aquat. Toxicol. 185, 76-85 (2017).

Matamoros, V., Nguyen, L. X., Arias, C. A,, Salvadd, V. & Brix, H. Evaluation of aquatic plants for removing polar
microcontaminants: A microcosm experiment. Chemosphere 88, 1257-1264 (2012).

Reinhold, D., Vishwanathan, S., Park, J. J., Oh, D. & Michael Saunders, E. Assessment of plant-driven removal of emerging organic
pollutants by duckweed. Chemosphere 80, 687-692 (2010).

Shi, W., Wang, L., Rousseau, D. P. L. & Lens, P. N. L. Removal of estrone, 17a-ethinylestradiol, and 1783-estradiol in algae and
duckweed-based wastewater treatment systems. Environ. Sci. Pollut. Res. 17, 824-833 (2010).

Gatidou, G., Oursouzidou, M., Stefanatou, A. & Stasinakis, A. S. Removal mechanisms of benzotriazoles in duckweed Lemna
minor wastewater treatment systems. Sci. Total Environ. 596-597, 12-17 (2017).

Keerthanan, S., Jayasinghe, C., Biswas, J. K. & Vithanage, M. Pharmaceutical and personal care products (PPCPs) in the
environment: Plant uptake, translocation, bioaccumulation, and human health risks. Crit. Rev. Environ. Sci. Technol. 51, 1221-1258
(2021).

Dodgen, L. K., Li, ], Parker, D. & Gan, J. ]. Uptake and accumulation of four PPCP/EDCs in two leafy vegetables. Environ. Pollut.
182, 150-156 (2013).

Stevens-Garmon, J., Drewes, J. E., Khan, S. J., McDonald, J. A. & Dickenson, E. R. V. Sorption of emerging trace organic compounds
onto wastewater sludge solids. Water Res. 45, 3417-3426 (2011).

Lyndall, J. et al. Probabilistic risk evaluation for triclosan in surface water, sediments, and aquatic biota tissues. Integr. Environ.
Assess. Manag. 6, 419-440 (2010).

Chen, T. C. et al. Sorption of estrogens estrone, 17B-estradiol, estriol, 17a-ethinylestradiol, and diethylstilbestrol on sediment
affected by different origins. J. Environ. Sci. Health. A. Tox. Hazard. Subst. Environ. Eng. 47, 1768-1775 (2012).

Lewis, K. M. & Archer, R. D. pKa values of estrone, 17f-estradiol and 2-methoxyestrone. Steroids 34, 485-499 (1979).

Trapp, S. Plant uptake and transport models for neutral and ionic chemicals. Environ. Sci. Pollut. Res. Int. 11, 33-39 (2004).
Abdel-Shafy, H. L, Ibrahim, A. M., Al-Sulaiman, A. M. & Okasha, R. A. Landfill leachate: Sources, nature, organic composition,
and treatment: An environmental overview. Ain. Shams Eng. ]. 15, 102293 (2024).

Devare, M. & Bahadir, M. Biological monitoring of landfill leachate using plants and luminescent bacteria. Chemosphere 28,
261-271 (1994).

Scientific Reports |

(2024) 14:15898 | https://doi.org/10.1038/s41598-024-66962-6 nature portfolio


https://doi.org/10.3389/fenvs.2022.940971
https://doi.org/10.3389/fenvs.2022.940971

www.nature.com/scientificreports/

Author contributions

All authors contributed to the study’s conception and design. Conceptualization was performed by U.K. Material
preparation, methodology, investigation, data collection, and analysis were performed by UK., J.P, W.P, and
A K. The first draft of the manuscript was written by UK., J.P,, W.P,, and A.K. Manuscript review and editing by
U.K. All authors read and approved the final manuscript.

Funding
The research was supported by the Polish National Centre of Science by Grants 2019/03/X/ST10/01959 and
2019/33/B/NZ8/00012.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-66962-6.

Correspondence and requests for materials should be addressed to UK.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:15898 | https://doi.org/10.1038/s41598-024-66962-6 nature portfolio


https://doi.org/10.1038/s41598-024-66962-6
https://doi.org/10.1038/s41598-024-66962-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Removal of contaminants of emerging concern by Wolffia arrhiza and Lemna minor depending on the process conditions, pollutants concentration, and matrix type
	Materials and methods
	Chemicals and materials
	Real matrices: wastewater and landfill leachates
	Optimization of the purification process
	Removal experiments
	Extraction, detection, and quantification of CECs in culture media
	Extraction and quantification of CECs in plant tissues

	Results and discussion
	The impact of phytoremediation conditions on the CECs removal efficiency
	Effect of the mass of plant
	Effect of the light exposure time
	Effect of the pH of purified solution

	Effectiveness and kinetics of CECs removal by floating plants
	Removal mechanism investigation
	Influence of the matrix on the course of phytoremediation

	Conclusions
	References


