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ABSTRACT

This study validated a simple, and fast method by High Performance Liquid Chromatography with Diode
Array Detector (HPLC -DAD) for pesticide phytoremediation analysis. The method was developed in water
and in a hydroponic medium. Sample extraction and concentration were performed by Solid Phase
Extraction (SPE) with Strata C18-E type cartridges. The SPE-HPLC-DAD method was successfully applied
in the detection and quantification of quinclorac, 2,4-D, propanil, bentazon, clomazone and tebuconazole
in water and hydroponic medium for 14 days. The method presented excellent results with the linearity
of 0.9969 - 0.9994 and the lowest limit of detection (LOD) and quantification (LOQ) of pesticides was 1.7
pg/L and 5.0 pg/L, respectively with RSD <11.92%. The average recovery obtained ranged from 77.62% to
109.73% and RSD <12.70%. A Lactuca sativa species promoted phytoremediation on the 7th day for 2,4-
D and tebuconazole and on the 14th day for clomazone.

Keywords: HPLC-DAD; SPE; Lactuca sativa

RESUMO

Este estudo validou um método simples e rapido por Cromatografia Liquida de Alta Eficiéncia com
Detector por Arranjo de Diodos (CLAE -DAD) para analise da fitorremedia¢do de pesticidas. O método foi
desenvolvido em agua e em meio hidropdnico. A extragdo e concentra¢do da amostra foram realizadas
por Extracdo em Fase Sélida (EFS) com cartuchos do tipo Strata C18-E. O método EFS-CLAE-DAD foi
aplicado com sucesso na deteccdo e quantificacdo do quincloraque, 2,4-D, propanil, bentazona,
clomazone e tebuconazol em dgua e em meio hidropénico por 14 dias. O método apresentou excelentes
resultados com a linearidade de 0,9969 - 0,9994 e o menor limite de deteccdo (LD) e de quantificacao
(LQ) dos pesticidas foi de 1,7 pg/L e 5,0 pg/L, respectivamente com RSD <11,92%. A recuperacao média
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obtida variou de 77,62% a 109,73% e RSD <12,70%. A espécie Lactuca sativa promoveu a fitorremedia¢do
no 7° dia para o 2,4-D e tebuconazol e no 14° dia para o clomazone.

Palavras-chave: CLAE-DAD; EFS; Lactuca sativa

1 INTRODUCTION

Pesticides are widely used in agriculture to increase productivity due to their
potential to prevent and control harmful organisms (POPP; PETO; NAGY, 2013;
SADOWSKI; BAER-NAWROCKA, 2018). According to the plant, different pesticides
(herbicides, fungicides, insecticides) combat possible damage during cultivation.
The application of these compounds occurs during distinct periods of cultivation
and in mixtures for the same cultivar. Besides, repeated applications in the same
crop are often due to losses of unfavorable weather conditions or bad applications
(DE SOUZA et al., 2020). The main problem with the misuse or the high amount of
pesticide mixture used is their harmful impact on the ecosystem and human health
due to non-target organisms, beneficial to the environment, are also affected. The
consequence is an environmental imbalance (DE SOUZA et al., 2020; DOSNON-
OLETTE; COUDERCHET; EULLAFFROY, 2009; SINGH et al., 2020).

Among water decontamination types, there is the phytoremediation process.
This technique uses the plant metabolism for the decontamination of organic
and/or inorganic compounds. It is an environmentally acceptable and efficient
technique for a variety of pollutants, such as heavy metals, pharmaceuticals,
pesticide residues, and organic compounds from the chemical industry
(CAMESELLE; GOUVEIA; URREJOLA, 2019; CARVALHO et al., 2014; KHANDARE;
GOVINDWAR, 2015; KUMAR et al., 2020; LV et al., 2013; ROMEH, 2014). Also, there
are positive effects of vegetation in decreasing a load of pollutants, through
riparian buffers, stiff-grass hedges, constructed wetlands, and vegetated drainage
ditches (ANDERSON et al., 2011; ARORA et al., 2010; ELSAESSER et al., 2011; LOCKE
et al.,, 2011; ZHANG et al., 2010). In this context, the lettuce (Lactuca sativa L.) is a

candidate for phytoremediation tests due to its annual growth and development,
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easy handling, and short harvest cycle (30 to 35 days in nutrient solution). Besides,
its cultivation can be by traditional systems, organic and hydroponic, and is grown
worldwide for consumption as a green salad (ARMAS; POGREBNYAK; RASKIN, 2017;
GLOBO RURAL, 2014).

The present study aimed to develop and validate an analytical method to
quantify a mixture of pesticides in water and hydroponic medium. Also, to apply

this method in the phytoremediation technique with the Lactuca sativa.

2 MATERIALS AND METHODS

2.1 Chemicals and reagents

Standards of quinclorac, bentazon, 2,4-D, clomazone, propanil, and
tebuconazole were purchased from Sigma Aldrich (Steinheim, Germany). The
solvents methanol and acetonitrile (HPLC grade) were purchased from J. T. Baker
(Holland). Ultrapure water was prepared using the water purification system Milli-
Q (Milford, MA, USA). Phosphoric acid was purchased from Fluka (Steinheim,
Germany). The nutrients and fertilizers (hydroponic medium) were purchased from
the local market (Hortibras Adubos para hidroponia - Kit de Nutrientes Alface

Premium).

2.2 Instrumentation

High Performance Liquid Chromatography measurements were carried out
on a Young Lin Liquid Chromatographic system (YL 9100) equipped with a
quaternary pump, an autosampler, and Diode Array Detector (DAD). The guard
column was an analytical guard cartridge system (KJO-4282) (Security Guard from
Phenomenex) and analytical column - C18 column (Synergi Fusion-RP 5 ym, 250

mm length and 4.6 mm id) from Phenomenex. Extraction of the selected
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compounds was performed with a vacuum SPE manifold (Lubitech Technologies)

and Strata C18-E cartridges (55 pm, 70 A, 500 mg/6 mL) from Phenomenex.

2.3 Analytical procedure

The analytical curve was prepared with stock solutions of the pesticide
standards prepared by accurately weighing 10.0 mg of each pesticide and
dissolving it in 10.0 mL of acetonitrile to obtain a 1,000 mg/L of stock solution. This
solution was diluted in acetonitrile to a working standard solution (mixture of
pesticides) of 100.0 mg/L. From the working standard solution, new dilutions were
performed to obtain the analytical curve concentrations: 0.5, 1.0, 2.5, 5.0, and 10.0
mg/L in acetonitrile.

Different compositions of mobile phase containing acetonitrile, methanol,
and water (pH 3) were tested according (ROEHRS et al., 2012). The mobile phase
was composed with acetonitrile/methanol/ultrapure water in pH 3 (aqueous
phosphoric acid solution (1:1, v/v) in the ratio of 27:27:46% with a flow rate of 0.9
mL/min at time 0-20 min, and 30:30:40% with flow rate 1.2 mL/min at time 20-35
min. The injection volume of samples was 20 pL, and the detection wavelength was
220 nm for all pesticides. The analysis was performed at room temperature. These
conditions were optimized at 5.0 mg/L of pesticide mixtures for adjusting the

mobile phase before method validation.

2.4 Method validation

The analytical method was evaluated according to the following parameters:
linearity, precision, limit of quantification (LOQ), limit of detection (LOD), and
accuracy.

Linearity was estimated through the coefficient determination (r?) of the
analytical curves at concentration levels 0.5-10 mg/L and with a percentage relative

standard deviation (RSD). The precision, on the same day, was investigated with
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the repeatability of injections with the same 0.5 mg/L standards six times. The
reproducibility was performed by repeating pesticide mixture extraction with 0.005,
0.05, and 0.1 mg/L three times and analyzed with RSD. The LODs were determined
at a signal-to-noise (S/N) ratio of 3 for the individual pesticides in water by LC-DAD
and were then experimentally verified. The LOQs were obtained as the lowest
spiked level with acceptable recovery and relative standard deviation (EUROPEAN
COMMISSION, 2019). The accuracy was determined by recovery at different
concentrations (0.005, 0.05, and 0.1 mg/L) according to equation 1 (ANVISA, 2017):

R (%) = concentration obtained 100 (1)
) = " real concentration x

where:
R is the recovery, in percentage
The selectivity and matrix effects were analyzed with distilled water and

hydroponics medium without pesticides.

2.5 Hydroponic medium

The nutrients of hydroponic medium for plant growth were prepared
according to the manufacturer. It was used 0.036 g/L of iron 6% chelated by EDDHA,
0.45 g/L of magnesium sulfate (magnesium 9% and sulfur 11%), 0.15 g/L of purified
MAP (monoammonium phosphate with 11% nitrogen and P>0s 60%), 0.66 g/L of
mixed mineral fertilizer (nitrogen 11%, K20: 45% and sulfur 1,2%), 0.75 g/L calcium
nitrate (water soluble nitrogen 15.5%, nitrate 14.5%, nitrogen ammoniacal 1% and
water soluble calcium 19%) and 0.01 g/L concentrate micronutrients (molybdenum
0.916%, boron 4.10%, Zn EDTA 1.6%, Cu EDTA 4.09%, Mn EDTA 4.09% and nickel

0.814%). All compounds were mixed in 1L of distilled water.
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2.6 Sample preparation

The samples (distilled water and hydroponic medium) were extracted and
pre-concentrated in SPE cartridges (Strata C18-E). The steps of extraction were
according to (CALDAS et al., 2010), with modifications in the sample volume and
washing the cartridge. The cartridge conditioning was with 3 mL methanol, 3 mL
ultrapure water, and 3 mL ultrapure water pH 3. The sample percolation occurred
with 100 mL acidified to pH 3.0 with phosphoric acid, and then the cartridges were
washed with 3 mL ultrapure water pH 3. The pesticide elution was performed
methanol (1 mL, obtaining an enrichment factor of 100 times). This solution was
filtered through a 0.45 um pore-size syringe filter and injected in HPLC-DAD for the

analysis.

2.7 Plant material for phytoremediation test

The plant chosen for the phytoremediation test was Lactuca sativa L., crinkly
lettuce of the variety Itapua Super, obtained in the local market. The lettuces were
between 10-14 centimeters in length. Five lettuces were used for each test potand
fixed on polystyrene with the roots submerged in the solution. The plants stayed
ten days in the hydroponic medium to the adaptation period. Then, 0.05 mg/L of
each pesticide standard was spiked in the hydroponic medium. This concentration

did not harm the lettuce and is allowable in agriculture.

2.8 Phytoremediation procedure

After the period of adaptation (10 days), the pesticides were spiked (0.05
mg/L), and 100 mL were collected from all groups (treatment and control group) on
days O, 7, and 14. The groups used were:

1) Treatment group - plant and the mixture of pesticides in the hydroponic

medium.
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2) Control groups - pesticide mixture in the hydroponic medium, without the
plant.

Each sample was filtered (0.45 pm), extracted in SPE, and analyzed by HPLC-
DAD. The experiment was conducted in the laboratory at room temperature (25°C)
and in triplicate to all groups. The commercial lamps in visible radiation were the
source of light. It was composed of white, red, yellow, blue, and incandescent lamps
simultaneously (12 h/12 h, light/dark).

After each collection (days 0, 7 and 14), the detection and quantification of
pesticides that had been fortified in the water of each group was carried out. For
this methodology, water samples fortified with pesticides from each group were
filtered (0.45 pym), extracted by the SPE methodology, as described in section 2.6
(sample preparation) and analyzed by HPLC-DAD, as described in section 2.3

(analytical procedure).

2.9 Statistical analysis

The statistical data of the analytical method were according to each pesticide
calibration curve. The phytoremediation process results were expressed as means
and standard deviation with significant differences (p values < 0.05) between
treatment and control groups by the One-Way ANOVA test followed by Tukey's test
(GraphPad Software).

3 RESULTS AND DISCUSSION

3.1 Optimization of chromatographic HPLC-DAD conditions

The analytical method parameters evaluated were according to HPLC-DAD
mobile phase compositions. Initially, an isocratic method was evaluated with
acetonitrile/methanol/water pH 3 mobile phase (30:24:46%) and flow rate of 0.9

mL/min. However, this data was unsatisfactory because the herbicides clomazone
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and propanil coeluted. Then, different proportions of acetonitrile/methanol/water
pH 3 (25:29:46% and 27:27:46%) with different flow rates (0.8, 0.9, 1.0, 1.1, and 1.2
mL/min) were tested. The best result was with acetonitrile/methanol/water pH 3,
27:27:46% and the flow rate of 0.9 mL/min, obtaining more symmetrical and
narrow peaks. However, the retention time (r¢) of the last peak (tebuconazole) was
very distant from the others, with analysis time exceptionally long (40 minutes). So,
the same mobile phase was tested with variation in its proportion and flow rate
after 20 minutes (30:30:40%, 33:27:40%, and 27:33:40% with a flow rate of 0.9, 1.0,
and 1.2 mL/min respectively). The best result was with acetonitrile/methanol/water
pH 3(30:30:40%) and flow rate of 1.2 mL/min (tebuconazole rt: 30.10 minutes) with
an analysis time of 35 minutes. Therefore, the HPLC conditions were defined with
isocratic mode of 0-20 min with acetonitrile/methanol/water pH 3 (27:27:46%) and
flow rate of 0.9 mL/min, 20-35 min with acetonitrile/methanol/water pH 3
(30:30:40%) with flow rate of 1.2 mL/min. This method condition allowed the
elution, identification, and quantification of every single pesticide with great

resolution.

3.2 Chromatographic method validation

The analytical method data were obtained according to the straight equation,
determination coefficient (r?), and detection and quantification limits of the

calibration curve (Table 1).
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Table 1 - Chromatographic parameters of the pesticides. Retention time (rt), analytical
curves (equation), determination coefficient (r?), Limit of Detection (LOD), and Limit of

Quantification (LOQ) and precision (RSD) at 0.5 mg/L

Equation
Pesticide rt, min q r2 RSD, % (repeatability) LOD, LoQ,
(y=ax + b) pg/L pg/L
Quinclorac 9.38 y=17931x- 4 9969 2.02 1.7 5.0
37.71
y = 105.69x -
Bentazon 11.86 24.232 0.9989 415 1.7 5.0
] y =37.512x -
2,4-D 14.33 0.6609 0.9985 5.12 1.7 5.0
y =52.165x -
Clomazone 16.30 4.0099 0.9994 11.91 1.7 5.0
. y = 57.402x +
Propanil 18.40 53514 0.9979 9.89 1.7 5.0
Tebuconazole  30.10 y=26931x- 9984 6.91 1.7 5.0

2.1781

Source: Authors' private collection (November 2021)

Table 1 showed that all parameters evaluated agree with the regulatory
agencies. The DAD response for all pesticides was linear in the concentration range
assayed (0.5-10 mg/L) with determination coefficients (r?) > 0.996 for all pesticides,
and is within the range recommended by ANVISA (2017) (> 0.99) and Instituto
Nacional de Metrologia Qualidade e Tecnologia (INMETRO, 2020) (> 0.90) with a
LOD of 1.7 pg/L and LOQ of 5.0 pg/L. The repeatability (RSD) obtained with the
solution of pesticides (0.5 mg/L) was < 11.92% for all pesticides, and it agrees

(EUROPEAN COMMISSION, 2019) that considers RSD < 20% for pesticides.

3.3 Sample extraction

The extraction method (SPE) was efficient for both water and hydroponic
determination (Figure 1, Table 2 and 3) due to good percentages of recovery and

precision. The matrix effect is present in figure 1.
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Figure 1 - Chromatograms of SPE recoveries. (a) extraction in distilled water spiked with
0.05 mg/L of pesticide standards. (b) extraction with hydroponics medium spiked with

0.05 mg/L of pesticide standards
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Source: Authors' private collection (November 2021)

The results of figure 1 showed that the pesticides were detected and
quantified with high resolution. The only pesticide that obtained a matrix effect
was bentazon that coeluted with one compound present in the hydroponic medium
(Figure 1 b). After more tests, we identified that the interference came from mineral
nutrients and fertilizers from the hydroponic medium. So, bentazon was not in the
phytoremediation tests.

The SPE procedure had excellent recoveries in the distilled water and the
hydroponic medium with the spike of 0.005, 0.05, and 0.1 mg/L of pesticides
standards (Table 2 and Table 3).
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Table 2 - Recovery (rec.) and RSD at 0.005, 0.05 and 0.1 mg/L spiked levels in distilled

water (n=3)
Spike level

Pesticide 0.005 mg/L 0.05 mg/L 0.1 mg/L

Rec., % RSD, % Rec., % RSD, % Rec., % RSD, %
Quinclorac 104.994 4.019 85.178 4.333 92.814 6.743
Bentazon 109.736 3.203 89.234 2.254 91.077 6,782
2,4-D 86.296 9.681 87.563 3.516 94.408 7.856
Clomazone 100.136 5.734 83.074 3.064 86.194 9.182
Propanil 96.664 5.653 91.511 2.690 92.163 10.203
Tebuconazole 96.528 5.648 85.124 4.566 85.281 9.521

Source: Authors' private collection (November 2021)

Table 3 - Recovery (rec.) and RSD at 0.005, 0.05 and 0.1 mg/L spiked levels in hydroponic

medium (n=3)

Spiked levels
Pesticides 0.005 mg/L 0.5 mg/L 0.1 mg/L
Rec., % RSD, % Rec., % RSD, % Rec., % RSD, %

Quinclorac 84.520 5.679 78.666 3.100 77.622 1.721
Bentazon nqg - nqg - nqg -
2,4-D 86.900 1.714 85.552 1.741 91.786 4.264
Clomazone 95.042 12.703 84.211 4.452 84.947 4.452
Propanil 95.813 10.696 89.564 4.358 90.146 3.956
Tebuconazole 102.076 10.039 85.862 4.804 95.671 7.057

Legend: nq - not quantified

Source: Authors' private collection (November 2021)

The recoveries obtained for all herbicides ranged from 83.074% to 109.736%

for distilled water and 77.62% to 102.076% for hydroponic medium, and it is within

acceptable recovery parameters (from 70% to 120%) (EUROPEAN COMMISSION,

2019). Similar results were reported in the literature using SPE (NTOMBELA;

MAHLAMBI, 2019; PECEK; PAVLOVIC; BABIC, 2013; WANG et al., 2019). The
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repeatability obtained in water was good with RSDs < 10.20% (Table 2) and in the
hydroponic medium too with RSD < 12.70% (Table 3). These values agree with
European Commission (2019) that establishes as acceptable RSD < 20% for

pesticides.

3.4 Phytoremediation by lettuce

The optimized and validated method was then applied to phytoremediation
processes using Lactuca sativa in the hydroponic medium with pesticides. The plant
showed good development during the first ten days in the adaptation in the
hydroponic medium. But, in the first week after spiked the pesticides, the lettuces
stopped growing. Besides, on the 14th day of treatment, there were some dead
plants or multiple sheets in the process of necrosis. For this reason, the
phytoremediation tests were during this period. Research using lettuce showed
that it could absorb Cadmium (Cd) (AZIZIAN; AMIN; MAFTOUN, 2011; HE et al.,
2005), Copper (Cu), and Zinc (Zn) (KOMINKOVA et al., 2018), and other heavy metals
(WANG et al., 2018). For the first time, it was verified the percentage of decrease of
different pesticides in the hydroponic environment by Lactuca sativa. Figure 2
shows the plant's ability or inability to promote phytoremediation. These data are

concerning the decreasing of each compound percentage in the 7th and 14th day.
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Figure 2 - Residual percentage of each pesticide during phytoremediation treatment
with Lactuca sativa in the hydroponic medium. The residual percentage are presented
as means and standard deviation of pesticides during 14 days of treatment (n=3). P <
0.05 were considered significant. * Significant difference concerning the control group

on day zero. # Significant difference concerning the treatment group on day zero
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Source: Authors' private collection (November 2021)
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In Figure 2, quinclorac had a significant decrease in residual percentage in
both the control (73.45%) and treatment (74.44%) groups on the 7th day. But on
the 14th, the control group obtained another decrease (73.18%), and the treatment
group had a little increased (81.66%). This data showed that the plant did not
improve or accelerate the quinclorac degradation because the control group also
decrease in the residual percentage. Besides, the treatment group had a slight
increase the 14th day. This increase may be due to the plant necrosis that allowed
the pesticide to come back to the hydroponic medium. Quinclorac remediation
studies hardly use phytoremediation to its decontamination. In general, the studies
use bioremediation with fungi and bacteria or different technologies as
photodegradation, hydrolysis, and catalysts with nanoparticles (LANG et al., 2018;
NAVARRO et al., 2009; SHI et al., 2017; YANG et al., 2020).

The herbicide 2,4-D showed a significant decrease only in the treatment
group. This decrease occurred both on the 7th (72.35%) and on the 14th day
(60.99%). Then, the plant promoted the 2,4-D phytoremediation because this
decrease did not occur in the control group (83.57% and 83.48%, on the 7th and
14th day, respectively). Reinhold et al. (2010), reported a rapid reduction to non-
detectable concentrations of 2,4-D by 3 and 6 days but within active and macerated
duckweed reactors. The present study had degradation of 2,4-D in a few days
compared with (RAMBORGER et al., 2017, 2021) that used Plectranthus neochilus
to promote the phytoremediation of 2,4-D in water in 60 and 30 days.

The clomazone had a significant decrease in both groups and days. However,
the decrease percentage was higher with the plant on the 14th day (60.70% and
55.72% to the control and 61.47% and 49.22% to the treatment). Clomazone
remediation studies in an aqueous environment obtained good phytoremediation
data but in a longer time. For example, using Eichhornia crassipes and Pistia
stratiotes, the reduction was 90 and 99% after 28 days (ALENCAR et al., 2020). Or
using only Pistia stratiotes, the decrease was 90% after 24 days (ESCOTO et dl.,
2019).
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The result with the propanil showed that the plant did not promote
phytoremediation. In this case, propanil had a significant decrease in both groups
on day 7. However, in the treatment group, it was still present (7.32%). A similar
result was in the Mitsou et al. (2006) study, where Lemna minor promoted the
degradation of propanil in 168h of the experiment. In other words, the degradation
of this compound occurs very quickly.

The fungicide tebuconazole showed a reduction in residual percentage in the
treatment group on day 7 (54.63%), and this did not occur in the control group. On
the 14th day, there was an increase of tebuconazole in the hydroponic medium,
and it can also be related to plant necrosis (like the quinclorac). Therefore, the best
period to promote phytoremediation of tebuconazole with lettuce is in 7 days. In
the Lv et al. (2017) study, the removal of tebuconazole from water using Phragmites
australis reached 96.1%, but this percentage occurred only on the 24th day. Our
result is relevant because it showed the lettuce phytoremediation of the

tebuconazole (54%) in 7 days.

4 CONCLUSION

A sensitive and precise analytical method was developed for quinclorac,
bentazon, 2,4-D, propanil, clomazone, and tebuconazole determination,
simultaneously. The validation parameters were under regulatory agencies. This
method was applied in a hydroponic medium for phytoremediation tests with
Lactuca sativa in a short period (14 days). Bentazon was the only compound not
used in phytoremediation testes due to matrix interference. The plant promoted
phytoremediation of 2,4-D in 7 and 14 days. For the clomazone, L. sativa was more
effective in 14 days. And the best period of tebuconazole phytoremediation was in
7 days. However, the plant did not promote phytoremediation of quinclorac or

propanil.
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