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• Pesticide retention was shown in or-
ganic soil and various potential wetland
filter materials.

• Water leaching occurs from all mate-
rials.

• Plants reduce leaching ofwater and pes-
ticides by evapotranspiration with
highest effect in organic soil.

• Water retention by super absorbent
polymer accompanied by retention of
dissolved pesticides

• Overall pesticide retention: organic soil
> super absorbent polymer > pumice/
vermiculite
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Pesticides in agricultural surfacewater runoff cause amajor threat to freshwater systems. Installation offilter sys-
tems or constructed wetlands in areas of preferential run-off is a possible measure for pesticides abatement. To
develop such systems, combinations offiltermaterials suitable for retention of both hydrophilic and hydrophobic
organic pesticides were tested for pesticide removal in planted microcosms. The retention of six pesticides fre-
quently detected in surface waters (bentazone, MCPA, metalaxyl, propiconazole, pencycuron, and imidacloprid)
was evaluated in unplanted and planted pot experimentswith novel bedmaterial mixtures consisting of pumice,
vermiculite, water super-absorbent polymer (SAP) for retention of ionic and water soluble pesticides, and syn-
thetic hydrophobic wool for adsorption of hydrophobic pesticides. The novel materials were compared to soil
with high organic matter content. The highest retention of the pesticideswas observed in the soil, with a consid-
erable translocation of pesticides into the plants, and low leaching potential, in particular for the hydrophobic
compounds. However, due to the high retention of pesticides in soil, environmental risks related to their long
term mobilization cannot be excluded. Mixtures of pumice and vermiculite with SAP resulted in high retention
of i) water and ii) both hydrophilic and hydrophobic pesticides but with much lower leaching potential com-
pared to the mineral systems without SAP. Mixtures of such materials may provide near natural treatment op-
tions in riparian strips and also for treatment of rainwater runoff without the need for water containment
systems.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Pesticides are substances that are used to enhance crop productivity
and to reduce crop losses caused by pathogenic microorganisms, fungi,
insects, weeds etc. (Aktar et al., 2009; Matthews, 2015). Their use in
modern agriculture is inevitable to meet food requirements for the
human population (Harlander, 2002; Hubert et al., 2010). However,
pesticides are widely transferred in the environment and may cause
negative effects on human health, ecosystem functions, and biodiversity
(Goulson, 2014; Goulson et al., 2015; Hallmann et al., 2014; Whitehorn
et al., 2012). Adverse effects on key species in surface water, soil, and
sediments are of increasing concern (Bundschuh et al., 2014; Meffe
and de Bustamante, 2014; Reichenberger et al., 2007).

Surface water runoff is one of the main pathways of pesticide dis-
charge to the environment (Reichenberger et al., 2007; Riise et al.,
2004; Sandin et al., 2018). Runoff from agricultural fields is the domi-
nating process of freshwater contamination with global relevance
(Lefrancq et al., 2017; Liess et al., 1999). It is estimated that up to 5%
of the amount of pesticides applied may be lost via surface runoff
(Vymazal and Březinová, 2015). Pesticides in subsurface runoff are
often retained via sorption to soil particles and biodegradation, but
their elimination from surface runoff is negligible, in particular after
heavy rain events (Kladivko et al., 2001).

Pesticides often found in surfacewaters in Europe andU.S. are for ex-
ample: i) the herbicides bentazone and MCPA, ii) the fungicides
metalaxyl, propiconazole and pencycuron, and iii) the insecticide
imidacloprid (Schreiner et al., 2016; Silva et al., 2019; Stenrød, 2015).
These pesticides cover a wide range of physico-chemical properties
(Table 1) (Lewis et al., 2016). They have often been detected above
the EU drinkingwater limits in fresh and groundwater used for drinking
water production, (0.1 μg L−1 for individual pesticide) (Hetland et al.,
2014; Roseth, 2013). For example, in Norwegian surface waters, pesti-
cide concentrations are sometimes high enough to exceed the Norwe-
gian Environmental Risk Indicator for aquatic organisms (Stenrød,
2015). In addition, there are also indications that mixtures of pesticides
exhibit higher toxicity at lower concentration (Lefrancq et al., 2013).

Options to prevent contamination of surface waters by pesticides
from agricultural surface runoff are thus needed. Riparian strips are con-
sidered to be able to retain pesticide contaminations from agricultural
Table 1
Properties of the studied pesticides according to Pesticide Properties DataBase (Lewis et al., 20

Active
compound

Structure Type pKa Water
solubility,
[mg L−1]

log Kow

(at pH 7)
P
p
tr

Imidacloprid Insecticide
n.a.
(no dissociation)

610 0.57 M

MCPA Herbicide
3.73
(weak acid)

29,390 −0.8 Lo

MCPAc 3.07 640 2.73

Metalaxyl Fungicide
n.a.
(no dissociation)

8400 1.75 Lo

Propiconazole Fungicide
1.09 (very weak
base)

150 3.72 M

Pencycuron Fungicide
n.a.
(no dissociation)

0.3 4.7 H

Bentazon Herbicide
3.51
(weak acid)

7112 −0.46 Lo

Bentazoned 3.3 500 2.34

a Groundwater Ubiquity Score index; predicts pesticides leachability according to its Koc an
b DT50 range according to EU dossier lab studies in the PPDB.
c Vergili and Barlas (2009).
d Liu et al. (2011).

2

fields, if they are properly organized (Arora et al., 2010; Cole et al.,
2020). In general, near-natural technical solutions, such as subsurface
drainage, vegetated ditches, and constructed wetlands are often used
for treating pesticide containing water (Kladivko et al., 2001; Otto
et al., 2016; Vymazal and Březinová, 2015). Physical retention is the
main processwhich determines effectiveness of thesemeasures for pes-
ticidemitigation, resulting in low retention of highlywater-soluble pes-
ticides (Prosser et al., 2020; Reichenberger et al., 2007). Vegetated
riparian strips, or buffer strips, are also frequently studied as a measure
to decrease pesticide input to surface water from agricultural runoff (M.
Boyd et al., 2003; Prosser et al., 2020). However, surface runoff following
heavy rain events, which are the dominant driver for pesticide dis-
charge, is poorly treated or retained (Lefrancq et al., 2017; Liess et al.,
1999), in particular in soils with low porosity and a high potential for
soil particle erosionwith lowwater draining capacity. As a consequence,
pesticides adsorbed to eroded soil particles and associated to dissolved
organic matter (DOM) increase the pesticide load to the surface water
bodies dramatically.

Measures to reduce pesticide emissions via agricultural surface run-
off to surface waters should include retention of particle-sorbed as well
as dissolved pesticides and their metabolites, preferably by a combina-
tion of sorbents and water retention. This would allow for retention
times sufficiently long for microbial degradation of these pesticides,
e.g. in the rhizosphere of wetlands or riparian strips, finally resulting
in better removal of the pollutants. Solid media for pesticide sorption,
filtration, and the establishment of plants that promote degradation of
contaminants may include soil, gravel, carbonaceous materials, pumice,
vermiculite, etc. (Dordio and Carvalho, 2013). Pumice and vermiculite
are light-weightmaterials with high porosity and a high specific surface
area that promote better aeration and biofilm formation aswell as sorp-
tion of nutrients and pesticides. Pumice is a natural porous volcanic rock
that has been used as a filtermaterial in a field of water andwastewater
treatment for adsorption of organic compounds and heavymetals (Çifçi
and Meriç, 2016). Vermiculite is a clay mineral that has been used to
promote root growth and enhance the cation exchange capacity of
plant growth media (Abdelhakeem et al., 2016; Çifçi and Meriç, 2016).
Both materials have been used in constructed wetlands, improving re-
moval of COD, ammonium, organic dyes and pesticides (Dordio and
Carvalho, 2013; Vymazal, 2013). In addition, hydrophobic wools and
16). However, there are inconsistencies with other data.

otential for
article bound
ansport

GUS
indexa

Aerobic
biodegradability
DT50, db

Aqueous photolysis
DT50, d (at pH 7.0)

Hydrolysis, DT50,
d (at 20 °C, pH 7.0)

edium 3.69 77–341 0.2 Stable

w 2.98 7–41 0.05 Stable

w 2.84 33–42 Stable 106

edium 1.58 26.6–115 Stable 53.5

igh 0.49 43.7–175 Stable 156

w 1.95 8–35 4 Stable

d DT50 (half-life time).

Unlabelled image
Unlabelled image
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fibers that are well known materials for the retention of hydrophobic
chemicals can be added to the filter medium in order to retain highly
hydrophobic compounds (Carmody et al., 2007).

In contrast to carbonaceous and mineral filter materials, which re-
tain dominantly hydrophobic pesticides based on sorption, materials
for improved retention of ionic and highly water soluble pesticides
and theirmetabolites are rarely available, in particular those for enhanc-
ing subsequent biodegradation by microbial communities. One innova-
tive option is the use of superabsorbent polymers (SAP) that were
developed to improve the water holding capacity of agricultural soils
in arid climates (Hüttermann et al., 2009). SAP are natural or synthetic
cross-linked hydrophilic polymers that form hydrogels; they can absorb
and retain up to 100 times more aqueous solutions than their own
weight (Zohuriaan and Kabiri, 2008). The unique properties of
hydrogels, such as swelling ability and partial hydrophilicity, make
these polymers suitable for removing awide range of pollutants, includ-
ing heavy metals and organic compounds with polar or ionic functional
groups (for review see Khan and Lo, 2016). In addition, SAPwere used in
wastewater treatment to remove pollutants (mostly dyes) by adsorp-
tion (Dhiman et al., 2015; Fosso-Kankeu et al., 2015). Presumably, SAP
can sorb pesticides in aqueous solution, and when SAP are applied in
constructed wetlands (CW), they will not only support the growth of
plants but also enhance the retention of water and pesticides. These
materials or smart combinations of themmay provide options for runoff
filters, tree infiltration ditches, or the construction of `wetland´
conditions without the need of a built containment or for retention
ditches within riparian strips in order to increase the buffering and
retention capacities.

Therefore, the aim of this study was to test combinations of filter
materials suitable for retention and elimination of both hydrophilic
and hydrophobic organic pesticides as an option to improve pesticide
removal. The retention of commercially available formulations of six
pesticides (bentazone, MCPA, metalaxyl, propiconazole, pencycuron,
and imidacloprid) was investigated in pot experiments with various
bed materials. The pesticides were selected based on different physico-
chemical properties (Table 1) and their frequent detection in the envi-
ronment. The combined novel filter bed materials included pumice,
vermiculite, SAP (for retention ofwater and ionic andwater soluble pes-
ticides), and synthetic hydrophobic wool (for sorption of lipophilic pes-
ticides) and were compared to soil with high organic matter content.
For comparison, dissipation and distribution of pesticideswas also stud-
ied in unplanted soil microcosms to test for the effect of plants. Pesticide
retention and eliminationwas determined by regular sampling of leach-
ates; pesticide distribution in plants and filter materials after continu-
ous application of pesticides for 4 weeks.

2. Materials and methods

2.1. Chemicals and filter materials

Commercial pesticides used as pesticide formulations were pur-
chased from Fellesskjøpet (Ås, Norway) and included Confidor
WG70 (active compound: imidacloprid, 700 g L−1), Bumper 25EC
(propiconazole, 250 g L−1), Monceren FS250 (pencycuron, 250 g L−1),
MCPA 750 (MCPA, 750 g L−1), Basagran S6 (bentazone, 870 g L−1),
and Apron XL (metalaxyl M, 339 g L−1). For standard solutions,
imidacloprid, metalaxyl, propiconazole, bentazon-d6 and MCPA were
purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany).
Imidachloprid-d4, metribuzin, pencycuron, and bentazone were pur-
chased from Merck (Darmstadt, Germany). Purity of all standards was
99.5% or higher except for bentazone-d6 (98%). Stock solutions
(1.0 mg mL−1) were prepared in acetonitrile and stored at −20 °C.
For preparation of working solutions, the stock solutions were further
diluted with acetonitrile as appropriate.

Soil (Green Viking growth medium for vegetables, 23% total organic
carbon [TOC]) was purchased from Fellesskjøpet (Ås, Norway), pumice
3

(particle size 4–8 mm) was obtained from Bergknapp (Sandnes,
Norway), vermiculite (particle size 2–4 mm) from Pull Rhenen (the
Netherlands), SAP Stockosorb medium 660 from Evonik GmbH (Essen,
Germany), and synthetic hydrophobic wool “Deurex Pure” fromDeurex
(Elsteraue, Germany). To prepare pumice:vermiculite:SAPmixture (dry
weight ratio 94:5:1), dry vermiculite and pumice were blended in a ce-
ment mixer; afterwards dry SAP was added in pre-calculated amounts
to each pot and mixed manually. Hydrophobic wool was added to the
respective pots (30 g per each pot).

2.2. Sorbent characterization

Specific surface area of the materials was analyzed and the details
are provided in the SI section. Soil pH, loss on ignition (LOI) and cation
exchange capacity (CEC) were measured in commercial service labora-
tory according to standard methods (ASTM D4972, EN 12879 and ISO
13536, respectively). Total organic carbon was calculated from loss of
ignition (LOI).

2.3. Experimental setup

The experiments were performed in Kick-Brauckmann plant culture
pots (10-L; Stoma, Siegburg, Germany) that consist of an inner part
(d = 22 cm) with an opening in the bottom and an outer part (d =
23.5 cm) with a tube for drainage of leachate.

On order to screen the efficiency of the filter materials in pesticide
retention, the following treatments were performed in duplicates:
non-planted soil, planted soil, planted filter material mixture, and
planted filter material mixture with addition of hydrophobic wool
(Fig. 1). The hydrophobic wool (30 g) was placed as a separate layer
at the bottom of the inner pots and held in place with a metal grid. In
pots with planted filter material mixture, with and without wool addi-
tion, a thin layer of soil (ca. 1–2 cm) was spread at the bottom and the
top of the inner pot in order to provide optimal conditions for germina-
tion of seeds. In all planted treatments, seeds of Phalaris arundinacea sp.
Lara (~24.5 mg seeds/pot which corresponds to 34 seeds/pot and 1.6 kg
seeds/ha) were sown in the top soil layer. P. arundinacea was selected
for this study because it is endemic in Norway and it is a fast-growing
perennial bunchgrass with an early season growth and a wide physio-
logical tolerance. It is also reported to promote aromatic compound
degrading microorganisms in its rhizosphere (Vymazal, 2013).

The experiment was performed in a greenhouse at 23 °C with artifi-
cial illumination (OsramHQI-BT 400WDDaylight E40, 16/8 h daylight/
night cycle) in order to provide sufficient day light over the entire sam-
pling period in autumn and winter 2018. The planted pots were irri-
gated daily with tap water and fertilized every third day with a
commercial fertilizer solution (1.8‰ conductivity, Calcinit (N:Ca =
15.5:19) and Kristalon-plus (N:P:K=7.9:3:26.5) fromYara (Porsgrunn,
Norway). Prior to pesticide exposure, irrigation of the planted pots was
adjusted to the water demand. Pots with soil were irrigated to keep the
soil moisture near water holding capacity (WHCmax: 60%). The total
amount of water added to planted pots was 800 mL d−1; in the 1st
week after the start of pesticide exposure it was increased to 1200 mL
d−1 due to the high evapotranspiration rates of the plants. The non-
planted soil was kept wet by irrigation with tapwater without fertilizer
at 300 mL d−1.

Pesticides were added to the pots when the grass reached a stem
length of approximately 40 cm. Planted pots were irrigated daily by
adding 1.200 mL d−1 pesticide mixture with 1.67mg L−1 of each active
substance. In non-planted pots, the water supply was 300 mL d−1 with
pesticide concentrations of 6.67 mg L−1, ensuring the same pesticide
load to each pot (2 mg d−1). This is a high load compared to the field
conditions, and it was chosen to ensure precise detection and quantifi-
cation of all pesticides under study even after substantial elimination.

Leachates were collected from the outer pots into glass bottles every
day before the new irrigation event. The volume of leachate from each



Fig. 1. Experimental setup of filter pots. Test soil matrix was organic soil material derived from compost. Filter material mixture comprise pumice, vermiculite, superabsorbent polymer,
and hydrophobic woll; for more details see text.
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pot was registered. After 4 weeks of pesticide exposure, the experiment
was terminated and solid samples (soil, filter materials, roots and
leaves) were collected. It was not possible to separate pumice and ver-
miculite; therefore, these sorbents were analyzed as a mixture. Dry
weight was determined for soil and plant materials by drying them at
105 °C for 2 h. Liquid and solid samples were preserved at −20 °C
prior to pesticide analysis. Each sample containing pesticide mixture
was analyzed in triplicate.

2.4. Pesticide analysis

Daily leachate samples from seven consecutive days were pooled
and stored at 4 °C to obtainweekly samples. Samples with high concen-
tration of pesticides were diluted with milliQ water in order to fit the
calibration range. Pure LC-MS grade methanol was added to the diluted
samples at a 1:4 ratio. 50 μL of a mixture of isotopically labelled internal
standards (imidacloprid-d4 and bentazon-d6, 2 mg L−1 each) were
added to 1 mL of the diluted samples. The samples were rigorously
mixed and filtered through a 0.2 μm filter to sample vials prior to direct
injection into HPLC. Three subsamples were analyzed in order to evalu-
ate the instrument precision.

Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS) extrac-
tion of pesticides from solid samples was performed. Plant material
was dried at 40 °C overnight prior to the extraction procedure. Pesti-
cides from the filter materials were extracted without pre-drying. All
samples were homogenized before extraction. Appropriate amounts of
solid samples (leaves, roots, hydrophobic wool – 2 g, roots – 1 g, soil,
pumice + vermiculite (not separated), SAP – 5 g, hydrophobic wool –
2 g) were amended with 10 mL of Milli-Q water and 10 mL of LC-MS
grade acetonitrile. Samples were then extracted on a Heidolph Reax 2
Rotator (Merk, Darmstad, Germany) for 30 min at speed 6. Supelco
salt mixture (citrate extraction tube) was added to achieve phase sepa-
ration and the samples were shaken again vigorously in the rotator
(20 min, speed 6). Extracted samples were then centrifuged (5 min,
3000 rpm), and the top acetonitrile layerwas collected for analysis. Con-
centrated extractswere dilutedwith pure LC-MS grade acetonitrile to fit
the calibration curve. Pesticides trapped in SAP were extracted from 5 g
samples of wet SAP in a similar way and the concentrations were
corrected by the average water absorption capacity of SAP in the pots
of about 70 g H2O/g SAP, which corresponds to 1.4 g dry weight per
100 g wet weight. The maximum water holding capacity of the SAP is
up to 200 g of absorbed distilled water per gram of SAP (dw).
4

Pesticides in water and extracts from solid samples were analyzed
using Alliance 2695 HPLC-system (Waters Corp., Milford, MA, USA)
with a Micromass Quattro Ultima PT triple quadrupole mass spectrom-
eter (Micromass, Manchester, UK) equippedwith an electrospray inter-
face. A PhenomenexGemini® 3 μmC18 LC Column (110Å, 100× 2mm),
was used for LC separation. The column oven temperature was 30 °C,
the flow rate was 0.3 mL min−1, and the injection volume was 5 μL.
Methanol and water (Milli-Q) with 5mM formic acid were used asmo-
bile phases. Methanol was linearly increased from 10% to 95% within
5 min, and held for 6 min, finally brought back to 10% and held for
4 min until the next injection. The instrumental parameters are shown
in Table S1. Pesticide standard mixtures with concentrations ranging
between 0.02 and 1 mg l−1 were analyzed with each batch of LC-MS
samples for calibration.Data acquisition andevaluationwere performed
with the MassLynx 4.0 software. The Limit of Quantification (LOQ) was
<0.02 mg L−1, 0.1 mg kg−1 and 0.25 mg kg−1 for water, soil and plant
samples, respectively. Recoveries ranged between 85% and 127%
(Table S2).

2.5. Calculations

The details of the calculations of the concentrations in each compart-
ment of thefilter system (soil, SAP, pumice and vermiculite, plant leaves
and roots) as well as the total amounts retained in the pots are de-
scribed in detail in the SI Section S.3. Mean values of the analyses
were calculated with standard deviations or deviations from the
means depending on the sampling regime as indicated for the respec-
tive analyses.

3. Results and discussion

3.1. Pesticides concentrations in leachates, retention, and elimination

The weekly time course of pesticide concentrations in leachate
samples from the pots are shown in Fig. 2. The highest leaching poten-
tial was observed for bentazone and metalaxyl in all pots (Gluhar
et al., 2019; Hiller et al., 2010; Morton et al., 2020). Concentrations of
the other pesticides in the leachates from unplanted soil pots were
either below (imidacloprid, propiconazole, pencycuron) or slightly
above the LOQs (metalaxyl, MCPA) in the first week of pesticide expo-
sure indicating high retention and transformation potential of soil
with high organicmatter (TOC 23%) even for highlymobile compounds,

Image of Fig. 1


Fig. 2. Comparison of pesticide leaching from irrigated pots with non-planted soil (A),
planted filter material with (B) and without (C) hydrophobic wool. Mean
concentrations for duplicates are shown, for details see Materials and methods section.
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such as metalaxyl, MCPA and imidacloprid (Fig. 2A). In other words, in
soil the highest potential for retention and elimination was observed
for pencycuron, followed by propiconazole and imidacloprid. The
retention and elimination in planted filter materials can be attributed
to uptake by plants, adsorption to filter materials or degradation
(Stottmeister et al., 2003). Adsorption and plant uptake presumably
accounted for the most of reduction of pesticide concentrations. In
planted soil pots, no leachates could be collected due to the high evapo-
transpiration of water by the plants, therefore no pesticide analyses
were performed. Plants thus contribute to the reduction of pesticide
leaching but to an increase in concentrations within the pots at the
same time. Therefore, we have to consider leachate concentrations as
net effects of (1) enrichment due to evapotranspiration, (2) sorption/
desorption, (3) microbial degradation and (4) downward movement
of water in the pots incl. chromatographic effects.
5

In contrast to organic soil, all pesticides were found in the effluents
of the pots with filter materials at substantial concentrations (Fig. 2B
ad C). Concentrations of the more soluble and hydrophilic compounds
bentazone, MCPA, metalaxyl and imidacloprid were in a similar range
in the leachate collected after the first week of pesticide exposure,
and higher than the concentrations of the hydrophobic pesticides
propiconazole and pencycuron. For all pesticides, except for MCPA,
there was an increase in concentrations during the first three weeks of
exposure, presumably caused by saturation of the sorption sites. After
3 weeks, the elimination potential was large enough to compensate
this increase presumably bymicrobial degradation of some compounds
and a slight decline of the concentrations followed in the fourthweek. In
case of MCPA, this adaptation process seems to have been much faster.

The lower leaching of pesticides in soil is presumably attributed to
its much higher TOC content compared to the mineral filter materials.
Sorption of imidacloprid, metalaxyl and MCPA strongly depends on
the soil organic carbon content (Cox et al., 1998; Fernandes et al.,
2003; Nemeth-Konda et al., 2002; Sørensen et al., 2006). However, pH
rather than TOC, is the main factor that controls bentazone and MCPA
adsorption to soil (Boivin et al., 2005). This pesticide is a weak acid
(pKa = 3.69), which is likely to be repelled from negatively charged
soil particles (pH= 6.3) at near-neutral pH. It explains the different be-
havior of bentazone in the soil with high organic matter content com-
pared to that of the other pesticides.

The leaching potential of the pesticides from filtermaterials after the
first week of exposure followed the order bentazone > MCPA >
metalaxyl > imidacloprid > propiconazole > pencycuron. The leaching
potential thus decreased with increasing log Kow and the potential for
sorption to particles of these pesticides, but not with their Groundwater
Ubiquity Score (GUS) index (Table 1). TheGUS index predicts the leach-
ability of the pesticides according to their Koc (organic carbon-water
partitioning coefficient) and DT50 (half-life time) and indicates the in-
trinsic leaching of pesticides in the water-soil system (Gustafson,
1989). The GUS index of imidacloprid (3.69) is much higher compared
to the GUS index of bentazone (1.95), however, lower concentrations
of imidacloprid were observed in the effluents of the pots with both
soil and filter materials. These results indicate that the GUS index does
not always correlate with the real mobility of pesticides. As described
above, the weak acid bentazone may be repelled from soil particles
(pH = 6.3), which are negatively charged at near-neutral pH.
Imidacloprid, in contrast, is not charged, thus its tendency to adsorption
is higher, particularly in the soils with high TOC (Clausen et al., 2001;
Cox et al., 2001). However, the GUS index does not take into account
electrostatic interactions. In addition, though imidacloprid is highly per-
sistent under aerobic conditions (DT50 of 174 to 997 d are reported in
the literature), its soil photolysis half-life in the upper 2 mm of soil is
39 d (Graebing and Chib, 2004). However, this study was performed
in greenhouse under additional artificial illuminationwith lower energy
as real sun light, thus, higher removal of imidacloprid in the upper layer
of soil and filter systems is not very likely and themajor part of this pes-
ticide will not be photo-degraded in the system as long as the water in-
filtrates quickly.

Concentrations of MCPA in leachates decreased considerably with
time. In pots with soil, MCPA was detected above LOQ (0.1 mg kg−1)
only in the leachate sampled at the week 1 (Fig. 2A), while in pots
with filter material an obvious increase of MCPA concentrations
(1.5–2.0mg L−1) were observed in the firstweek; thereafter concentra-
tions gradually decreased to 0.3 mg L−1 (pots with hydrophobic wool;
Fig. 2B) or <0.1 mg L−1 (pots without wool; Fig. 2C) by week 4. MCPA
is not expected to be degraded much faster than metalaxyl based on
the DT50 values (Table 1) (Braskerud and Haarstad, 2003) but is
known to be easily degraded microbially (Bælum et al., 2006). In both
soil and the filter system studied, MCPAwas the only pesticide showing
a strong decrease in concentration after 1 to 2 weeks of exposure, indi-
cating a development of efficient biodegradation of MCPA over time.
MCPA biodegradation is known to be preceded by a lag-phase, which

Image of Fig. 2
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typically lasts fromone to severalweeks depending on the degree of ad-
aptation of microbial community (Bælum et al., 2006) resulting in the
low concentrations after one and two weeks.

3.2. Pesticide distribution in filter materials and soil

After 4 weeks of pesticide exposure the highest total concentrations
of parent pesticide in soil were measured for bentazone and metalaxyl
(average concentrations in the range of 36.9–53.4 mg kg−1 dw),
followed by imidacloprid (average concentrations 27.2–36.9 mg kg−1

dw), while average concentrations of propiconazole and pencycuron
were about 13.4–21.4 mg kg−1 dw (Fig. S1A) and this trend is also
shown for the recovered amounts of pesticides per pot (Fig. 3). The pes-
ticides concentrations in the planted soil were slightly higher in com-
parison to the non-planted soil except for bentazone. However, the
average concentrations in the mixture of pumice and vermiculite were
much lower, between 0.9 and 2.0 mg kg−1 dw for all pesticides, except
of pencycuron with average concentrations around 4.5 mg kg−1 dw
(Fig. S1B). MCPA concentrations were below 0.1 mg kg−1 both in the
soil and in the mixture of pumice and vermiculite.

Notably, the concentrations of more hydrophobic pesticides
(pencycuron, propiconazole) measured in the soil without and with
plants (13.6 ± 6.6 and 21.4 ± 8.1 mg kg−1, 13.4 ± 6.2 and 19.9 ±
9.8mg kg−1)were lower compared to the concentrations of hydrophilic
pesticides (bentazone 50.4 ± 5.9 and 36.8 ± 9.5 mg kg−1, metalaxyl
39.9 ± 8.8 and 53.4 ± 1.5 mg kg−1, imidacloprid 27.3 ± 8.5 and
36.9 ± 8.9 mg kg−1). Lower concentrations of propiconazole and
pencycuron can be explained by strong sorption with the formation of
so-called non-extractable residues as a result of incomplete extraction
of propiconazole and pencycuron. On the other hand, more efficient
Fig. 3.Distribution of residual pesticides in the filter pots recovered from soil, filtermaterials, pl
with (C) andwithout (D) addition of hydrophobic wool. The total amount of each pesticide add
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transformation of other organic pollutants in soils with high TOC con-
tent was described in a number of studies (Pal et al., 2005; Paszko and
Jankowska, 2018), which may also explain effective biotransformation
of sorbed pesticides in the soil with high TOC content.

Relatively high concentrations of hydrophilic metalaxyl (neutral)
and bentazone (anionic) under the given conditions in the soil extracts
without andwith plants (50.4±5.9 and 36.8±9.5mg kg−1; 39.9±8.8
and 53.4 ± 1.5 mg kg−1) are explained by the residual water in the in-
terstitial pores and by lipophilic as well as electrostatic interactions of
their acidic molecules (pKa= 3.28 and 0, respectively) with negatively
charged soil particles (soil pH=6.3), as anion repulsion is relatively low
and lipophilic interactions increase at lower soil pH (Franco et al., 2009).
Negative correlation of bentazone sorption and soil pH was also re-
ported previously (Boivin et al., 2005).

Electrostatic interactions also explain the retention of ionic mobile
pesticides in the mixture of pumice and vermiculite. Pumice, being a
main component of the mixture, has a pH of 8.15 (Table S3). Therefore,
a lower sorption of acidic ionic and hydrophilic compounds, e.g.
metalaxyl and bentazone, is expected. Sorption of propiconazole
and pencycuron to the mixture of pumice and vermiculite (4.2 ± 1.0
and 0.9 ± 0.2 mg kg−1) was also lower compared to soil (18.5 ± 11.3
and 19.6 ± 9.9 mg kg−1), as TOC content of pumice and vermiculite is
much lower than that in soil (Table S3).MCPA,whichwas extractednei-
ther from soil, nor from filter materials, is the most hydrophilic com-
pound among the six studied pesticides and is known to be easily
biodegradable (see Table 1).

The hydrophobic wool had the highest sorption potential for the hy-
drophobic compounds propiconazole and pencycuron (Fig. S1; 28.2 ±
13.5 and 14.7 ± 9.2 mg kg−1 dw, respectively), followed by metalaxyl
(3.1 ± 1.2 mg kg−1 dw) and bentazone (2.2 ± 1.2 mg kg−1 dw). Due
ant biomass, and leachates of non-planted soil (A), planted soil (B), planted filtermaterials
ed to each systemwas 58mg. Data and standard deviations are provided in the SI section.

Image of Fig. 3
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to competing processes (sorption to soil particles, sorption to wool, bio-
degradation, etc.), sorption of pesticides to wool did not correlate with
their hydrophobicity, e.g., bentazone (log Kow− 0.46 or 2.34 depending
on the reference, see Table 1) was extracted from wool, whereas con-
centrations of imidacloprid (log Kow 0.57) were below detection limit.
Further studies of the mechanisms that govern sorption of hydrophilic
ionic and non-ionic organic compounds to hydrophobic wool are thus
required.

Hydrophilic pesticides bentazone, imidacloprid, andmetalaxyl were
present in SAP in considerable concentrations (2.4 ± 1.7 mg kg−1,
1.9 ± 1.5 mg kg−1, 3.0 ± 2.3 mg kg−1) compared to hydrophobic
pencycuron (0.6 ± 0.9 mg kg−1) and propiconazole (1.1 ±
0.9 mg kg−1). This distribution pattern is similar to that in the effluent
of the pots with filter materials (Fig. 2) Since average water holding ca-
pacity of SAP in the potswas 73 gH2O/g SAP, it can be hypothesized that
the high pesticide concentrationsmeasured in SAPwere dominantly at-
tributed to the retention of water with dissolved pesticides, and to a
much lesser extent to adsorption or other chemical interaction of pesti-
cides with SAP. To test this hypothesis, the average theoretical amounts
of pesticides that could be retained in SAP only by water uptake were
estimated assuming that the pesticides concentrations in the effluent
water from these pots were in equilibrium with their concentrations
in water retained by SAP (Fig. S2). The calculated pesticides concentra-
tions in water retained by SAP and the actual concentrations measured
in SAP are in the same range. Therefore, water retentionwas themain, if
not the only mechanism to enrich concentrations of highly water solu-
ble compounds in filters with SAP. The advantage of this effect is that
additional time for biodegradation of hydrophilic compounds is pro-
vided in SAP by increasing hydraulic retention times.

3.3. Accumulation of pesticides in plants

After 4weeks of exposure, all pesticides exceptMCPAwere detected
in roots of plants grown in the soil pots. The highest concentrations in
roots of plants grown in soil were measured for pencycuron (32.8 ±
20.2 mg kg−1 dw), propiconazole (26.0 ± 26.4 mg kg−1 dw) and
imidacloprid (17.8 ± 10.0 mg kg−1 dw). Given the high variation be-
tween replicates in each pot, but also between replicate pots, there
was no real difference between the concentrations of pencycuron,
propiconazole and imidacloprid in roots of P. arundinacea grown in soil.

All pesticides were detected in the roots of plants grown in the filter
material mixture. In contrast to roots in soil, the hydrophobic pesticides
pencycuron (logKow = 4.7) and propiconazole (logKow = 3.7) were
present at much higher concentrations (108.7 ± 18.3 and 146 ±
36.4 mg kg−1 dw) compared to imidacloprid (20.2 ± 6.0 mg kg−1

dw) (Figs. S3 and 3 for the overall recovered amounts in the pots).
The higher concentrations of the hydrophobic pesticides in the roots
of plants grown in filter materials, compared to those grown in soil,
can be explained by the high organic matter content in soil (23.6%,
Table S3). Concentrations of organic pesticides in plants are controlled
by the equilibrium with their concentrations in soil pore water, which,
in turn, depend on the pesticide concentrations in soil organic matter
(Chiou et al., 2001). Therefore, partitioning of hydrophobic pesticides
to plant roots is much stronger in filter materials with lower TOC con-
tent, which explains higher concentrations of the hydrophobic pesti-
cides in the roots of plants grown in filter materials, compared to
those grown in soil. The higher transfer of the hydrophilic pesticides
to the plants in the SAP containing pots show a high bioavailability of
these compounds contributing to the exchange.

In addition, the recovered amounts of pesticides in the plants
corrected for their biomass content showed a higher pesticide retention
by leaves and roots of the plants in the pots with the filter materials
(Fig. 3). It is noteworthy that the total biomass of the plants in the pes-
ticide exposed pots were ~ 20% lower than in the respective controls.
Overall plant biomass in the filter materials reached only half of the
amounts in comparison to the soil reactors (data not shown).
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In the plant leaves, imidacloprid, metalaxyl and propiconazole were
detected. Concentrations of imidacloprid in the leaves of plants grown
in filter materials where 4 times higher compared to those grown in or-
ganic soil, 167±14.1 and 36.4±1.6mgkg−1 dw, respectively. Notably,
the concentration of imidacloprid and metalaxyl in plant leaves were
much higher compared to their concentrations in plant roots. Metalaxyl
concentrations were also higher in the leaves of plants grown in filter
materials (74.2 ± 9.3 mg kg−1 dw vs 51.6 ± 4.6 mg kg−1 dw in the
leaves of plants grown in soil) (Fig. S3B). The concentrations ofmore hy-
drophobic pesticide propiconazole in the leaves of P. arundinacea grown
in soil were in the range of 0.1–1 mg kg−1 dw, while 8.5–10.5 mg kg−1

dw were measured in the leaves of plants grown in filter materials. In
contrast to imidacloprid and metalaxyl, propiconazole had 10 times
lower concentrations in the leaves of plants compared to the concentra-
tion in roots.

The obtained results are in accordancewith themode of action of se-
lected pesticides and previous studies on their translocation in plants
after subsurface application. Thus, imidacloprid, metalaxyl and
propiconazole are systemic pesticides with potential for translocation
in plant tissues, whereas bentazone, pencycuron and MCPA are non-
systemic pesticides. Ju et al. (2020) and Gong et al. (2020) have
shown high upward translocation potential of imidacloprid and
metalaxyl in wheat (Triticum aestivum L.) and greenhouse Chrysanthe-
mum (Gong et al., 2020; Ju et al., 2020). High acropetal translocation
of imidacloprid within the xylem and poor basipetal mobility within
the phloem was also shown using 14C-labelled imidacloprid (Sur and
Stork, 2003). Hence translocation potential within the plant decreases
with increasing hydrophobicity (Ju et al., 2020), which explains lower
translocation potential of propiconazole compared to imidacloprid and
metalaxyl.

Accumulation of imidacloprid in the above-groundbiomass of plants
grown in retention filters designed for pesticide elimination requires
further studies. Translocation of this pesticide or its transformation
products to the plant reproductive system may have negative effects
e.g. on bees and other pollinators. (Butler, 2018; Wu et al., 2019).

3.4. Distribution of pesticides in microcosms with filter materials and soil:
outcomes for pesticide retention strategies

Cumulated amounts of pesticides, adsorbed to filter media, retained
in plants or leached from the pots after 4 weeks of exposure are shown
in Fig. 3. The total amount of each pesticide, added to each pot during
4 weeks of exposurewas 58mg. Themissing fraction of the compounds
is either mineralized, partially transformed into mobile metabolites,
which leave the pots with the leaching fraction, or incorporated to
non-extractable residues (NER).

Less than 25mg (~43%) of each added pesticidewas recovered over-
all in leachates, filter materials and plants, except for bentazone and
metalaxyl in planted and non-planted soil. The fraction of MCPA
(>50 mg = 92–100%), which was not extracted from soil, filter mate-
rials, plant biomass or leachates, is much higher than the reported
NER fraction for this compounds (~35%) (Barriuso et al., 2008)which in-
dicates microbial degradation.

Bentazone and metalaxyl have shown very low mineralization in
several studies (Hedegaard and Albrechtsen, 2014; Luo et al., 2019;
Norgaard et al., 2015; Sukul and Spiteller, 2000). Therefore, it is likely
that large fractions of these compounds remain in form of NER either
as a parent non-extractable compound or as sorbed metabolites in soil
and filter materials. However, the missing fractions of bentazone
(3–27 mg = 5–46%) and metalaxyl (5–17 mg = 8–30%) are much
lower than the percentages of NER reported for these compounds in ag-
ricultural soil (45–80% and 65–75%) (Barriuso et al., 2008). For these
compounds higher aerobic biodegradability was observed in the litera-
ture (see Table 1), which may have triggered higher degradation and
lower NER formation, in particular combined with the extended reten-
tion time in the filtermaterialmixture. In contrast, themissing fractions
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of imidacloprid (11–20 mg = 19–34%) and propiconazole
(20–26 mg= 35–44%) were in the range of the reported NER fractions
for these compounds (15–25% and 5–50% respectively) (Barriuso et al.,
2008).

Notably, the amount of added pesticides extracted fromnon-planted
soil pots was lowest for MCPA 0%, followed by propiconazole, and
pencycuron (both <16 mg = 28%), Surprisingly, the overall recovery
of pesticides were highest in planted soil pots, except for bentazone.
Considerable amounts of imidacloprid, metalaxyl, and bentazone
(>25 mg = 43%) were recovered either from soil or from plants and
SAP. The presence of the plants affected the amount of pesticides
leached from the soil, but a fraction of the recovered pesticide was
also found in the plants. It has to be considered that the overall reduc-
tion of the water content by evapotranspiration of the plant may have
led to a relative increase of the pesticide concentrations. The high reten-
tion of thepesticides in the organic soil used in this study shows that soil
may be an important sink for pesticides from surface runoff. This, how-
ever,may result in pesticide levels exciding toxicity limits to soil biota or
plants.

In contrast, the newly proposed filtermaterials have lower tendency
for pesticide accumulation and showed a much lower overall recovery
of the pesticides. Considerably lower fractions of pesticides were
adsorbed to pumice, vermiculite and SAP than to soil material. As a con-
sequence, larger fractions of the pesticides were lost with leachates and
presumably mineralization or degradation.

In comparison to the mineral filter materials, pumice and vermicu-
lite, the SAPwas able to retain higher amounts (5–15%) of themore hy-
drophilic pesticides imidacloprid, metalaxyl and bentazone by retaining
the water phase. In addition, the complete degradation of MCPA shows
that this material enables microbial degradation activity. Hence SAP
provides a promising option to increase pesticide retention and biodeg-
radation in mineral matrices. In addition, SAP increases the water hold-
ing capacity of such matrices by orders of magnitude and thus the
hydraulic retention time, enabling the growth of helophytes in such sys-
temswithout defined water containments. On the other hand, the pure
mineral filter materials would enhance leaching of pesticides consider-
ably. Therefore, smart combinations of filter materials as growth
medium for plants including the option for rapidly retaining high
amounts of water by SAP may open perspectives of treating higher vol-
umes of surface runoff owing to permeability and saturation capacity of
thematerials. Additional soil layers on the top or at the bottommay in-
crease retention and provide the appropriate microbial inoculum. Such
combinations of filter material may thus provide the most promising
options for increased retention of pesticides derived from agricultural
runoff.

The pesticide partitioning between different compartments of the
system, water, filter materials, soil, and plants, change their concentra-
tions in different compartments, and, thus, the driving forces which
control their fate. More detailed assessment of the fate of the pesticide,
in particular the biodegraded and mineralized fraction of pesticides
should be studied in additional experiments with isotope labelled
compounds in order to set upmass balances and to obtainmore detailed
information about transformation processes in the filter materials and
their mixtures.

As pointed out in the introduction, surface water contamination by
agriculturalfield runoff is an upcoming problem of increasing global rel-
evance (Lefrancq et al., 2017; Liess et al., 1999). Therefore, near-natural
treatment techniques are needed for the pesticide retention. The tested
filter materials provide several options for application in vegetated
ditches, in filtration ditches or constructed wetlands, for example at ri-
parian strips (Arora et al., 2010; Cole et al., 2020). In addition, the appli-
cation of SAP provides several advantages: i) the SAP used already has
the approval for the application in agricultural field cropping systems
and is thus without toxicological relevance, ii) is of relatively low price
since it is used for the increase of the water holding capacity of agricul-
tural fields in arid areas, and iii) provides the option for high water
8

retention e.g. in constructed wetlands at riparian strips without the
need for containment installations.

4. Conclusions

- Leaching was barely observed in the soil pots in particular with the
evapotranspiration of the plants. Therefore, soils with high organic
matter contents or mature composts will provide high retention po-
tentials but thehigher accumulation of pesticides in the soilmay also
result in a higher potential of remobilization and toxicity to plants.

- Pure mineral matrices have much higher leaching potentials than
soil with high TOC content. However, the addition of SAP increases
the water holding capacity accompanied by an increase of the hy-
draulic retention times which may promote microbial degradation.

- SAP-enriched mineral filter materials had less sorption capacity for
hydrophobic pesticides than soil but caused a considerable enrich-
ment of water soluble and ionic compounds.

- Therefore, a beneficial combination offiltermaterialsmay provide op-
tions for the treatment of agricultural surface water runoff events ei-
ther by artificial treatment filters, wetlands, or by enforced retention
within improved riparian strips by using nature-based solutions.
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