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Abstract

Purpose In addition to sediments, pesticides can be sorbed to other constituents present in rivers including ash, charcoal, and
microplastics. Pesticide sorption by microplastics has been studied for hydrophobic compounds such as the legacy insecticide
DDT (dichlorodiphenyltrichloroethane) but not for current-use herbicides. The purpose of this study was to investigate to
what extent 2,4-dichlorophenoxyacetic acid (2,4-D) (weak acid), atrazine (weak base), and glyphosate (zwitterion) are sorbed
by microplastics (i.e., fiber, polyethylene beads, polyvinyl chloride (PVC), and tire fragments) and other river constituents
(i.e., ash, charcoal, suspended and bottom sediments). DDT was included in the study to provide reference data that could
be compared to known literature values.

Methods Batch equilibrium experiments were conducted following Guidelines 106 of the Organisation for Economic Co-
operation and Development. Experiments utilized either a 1:100 solid/solution ratio with 0.1 g of a river constituent as the
sorbent or a 1:5 solid/solution ratio with the sorbents consisted of 1.9 g bottom sediments mixed with 0.1 g of a river con-
stituent. Background solutions included 0.01 M CaCl , or 0.01 M KCl, deionized water, and river water.

Result Individual microplastics always sorbed >50% of DDT. Current-use herbicides had a weak affinity for microplastics
(< 6%) except that a substantial amount of glyphosate was sorbed by PVC (32-36%) in 0.01M KCI and DI water. When river
water was used as a background solution, rather than 0.01M KCI or deionized water, there was much less glyphosate sorp-
tion by PVC, ash, charcoal, and both sediments. This suggested that ions present in river water competed for sorption sites
with glyphosate molecules. Across background solutions, sorption by sediments decreased in the order of DDT (91-95%)
> glyphosate (36-88%) >atrazine (5-13%) >2,4-D (2-5%). Sorption of 2,4-D, atrazine, and DDT by ash and charcoal was
always > 90% but < 35% for glyphosate. Relative to bottom sediments alone, the presence of ash or charcoal (5% by weight)
with sediments significantly increased the sorption of 2,4-D, atrazine, and DDT. Microplastic additions (5% by weight) had
no impact on all four pesticides’ sorption by sediments.

Conclusion Microplastics are not a strong sorbent for current-use herbicides, although there are exceptions such as glypho-
sate by PVC. Ions present in river water competed with glyphosate for sorption sites of river constituents. Hence, the types
and concentrations of ions present in rivers might have some influence on the partitioning of glyphosate between the water
column and solid phase, including glyphosate fate processes in rivers.

Keywords Batch equilibrium sorption - 2,4-Dichlorophenoxyacetic acid (2,4-D) - Atrazine - Glyphosate - DDT - Ash -
Charcoal - Microplastics - Sediments - Background solution

1 Introduction
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matrices (Rawn et al. 1999; Glozier et al. 2012; Ensminger
et al. 2013; Ronco et al. 2016; Gamhewage et al. 2019).
Mathematical models that estimate pesticide fate in rivers
commonly include a sorption parameter (e.g., Kd, Koc)
because when a pesticide is sorbed by sediments, it has dif-
ferent degradation rate and transport potential than when
the same pesticide is dissolved in the water column. There
is substantial information available on pesticide sorption
parameters as it relates to sediments (Chefetz et al. 2004;
Gaultier et al. 2009; Dollinger et al. 2015; Gamhewage et al.
2019) but less so as it relates to other potential constituents
present in rivers such as microplastics, ash, and charcoal.

A wide range of studies have highlighted the persis-
tence of microplastics in surface waters in North America,
Europe, as well as Asia (Moore et al. 2011; Eriksen et al.
2013; Castafieda et al. 2014; Free et al. 2014; Lechner et al.
2014; Anderson et al. 2017). For example, the water column
of the Red River was found to contain more than 800,000
microplastics km~2 at a sampling location in the Province
of Manitoba, Canada (Warrack et al. 2017). Microplastics
are per definition particles <5 mm and might include fiber,
polyethylene (PE) beads, polyvinyl (PVC), and tire frag-
ments, all of which have been detected in surface waters
(Thompson et al. 2009; Arthur et al. 2009; Castafieda et al.
2014; Wagner et al. 2014; Warrack et al. 2017; Sighicelli
et al. 2018; Wang et al. 2018; Leads and Weinstein 2019).
Microplastics are present in the water column but also in
bottom sediments because microplastics are likely to settle
at some rate depending on factors such as polymer density.
Graca et al. (2017) found that the density of microplastics
were predominantly >1 g cm™ when detected in the sur-
face layer of marine bottom sediments but <1 g cm™ when
detected in the surface layer of beach sediments.

When present in water systems, microplastics are believed
to act as carriers for transporting contaminants, but studies
have predominantly focused on persistent organic pollutants
such as legacy insecticide DDT (dichlorodiphenyltrichlo-
roethane), as well as on pharmaceuticals and personal care
products. For example, in batch equilibrium studies, these
chemicals were shown to have a high sorption affinity for
materials such as PVC, PE powder, polystyrene, and tire
fragments (Bakir et al. 2014; Lee et al. 2014; Wu et al. 2016;
Hiiffer et al. 2019; Sharma et al. 2020). DDT and some of its
metabolites have been detected in microplastics residing in
surface waters, at concentrations ranging from 22 to 7,100
ng g~! microplastic (Rios et al. 2007). DDT also continues to
be detected in bottom sediments of surface waters through-
out North America and elsewhere (Lembcke et al. 2011; Kuo
et al. 2012; Kurek et al. 2019).

Current-use herbicides 2,4-dichlorophenoxyacetic acid
(2,4-D) (weak acid; pKa=2.87 at 25 °C), atrazine (weak
base; pKa=1.70 at 25 °C), and glyphosate (zwitterion; pKa=
2,2.6,5.6, and 10.6 at 25 °C) are being detected in both the

water column and bottom sediments of North American riv-
ers (Wan et al. 2006; Glozier et al. 2012; Ronco et al. 2016;
Basiuk et al. 2017; Gamhewage et al. 2019). It is well known
that carbon-rich substances such as ash and charcoal might
retain these herbicides to some extent (Alam et al. 2000;
Karapanagioti et al. 2004; Igwe et al. 2012; Ghosh and Singh
2013). Ash and charcoal loadings to rivers particularly occur
when large regions are impacted by forest fires such as in
recent years in Australia and Canada (Parks Canada 2018;
Alberta Agriculture and Forestry 2019; Woodward 2020).
In addition to atmospheric deposition of ash and charcoal,
the increased surface runoff and erosion occurring post fire
is responsible for enhancing the transport of sediment, ash,
charcoal, and other debris to surface waters (Anshari et al.
2001; Karapanagioti et al. 2004; Smith et al. 2011; Mansilha
et al. 2019; Rhoades et al. 2019). Coal fly ash released by
coal burning power plants can also enter surface waters, for
example, due to waste water discharge or atmospheric depo-
sition (Eriksen et al. 2013).

We hypothesize that because of their contrasting phys-
icochemical properties (Table 1), pesticides will each show
distinct characteristics in their relative affinity for common
constituents detected in rivers, including sediments, ash,
charcoal, and a range of microplastics. The objective of this
batch equilibrium study was to investigate to what extent
2,4-D, atrazine, and glyphosate are sorbed by microplastics
(i.e., fiber, polyethylene beads, polyvinyl (PVC), and tire
fragments) and other river constituents (i.e., ash, charcoal,
and suspended and bottom sediments) and how this com-
pares to the sorption potential of legacy pesticide DDT by
these river constituents.

2 Materials and methods
2.1 Pesticides and sorbents

Pesticides used were 2,4-dichlorophenoxy acetic acid [ring-
HC(U)] (>99% radiochemical purity; specific activity 55 mCi
mmol~!) with analytical grade 2,4-D (99%), atrazine [ring-
H“4CU)] (>99%, 160 mCi mmol~!) with analytical grade
atrazine (99%), glyphosate [phosphonomethyl-'C](>99%,
55 mCi mmol~') with analytical grade glyphosate (99%
chemical purity), and 4,4'-dichlorodiphenyltrichloroethane
[ring-"*C(U)] (>99%, 12.8 mCi mmol~!) with analytical
grade DDT (99%). Pesticides were purchased from Ameri-
can Radiolabeled Chemicals, Inc., St. Louis, MO, USA, and
Sigma-Aldrich Co., St. Louis, MO, USA.

Sorbents were suspended and bottom sediments, ash,
charcoal, as well as fiber, PE beads, PVC, and tire frag-
ments because these are among the most globally reported
microplastics detected in the environment (Thompson et al.
2009; Engler 2012; Warrack et al. 2017; Hiiffer et al. 2019).
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Sediments were collected from the Red River at a location
near Selkirk, Manitoba (50°08'42.2"N 96°51'51.3"W). The
Red River (~880 km) has a drainage area of 288,000 km?
(Newton 2016) with ~80% of its length flowing through the
USA before entering Canada. A continuous flow centri-
fuge (US Centrifuge M512) was used to collect suspended
sediments in centrifuge aluminum bowl, while water was
pumped continuously through the device using high-power
generator for 4-6 h. Bottom sediments (15 cm®) were col-
lected using an Ekman Dredge. Sediments were placed into
sterile amber plastic bags (Fisher Scientific International,
Inc., Fair Lawn, NJ) and transported to the laboratory. Sam-
ples were air-dried and sieved (<2 mm). Activated char-
coal Norit® and fly ash BCR® were purchased from Sigma-
Aldrich Co., St. Louis, MO, USA. The activated charcoal is
a chemically activated (by phosphoric acid) powder derived
from wood with particle sizes ranging from 10 to 90 um and
a specific surface area (SSA) of 1400 m? g~!. According to
the manufacturer, the charcoal contained calcium (200 mg
kg™, iron (150 mg kg™"), and phosphate (3.5% on a mass
basis). The fly ash is derived from pulverized coal with trace
elements with particle sizes ranging from 0.5 to 40 ym and
a SSA of 900 m? g~!. PE microbeads with particle sizes of
250-300 um were used as model polymer typical of personal
care products and purchased from Cospheric LLC (Santa
Barbara, CA, USA). Tire pieces (<5 mm) were collected
from Reliable Tire Recycling Center, Winnipeg, Manitoba.
Polyvinyl chloride (PVC) pipes were purchased from The
Home Depot, Winnipeg, Manitoba, and finely shredded into
small pieces (<5 mm). Polyester fibers (<5 mm) were gath-
ered from the insides of a newly bought pillow.

2.2 Batch equilibrium experiments and data
analyses

Experiments were done in triplicates. One experiment uti-
lized a 1:100 solid/solution ratio (0.1 g/10 mL) and included
the four pesticides (2,4-D, atrazine, glyphosate, DDT), eight
individual sorbents (suspended and bottom sediments, ash,
charcoal, PE beads, PVC and tire fragments), and three
background solutions (0.01 M CaCl, or 0.01 KCl, deion-
ized water, river water). The other experiment utilized a 1:5
solid/solution ratio (2 g/10 mL), and sorbents consisted of
1.9 g bottom sediments mixed with 0.1 g of each of the eight
sorbents (suspended and bottom sediments, ash, charcoal,
fiber, tire, PVC, and PE beads). Although studies to date lack
consistent and standardized methods/protocols to quantify
microplastics present in bottom sediments (Campanale et al.
2020), we selected this ratio because the concentrations for
microplastics, charcoal, or ash in rivers are relatively small
in volume compared to bottom sediments (Corcoran et al.
2015; Anderson et al. 2016; Warrack et al. 2017; Campanale
et al. 2020).

@ Springer

Stock solutions of pesticides were prepared at a concentra-
tion of 2.5 ug 17!, A total of three different background solu-
tions were used in experiments. This included standard ionic
solution of 0.01 M CaCl, (pH of 5.97) for 2,4-D, atrazine,
and DDT and of 0.01 M KCI (pH of 6.24) for glyphosate
(OECD 106 2000), as well as deionized water (pH 6.35) and
river water (pH 8). Pesticide solutions are usually prepared in
0.01M CaCl,, but glyphosate forms complex formation with
Ca** in the solution, and hence KCl is the preferred elec-
trolyte in batch equilibrium studies using glyphosate (Glass
1987; Munira et al. 2018). The river water was analyzed for
a range of chemicals such as total calcium (69.3 mg 171),
magnesium (49.1 mg 171, and others (Table S1). Prior to use
in experiments, river water was filtered through Whatman
glass fiber membrane filters (0.45 um pore size, 47 mm),
as well as autoclaved at 121 °C for 20 min. Pesticide solu-
tions (10mL) were added to 50-mL glass centrifuge tubes
(PYREX™ Round-Bottom Glass Centrifuge Tubes) contain-
ing sorbents (0.1 or 2.0 g). Tubes were rotated in the dark for
24 h at 5 °C as most batch equilibrium studies utilize this
duration (Wauchope et al. 2002) and preliminary experiments
with atrazine and 2,4-D did not show significant differences
between sorption at 24h and 48 h. Tubes were removed and
centrifuged at 7,000 rpm for 50 min at 5 °C. Subsamples (1
mL) of supernatant were added to duplicated 6 mL scintil-
lation vials, each containing 3 mL Ultima Gold™ scintilla-
tion cocktail (PerkinElmer, Inc., Waltham, MA, USA). Vials
were lightly shaken and placed in dark for 24 h to reduce
false positives by photoluminescence or chemiluminescence.
Radioactivity was quantified using liquid scintillation counter
(Tri-Carb 4910 TR, PerkinElmer, Inc., MA, USA) with a
counting time of 10 min.

For each pesticide and background solution separately,
one-way analysis of variance (ANOVA) (GLIMMIX proce-
dure, SAS 9.4) was performed on percent pesticide sorbed.
The percentage sorption data followed a beta distribution,
and treatment mean differences were evaluated at @=0.05
with the Tukey multiple comparison procedure.

3 Results and discussion

As individual sorbents (0.1 g), microplastics never sorbed more
than 6% of 2,4-D or atrazine (Fig. 1). Glyphosate also showed
a weak sorption by microplastics, except that PVC fragments
showed between 32 and 36% glyphosate sorption in 0.01M
KCl and DI water (Fig. 1). Previous studies have reported that
some fungicides and insecticides, as well as a flame retardant
tris(2-chloroethyl) phosphate, also showed an affinity for PVC
(Gong et al. 2019; Chen et al. 2020; Tatarczak-Michalewska
et al. 2021). In contrast to these current-use herbicides, legacy
compound DDT showed between 85 and 94% sorption by fiber,
tire, or PVC fragments and between 55 and 66% sorption by
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PE beads (Fig. 1). Using batch equilibrium studies, Bakir et al.
(2014) also reported that DDT has a strong affinity for PVC and
PE. Microplastics have hydrophobic properties, and hence DDT
and other hydrophobic chemicals with relatively large octanol-
water partition coefficients have a large affinity for microplas-
tics (Moyo et al. 2014; Wu et al. 2016; Beckingham and Ghosh
2017; Li et al. 2018; Llorca et al. 2018; Zuo et al. 2019). Parti-
tioning interaction and pore filling are the predominant mecha-
nisms controlling the sorption of DDT to microplastics (Bakir
et al. 2012; Endo and Koelmans 2016; Wang et al. 2020).

Ash and charcoal tend to have relatively high specific sur-
face areas, and as individual sorbents, ash (0.1g) and charcoal
(0.1g) sorbed > 90% of 2,4-D, atrazine, and DDT (Fig. 1).
Previous studies reported that ash or charcoal sorbed between
54 and 87% of 2,4-D (Deokar et al. 2016), 32-99% of atrazine,
and > 90% DDT (Gupta and Ali 2001; Ghosh and Singh 2013;
Gonzalez et al. 2020). Suspended (0.1 g) or bottom (0.1 g) sed-
iments sorbed > 90% DDT as well, but both 2,4-D (2-5%) and
atrazine (5-13%) showed a weak affinity for sediments (Fig. 1).
As individual sorbents (0.1 g), both suspended and bottom sed-
iment sorbed a substantial amount of glyphosate in 0.01M KCl
(86—-88%) and DI water (67-68%). However, the amount of
glyphosate sorbed by suspended and bottom sediment was only
between 38 and 51% in the presence of river water (Fig. 1).
This suggests that ions present in river water competed with
glyphosate for sorption by suspended and bottom sediments.
The river water contained a range of chemicals (Table S1) that
are known to be sorbed by sediments including phosphorus,

lead, cadmium, copper, and zinc (Phillips et al. 2004; Oh et al.
2009; Huang et al. 2015; Yin et al. 2016). As individual sorb-
ents, ash (0.1g) and charcoal (0.1g) showed ~30% glyphosate
sorption in 0.01M KCI and DI water solutions (Fig. 1). How-
ever, both PVC (~2%) and ash or charcoal (~10%) showed a
much lesser glyphosate sorption in the presence of river water
(Fig. 1). This suggests again that ions in river water competed
with glyphosate for sorption by river constituents, including
PVC, ash, and charcoal. The river water contained a range of
chemicals (Table S1) that are known to be sorbed by PVC such
as lead, arsenic, and cesium (Wankasi and Dikio 2014; Sing
et al. 2020; Chen et al. 2020). Similarly, phosphate in river
water might have competed with glyphosate for sorption by
ash and charcoal because, for example, glyphosate sorption
by wood biochar (also a carbon-rich substance) was reduced
in the presence of phosphate because of competitive sorption
mechanism (Cederlund et al. 2016; Hall et al. 2018). In addi-
tion, river water had a pH of 8, whereas the pH of the other
two background solutions was less than 6.5. Previous studies
have shown that the sorption of glyphosate by clays, soils, and
sediments decreases with increasing pH because glyphosate
is becoming increasingly negatively charged (McConnell and
Hossner 1985; de Jonge and de Jonge 1999; Gimsing et al.
2003; Dollinger et al. 2015). Specifically, glyphosate sorption
is reduced because of the increased negative charges of both
soil and glyphosate result in greater electrostatic repulsion with
rising pH (de Jonge and de Jonge 1999; Wauchope et al. 2002;
Candela et al. 2007; Ololade et al. 2014).
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Table 1 Molecular structure and physicochemical properties of the
pesticides used in the study (Sprankle et al. 1975; Footprint 2020;
PubChem Compound Database 2020). Solubility = solubility in water

(mg L™ at 20 °C; log Kow = log Kow at pH 7, 20 °C; Soil V-life
= soil half-life (days) at 20 °C; Sediment Y2-life = sediment half-life
(days), except for DDT (years)

2,4-D Atrazine Glyphosate DDT
J G L
" \H \\‘/ ~ \/\\ «
\\\(//\ |r\ / \\ Ill | ‘

Solubility 23,180 35 10, 500 0.006
logKow -0.83 2.70 -3.20 6.91
pKa@?25°C 2.87 1.70 2,2.6,5.6,10.6 -
Koc 39.3 100 1424 151000
Soil Y5-life 4.4 75 15 6,200
Sediment Y5-life 18.2 80 9.9 >150 years

Regardless of the background solution, the amount sorbed
of the legacy compound DDT, as well as of current-use her-
bicides 2,4-D and atrazine, typically decreased in the order
of ash/charcoal>sediments>microplastics. Glyphosate
sorption typically decreased in the order of sediments>ash/
charcoal>microplastics. Consequently, regardless of the pes-
ticide, microplastics tend to be less likely to sorb pesticides
than other river constituents. For none of the four pesticides,
there was a significant impact of the type of microplastics
present in sediments on % pesticide sorbed by sediments.
Bottom sediments with or without microplastics sorbed <
20% 2.,4-D, ~55-58% atrazine, but > 95% of glyphosate and
DDT (Fig. 2). In contrast, the presence of 0.1 g of either
ash or charcoal with 1.9 g bottom sediments significantly

increased the sorption of 2,4-D, atrazine, and DDT rela-
tive to 2.0 g bottom sediments only. The increased sorption
was particularly profound for current-use herbicides 2,4-D
and atrazine (Fig. 2). Relative to 2.0 g bottom sediments
only, the presence of 0.1 g charcoal with 1.9 g bottom sedi-
ments significantly decreased glyphosate sorption. However,
numerically, the differences between these two treatments
were extremely small because > 95% of glyphosate was
sorbed in both cases (Fig. 2). Other studies reported on the
strong sorption of glyphosate by sediments (Xu et al. 2009;
Degenhardt et al. 2012; Dollinger et al. 2015) and by soil
(Shushkova et al. 2010; Munira et al. 2016; Munira and
Farenhorst 2017; Munira et al. 2018).

Fig.2 Pesticide sorption by 24D (CaCl)
mixture of bottom sediment and trazine (Cacl)
other solid constituents in CaCl, 100+ o wem
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solution ratio) 75
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4 Conclusion

Based on the batch equilibrium conditions studied, we con-
clude that it is unlikely that microplastics will accumulate
current-use herbicides such as 2,4-D, atrazine, and glypho-
sate. Although glyphosate is potentially retained by PVC,
ions in river water appear to interfere with this glyphosate
sorption. This might warrant including the types and concen-
trations of ions present in rivers when describing on glypho-
sate fate processes in rivers, including sorption by river con-
stituents such as sediments and PVC. The amount of DDT
sorbed by microplastics was substantial, and hence such par-
titioning coefficients should be included when modeling the
fate of DDT in river systems. The presence of ash/charcoal in
regions impacted by large forest fires is likely to increase the
removal of 2,4-D and atrazine from the water column, both
in the short term when ash/charcoal is suspended in the water
column and in the long term when ash/charcoal has settled
in bottom sediments. In contrast, the presence of microplas-
tics is unlikely to impact the removal of 2,4-D, atrazine, and
glyphosate from the water column in rivers.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11368-022-03218-8.

Acknowledgements The authors acknowledge Rob Ellis and Mauli
Gamhewage for their technical assistance in the field and laboratory
work.

Funding This work was supported by the Natural Sciences and
Engineering Research Council of Canada (NSERC) through
its Collaborative Research and Training Experience Program
(CREATE grant# 432009-2013) and Discovery Grant Program
(Grant#RGPIN-2018-06030), including providing a student stipend to
Ms. Marufa Fatema.

Declarations

Conflict of interest The authors declare no competing interests.

References

Alam JB, Dikshit AK, Bandyoadhyay M (2000) Efficacy of adsor-
bents of 2,4-D and atrazine removal from water environment.
Global NEST: The Int J(2):139-148. https://doi.org/10.30955/
2nj.000166. Assessed 14 Sept 2020

Alberta Agriculture and Forestry (2019) Historical wildfire database
- Alberta Wildfire Records. Available on https://wildfire.alberta.
ca/resources/historical-data/historical-wildfire-database.aspx.
Assessed 20 Aug 2020

Anderson JC, Park BJ, Palace VP (2016) Microplastics in aquatic envi-
ronments: implications for Canadian ecosystems. Environ Pollut
218:269-280. https://doi.org/10.1016/j.envpol.2016.06.074

Anderson PJ, Warrack S, Langen V, Challis JK, Hanson ML, Rennie MD
(2017) Microplastic contamination in Lake Winnipeg, Canada. Envi-
ron Pollut 225:223-231. https://doi.org/10.1016/j.envpol.2017.02.072

Anshari G, Peter KA, Van Der Kaars S (2001) A Late Pleistocene
and Holocene pollen and charcoal record from peat swamp forest,
Lake Sentarum wildlife reserve, West Kalimantan, Indonesia. Pal-
aeogeography, Palacoclimatology, Palacoecology 171(3—4):213—
228. https://doi.org/10.1016/S0031-0182(01)00246-2

Arthur C, Baker J, Bamford H (eds) (2009) Proceedings of the Inter-
national Research Workshop on the Occurrence, Effects and Fate
of Microplastic Marine Debris. Sept 9-11, 2008. NOAA Tech-
nical Memorandum NOS-OR&R-30. https://marinedebris.noaa.
gov/proceedings-international-research-workshop-microplastic-
marine-debris. Assessed 15 Jul 2020

Bakir A, Rowland SJ, Thompson RC (2012) Competitive sorption of
persistent organic pollutants onto microplastics in the marine
environment. Mar Pollut Bull 64:2782-2789. https://doi.org/10.
1016/j.marpolbul.2012.010

Bakir A, Rowland SJ, Thompson RC (2014) Enhanced desorption of
persistent organic pollutants from microplastics under simulated
physiological conditions. Environ Pollut 185:16-23. https://doi.
org/10.1016/j.envpol.2013.10.007

Basiuk M, Brown RA, Cartwright D, Davison R, Wallis PM (2017)
Trace organic compounds in rivers, streams, and wastewater
in southeastern Alberta. Canada. Inland Waters 7(3):283-296.
https://doi.org/10.1080/20442041.2017.1329908

Beckingham B, Ghosh U (2017) Differential bioavailability of poly-
chlorinated biphenyls associated with environmental particles:
microplastic in comparison to wood, coal and biochar. Environ
Pollut 220:150-158. https://doi.org/10.1016/j.envpol.2016.09.033

Cabrerizo A, Muir DCG, Teixeira C, Lamoureux SF, Lafreniere MJ
(2019) Snow deposition and melting as drivers of polychlorinated
biphenyls and organochlorine pesticides in Arctic rivers, lakes,
and ocean. Environ Sci Technol 53(24):14377-14386. https://doi.
org/10.1021/acs.est.9b05150

Campanale C, Savino I, Pojar I, Massarelli C, Uricchio VF (2020) A
practical overview of methodologies for sampling and analysis
of microplastics in riverine environments. Sustainability 12(17).
https://doi.org/10.3390/SU12176755

Candela L, Alvarez-Benedi J, Condesso de Melo MT, Rao PSC
(2007) Laboratory studies on glyphosate transport in soils of the
Maresme area near Barcelona, Spain: transport model parameter
estimation. Geoderma 140(1-2):8—16. https://doi.org/10.1016/j.
geoderma.2007.02.013

Castafieda RA, Avlijas S, Anouk SM, Ricciardi A (2014) Microplastic
pollution in St. Lawrence River sediments. Can J Fish and Aquat
Sci 71(12):1767-1771. https://doi.org/10.1139/cjfas-2014-0281

Cederlund H, Borjesson E, Lundberg D, Stenstrom J (2016) Adsorption
of pesticides with different chemical properties to a wood biochar
treated with heat and iron. Water Air Soil Pollut 227(6). https://
doi.org/10.1007/s11270-016-2894-z

Chefetz B, Bilkis YI, Polubesova T (2004) Sorption-desorption behav-
ior of triazine and phenylurea herbicides in Kishon river sedi-
ments. Water Res 38(20):4383—-4394. https://doi.org/10.1016/j.
watres.2004.08.023

Chen S, Hu J, Guo Y, Belzile N, Deng T (2020) Enhanced kinetics and
super selectivity toward Cs* in multicomponent aqueous solu-
tions: a robust Prussian blue analogue/polyvinyl chloride compos-
ite membrane. Environ Res 189:109952. https://doi.org/10.1016/].
envres.2020.109952. Assessed 14 Aug 2020

Corcoran PL, Norris T, Ceccanese T, Walzak MJ, Helm PA, Marvin
CH (2015) Hidden plastics of Lake Ontario, Canada and their
potential preservation in the sediment record. Environ Pollut
204:17-25. https://doi.org/10.1016/j.envpol.2015.04.009

De Jonge H, De Jonge LW (1999) Influence of pH and solution com-
position on the sorption of glyphosate and prochloraz to a sandy
loam soil. Chemosphere 39(5):753-763. https://doi.org/10.1016/
S0045-6535(99)00011-9

@ Springer


https://doi.org/10.1007/s11368-022-03218-8
https://doi.org/10.30955/gnj.000166
https://doi.org/10.30955/gnj.000166
https://wildfire.alberta.ca/resources/historical-data/historical-wildfire-database.aspx
https://wildfire.alberta.ca/resources/historical-data/historical-wildfire-database.aspx
https://doi.org/10.1016/j.envpol.2016.06.074
https://doi.org/10.1016/j.envpol.2017.02.072
https://doi.org/10.1016/S0031-0182(01)00246-2
https://marinedebris.noaa.gov/proceedings-international-research-workshop-microplastic-marine-debris
https://marinedebris.noaa.gov/proceedings-international-research-workshop-microplastic-marine-debris
https://marinedebris.noaa.gov/proceedings-international-research-workshop-microplastic-marine-debris
https://doi.org/10.1016/j.marpolbul.2012.010
https://doi.org/10.1016/j.marpolbul.2012.010
https://doi.org/10.1016/j.envpol.2013.10.007
https://doi.org/10.1016/j.envpol.2013.10.007
https://doi.org/10.1080/20442041.2017.1329908
https://doi.org/10.1016/j.envpol.2016.09.033
https://doi.org/10.1021/acs.est.9b05150
https://doi.org/10.1021/acs.est.9b05150
https://doi.org/10.3390/SU12176755
https://doi.org/10.1016/j.geoderma.2007.02.013
https://doi.org/10.1016/j.geoderma.2007.02.013
https://doi.org/10.1139/cjfas-2014-0281
https://doi.org/10.1007/s11270-016-2894-z
https://doi.org/10.1007/s11270-016-2894-z
https://doi.org/10.1016/j.watres.2004.08.023
https://doi.org/10.1016/j.watres.2004.08.023
https://doi.org/10.1016/j.envres.2020.109952
https://doi.org/10.1016/j.envres.2020.109952
https://doi.org/10.1016/j.envpol.2015.04.009
https://doi.org/10.1016/S0045-6535(99)00011-9
https://doi.org/10.1016/S0045-6535(99)00011-9

1882

Journal of Soils and Sediments (2022) 22:1876-1884

Degenhardt D, Humphries D, Cessna AJ, Messing P, Badiou PH, Raina
R, Farenhorst A, Pennock DJ (2012) Dissipation of glyphosate and
aminomethylphosphonic acid in water and sediment of two Cana-
dian prairie wetlands. J Environ Sci Health - Part B Pesticides,
Food Contaminants, and Agricultural Wastes 47(7):631-639.
https://doi.org/10.1080/03601234.2012.668459

Deokar SK, Mandacgane SA, Kulkarni BD (2016) Adsorption removal
of 2,4-dichlorophenoxyacetic acid from aqueous solution using
bagasse fly ash as adsorbent in batch and packed-bed techniques.
Clean Technol Environ Policy 18:1971-1983. https://doi.org/10.
1007/s10098-016-1124-0

Dollinger J, Dages C, Voltz M (2015) Glyphosate sorption to soils
and sediments predicted by pedotransfer functions. Environ Chem
Lett 13(3):293-307. https://doi.org/10.1007/s10311-015-0515-5

Endo S, Koelmans AA (2016) Sorption of hydrophobic organic com-
pounds to plastics in the marine environment: equilibrium. In:
Takada H. Karapanagioti H. (eds) Hazardous Chemicals Associated
with Plastics in the Marine Environment. The Handbook of Environ
Chem 78. Springer, Cham. https://doi.org/10.1007/698_2016_11

Engler RE (2012) Chemicals in the ocean. Environ Sci Technol 46:302-315

Ensminger MP, Budd R, Kelley KC, Goh KS (2013) Pesticide occur-
rence and aquatic benchmark exceedances in urban surface waters
and sediments in three urban areas of California, USA, 2008—
2011. Environ Monit Assess 185(5):3697-3710. https://doi.org/
10.1007/s10661-012-2821-8

Eriksen M, Mason S, Wilson S, Box C, Zellers A, Edwards W, Farley
H, Amato S (2013) Microplastic pollution in the surface waters
of the Laurentian Great Lakes. Mar Pollut Bull 77(1-2):177-182.
https://doi.org/10.1016/j.marpolbul.2013.10.007

Footprint (2020) The Pesticide Properties Database. Developed by the
Agriculture & Environment Research Unit (AERU), University of
Hertfordshire, funded by UK national sources and the EU-funded
Footprint project (FP6-SSP-022704). Available http://sitem.herts.
ac.uk/aeru/iupac/. Accessed Sept 2020

Free CM, Jensen OP, Mason SA, Eriksen M, Williamson NJ, Boldgiv
B (2014) High-levels of microplastic pollution in a large, remote,
mountain lake. Mar Pollut Bull 85(1):156—163. https://doi.org/10.
1016/j.marpolbul.2014.06.001

Gamhewage M, Farenhorst A, Sheedy C (2019) Phenoxy herbicides’
interactions with river bottom sediments. J Soils Sediments
19(10):3620-3630. https://doi.org/10.1007/s11368-019-02339-x

Gaultier J, Farenhorst A, Kim SM, Saiyed I, Messing P, Cessna AJ, Glozier
NE (2009) Sorption-desorption of 2,4-dichlorophenoxyacetic acid
by wetland sediments. Wetlands 29(3):837-844. https://doi.org/10.
1672/08-42.1

Ghosh RK, Singh N (2013) Adsorption-desorption of metolachlor
and atrazine in Indian soils: effect of fly ash amendment. Envi-
ron Monit Assess 185(2):1833-1845. https://doi.org/10.1007/
s10661-012-2671-4

Gimsing AL, Borggaard OK, Bang M (2003) Influence of soil compo-
sition on adsorption of glyphosate and phosphate by contrasting
Danish surface soils. Eur J Soil Sci 55(1):183-191. https://doi.
org/10.1046/j.1365-2389.2003.00585.x

Glass RL (1987) Adsorption of glyphosate by soils and clay miner-
als. J Agricu Food Chem 35(4):497-500. https://doi.org/10.1021/
jf00076a013

Glozier NE, Struger J, Cessna AJ, Gledhill M, Rondeau M, Ernst
WR, Donald DB (2012) Occurrence of glyphosate and acidic
herbicides in select urban rivers and streams in Canada, 2007.
Environ Sci Pollut Res 19(3):821-834. https://doi.org/10.1007/
s11356-011-0600-7

Gong W, Jiang M, Han P, Liang G, Zhang T, Liu G (2019) Compara-
tive analysis on the sorption kinetics and isotherms of fipronil
on nondegradable and biodegradable microplastics. Environ
Pollut 254(A):112927. https://doi.org/10.1016/j.envpol.2019.
07.095

@ Springer

Gonzalez JM, Murphy LR, Penn CJ, Boddu VM, Sanders LL (2020)
Atrazine removal from water by activated charcoal cloths. Int Soil
Water Conserv Res 8:205-212. https://doi.org/10.1016/j.iswcr.
2020.03.002

Graca B, Szewc K, Zakrzewska D, Dotega A, Szczerbowska-Boruchowska
M (2017) Sources and fate of microplastics in marine and beach sedi-
ments of the Southern Baltic Sea—a preliminary study. Environ Sci Pol-
lut Res 24(8):7650-7661. https://doi.org/10.1007/s11356-017-8419-5

Gupta VK, Ali I (2001) Removal of DDT and DDE from waste water
using Bagasse fly ash - a sugar industry waste. Water Res 35(1):33—
40. https://doi.org/10.1016/S0043-1354(00)00232-3

Hall KE, Spokas KA, Gamiz B, Cox L, Papiernik SK, Koskinen WC
(2018) Glyphosate sorption/desorption on biochars — interactions
of physical and chemical processes. Pest Manag Sci 74(5):1206—
1212. https://doi.org/10.1002/ps.4530

Huang W, Lu Y, LiJ, Zheng Z, Zhang J, Jiang X (2015) Effect of ionic
strength on phosphorus sorption in different sediments from a
eutrophic plateau lake. Royal Society of Chemistry, Chem Sci
5:79607. https://doi.org/10.1039/c5ra12658d

Hiiffer T, Wagner S, Reemtsma T, Hofmann T (2019) Sorption of
organic substances to tire wear materials: similarities and differ-
ences with other types of microplastic. TrAC - Trends Anal Chem
113:392-401. https://doi.org/10.1016/j.trac.2018.11.029

Igwe JC, Nwadire FC, Abia AA (2012) Kinetics and equilibrium iso-
therms of pesticides adsorption onto boiler fly ash. Terrestrial
Aquatic Environ Toxicol 6(1):21-29

Karapanagioti HK, James G, Sabatini DA, Kalaitzidis S, Christanis K,
Gustafsson O (2004) Evaluating charcoal presence in sediments and
its effect on phenanthrene sorption. Water Air Soil Pollut: Focus
4(4-5):359-373. https://doi.org/10.1023/B:WAFO.0000044811.
31526.35

Kuo L, Soon AY, Garrett C, Wan MTK, Pasternak JP (2012) Agricul-
tural pesticide residues of farm runoff in the Okanagan Valley, Brit-
ish Columbia, Canada. J Environ Sci Health, Part B- Pesticides,
Food Contaminants and Agricul Wastes 47(4):250-261. https://
doi.org/10.1080/03601234.2012636588

Kurek J, MacKeigan PW, Veinot S, Mercer A, Kidd KA (2019) Eco-
logical legacy of DDT archived in lake sediments from eastern
Canada. Environ Sci Technol 53(13):7316-7325. https://doi.org/
10.1021/acs.est.9b01396

Leads RR, Weinstein JE (2019) Occurrence of tire wear particles and
other microplastics within the tributaries of the Charleston Har-
bor Estuary, South Carolina, USA. Mar Pollut Bull 145:569-582.
https://doi.org/10.1016/j.marpolbul.2019.06.061

Lechner A, Keckeis H, Lumesberger-Loisl F, Zens B, Krusch R, Tritthart
M, Glas M, Schludermann E (2014) The Danube so colourful: a
potpourri of plastic litter outnumbers fish larvae in Europe’s second
largest river. Environ Pollut 188:177-181. https://doi.org/10.1016/;.
envpol.2014.02.006

Lee H, Shim WJ, Kwon JH (2014) Sorption capacity of plastic debris
for hydrophobic organic chemicals. Sci Total Environ 470-
471:1545-1552. https://doi.org/10.1016/j.scitotenv.2013.08.023

Lembcke D, Ansell A, McConnell C, Ginn B (2011) Use of semiperme-
able membrane devices to investigate the impacts of DDT (Dichlo-
rodiphenyltrichloroethane) in the Holland Marsh environs of the
Lake Simcoe watershed (Ontario, Canada). J Great Lakes Res
37(Suppl 3):142-147. https://doi.org/10.1016/j.jglr.2011.01.002

LiJ, Zhang K, Zhang H (2018) Adsorption of antibiotics on micro-
plastics. Environ Pollut 237:460-467. https://doi.org/10.1016/].
envpol.2018.02.050

Llorca M, Schirinzi G, Martinez M, Barcelé D, Farré M (2018)
Adsorption of perfluoroalkyl substances on microplastics under
environmental conditions. Environ Pollut 235:680-691. https://
doi.org/10.1016/j.envpol.2017.12.075

Mansilha C, Duarte CG, Melo A, Ribeiro J, Flores D, Marques JE
(2019) Impact of wildfire on water quality in Caramulo Mountain


https://doi.org/10.1080/03601234.2012.668459
https://doi.org/10.1007/s10098-016-1124-0
https://doi.org/10.1007/s10098-016-1124-0
https://doi.org/10.1007/s10311-015-0515-5
https://doi.org/10.1007/698_2016_11
https://doi.org/10.1007/s10661-012-2821-8
https://doi.org/10.1007/s10661-012-2821-8
https://doi.org/10.1016/j.marpolbul.2013.10.007
http://sitem.herts.ac.uk/aeru/iupac/
http://sitem.herts.ac.uk/aeru/iupac/
https://doi.org/10.1016/j.marpolbul.2014.06.001
https://doi.org/10.1016/j.marpolbul.2014.06.001
https://doi.org/10.1007/s11368-019-02339-x
https://doi.org/10.1672/08-42.1
https://doi.org/10.1672/08-42.1
https://doi.org/10.1007/s10661-012-2671-4
https://doi.org/10.1007/s10661-012-2671-4
https://doi.org/10.1046/j.1365-2389.2003.00585.x
https://doi.org/10.1046/j.1365-2389.2003.00585.x
https://doi.org/10.1021/jf00076a013
https://doi.org/10.1021/jf00076a013
https://doi.org/10.1007/s11356-011-0600-7
https://doi.org/10.1007/s11356-011-0600-7
https://doi.org/10.1016/j.envpol.2019.07.095
https://doi.org/10.1016/j.envpol.2019.07.095
https://doi.org/10.1016/j.iswcr.2020.03.002
https://doi.org/10.1016/j.iswcr.2020.03.002
https://doi.org/10.1007/s11356-017-8419-5
https://doi.org/10.1016/S0043-1354(00)00232-3
https://doi.org/10.1002/ps.4530
https://doi.org/10.1039/c5ra12658d
https://doi.org/10.1016/j.trac.2018.11.029
https://doi.org/10.1023/B:WAFO.0000044811.31526.35
https://doi.org/10.1023/B:WAFO.0000044811.31526.35
https://doi.org/10.1080/03601234.2012636588
https://doi.org/10.1080/03601234.2012636588
https://doi.org/10.1021/acs.est.9b01396
https://doi.org/10.1021/acs.est.9b01396
https://doi.org/10.1016/j.marpolbul.2019.06.061
https://doi.org/10.1016/j.envpol.2014.02.006
https://doi.org/10.1016/j.envpol.2014.02.006
https://doi.org/10.1016/j.scitotenv.2013.08.023
https://doi.org/10.1016/j.jglr.2011.01.002
https://doi.org/10.1016/j.envpol.2018.02.050
https://doi.org/10.1016/j.envpol.2018.02.050
https://doi.org/10.1016/j.envpol.2017.12.075
https://doi.org/10.1016/j.envpol.2017.12.075

Journal of Soils and Sediments (2022) 22:1876-1884

1883

ridge (Central Portugal). Sustain Water Resour Manag 5(1):319—
331. https://doi.org/10.1007/s40899-017-0171-y

McConnell JS, Hossner LR (1985) pH-Dependent adsorption isotherms
of glyphosate. J Agric Food Chem 33(6):1075-1078. https://doi.
org/10.1021/jf00066a014

Moore CJ, Lattin GL, Zellers AF (2011) Quantity and type of plastic
debris flowing from two urban rivers to coastal waters and beaches
of Southern California. Revista de Gestdo Costeira Integrada
11(1):65-73. https://doi.org/10.5894/rgcil 94

Moyo F, Tandlich R, Wilhelmi BS, Balaz S (2014) Sorption of hydro-
phobic organic compounds on natural sorbents and organoclays
from aqueous and non-aqueous solutions: a mini-review. Int J
Environ Res Public Health 11(5):5020-5048. https://doi.org/10.
3390/ijerph110505020

Munira S, Farenhorst A (2017) Sorption and desorption of glyphosate,
MCPA and tetracycline and their mixtures in soil as influenced by
phosphate. J Environ Sci Health - Part B Pesticides, Food Con-
taminants, and Agricultural Wastes 52(12):887-895. https://doi.
org/10.1080/03601234.2017.1361773

Munira S, Farenhorst A, Flaten D, Grant C (2016) Phosphate fertilizer
impacts on glyphosate sorption by soil. Chemosphere 153:471—
477. https://doi.org/10.1016/j.chemosphere.2016.03.028

Munira S, Farenhorst A, Sapkota K, Nilsson D, Sheedy C (2018) Auxin
herbicides and pesticide mixtures in groundwater of a Canadian
prairie province. J Environ Qual 47(6):1462—1467. https://doi.org/
10.2134/jeq2018.05.0202

Newton B (2016) In: The Canadian Encyclopedia. Retrieved from
https://www.thecanadianencyclopedia.ca/en/article/red-river

OECD 106 (2000) OECD guideline for the testing of chemicals
Adsorption-desorption using a batch equilibrium method. https://
doi.org/10.1787/20745753. Assessed 1 Nov 2018

Oh S, Kwak MY, Shin WS (2009) Competitive sorption of lead and
cadmium onto sediments. Chem Eng J 152:376-388. https://doi.
org/10.1016/j.cej.2009.04.061

Ololade IA, Oladoja NA, Oloye FF, Alomaja F, Akerele DD, Iwaye J,
Aikpokpodion P (2014) Sorption of glyphosate on soil components:
the roles of metal oxides and organic materials. Soil Sediment Con-
tam 23(5):571-585. https://doi.org/10.1080/15320383.2014.846900

Parks Canada (2018) Kenow Wildfire. Available at https://www.pc.gc.
ca/en/pn-np/ab/waterton/securite-safety/feu-fire-kenow. Accessed
10 Mar 2019

Phillips IR, Lamb DT, Hawker DW, Burton ED (2004) Effects of pH
and salinity on copper, lead and zinc sorption rates in sediments
from Moreton Bay, Australia. Bull Environ Contam Toxicol
73:1041-1048. https://doi.org/10.1007/s00128-004-0530-x

PubChem Compound Database (2020) National Center for Biotech-
nology Information. https://www.ncbi.nlm.nih.gov/pccompound.
Assessed 26 Jun 2020

Rawn DFK, Halldorson THJ, Woychuk RN, Muir DCG (1999) Pesti-
cides in the Red River and its tributaries in southern Manitoba:
1993-95. Water Qual Res J Canada 34(2):183-219. https://doi.
org/10.2166/wqrj.1999.009

Rhoades CC, Nunes JP, Silins U, Doerr SH (2019) The influence of
wildfire on water quality and watershed processes: new insights
and remaining challenges. Int J Wildland Fire 28(10):721-725.
https://doi.org/10.1071/WFv28n10_FO

Rios LM, Moore C, Jones PR (2007) Persistent organic pollutants carried
by synthetic polymers in the ocean environment. Mar PollutBull
54(8):1230-1237. https://doi.org/10.1016/j.marpolbul.2007.03.022

Ronco AE, Marino DJG, Abelando M, Almada P, Apartin CD (2016)
Water quality of the main tributaries of the Parana Basin: glypho-
sate and AMPA in surface water and bottom sediments. Environ
Monit Assess 188(8). https://doi.org/10.1007/s10661-016-5467-0

Sharma MD, Elanjickal Al, Mankar JS, Krupadam RJ (2020) Assess-
ment of cancer risk of microplastics enriched with polycyclic

aromatic hydrocarbons. ] Hazard Mater 398:122994. https://doi.
org/10.1016/j.jhazmat.2020.122994

Shushkova T, Ermakova I, Leontievsky A (2010) Glyphosate bioavail-
ability in soil. Biodegradation 21(3):403-410. https://doi.org/10.
1007/510532-009-9310-y

Sighicelli M, Pietrelli L, Lecce F, Iannilli V, Falconieri M, Coscia L,
Di Vito S, Nuglio S, Zampetti G (2018) Microplastic pollution
in the surface waters of Italian Subalpine Lakes. Environ Pollut
236:645-651. https://doi.org/10.1016/j.envpol.2018.02.008

Sing E, Kumar A, Khapre A, Saikia P, Shukla SK, Kumar S (2020)
Efficient removal of arsenic using plastic waste char: prevail-
ing mechanism and sorption performance. J] Water Process Eng
33:101095. https://doi.org/10.1016/j.jwpe.2019.101095

Smith HG, Sheridan GJ, Lane PNJ, Nyman P, Haydon S (2011) Wild-
fire effects on water quality in forest catchments: a review with
implications for water supply. J Hydrol 396(1-2):170-192. https://
doi.org/10.1016/j.jhydrol.2010.10.043

Sprankle P, Meggit WF, Penner D (1975) Adsorption, mobility
and microbial deposition of glyphosate in the soil. Weed Sci
23(3):229-234. https://doi.org/10.1017/S0043174500052929

Squillace PJ, Thurman EM, Furlong ET (1993) Groundwater as a non-
point source of atrazine and deethylatrazine in a river during base
flow conditions. Water Resour Res 29(6):1719-1729. https://doi.
org/10.1029/93WR00290

Tatarczak-Michalewska M, Flieger J, Kwka J, Ptaziriski W, Klepka T,
Flieger P (2021) Polymers sorption properties towards photosyn-
thetic pigments and fungicides. Materials 14(8):1874. https://doi.
org/10.3390/ma14081874

Thompson RC, Moore CJ, Saal FSV, Swan SH (2009) Plastics, the
environment and human health: current consensus and future
trends. Philos Trans R Soc B: Biol Sci 364(1526):2153-2166.
https://doi.org/10.1098/rstb.2009.0053

Waite DT, Cessna AJ, Grover R, Kerr LA, Snihura AD (2004) Environ-
mental concentrations of agricultural herbicides in Saskatchewan,
Canada: bromoxynil, dicamba, diclofop. MCPA and trifluralin. J
Environ Qual 33(5):1616-1628. https://doi.org/10.2134/jeq2004.
1616

Wagner M, Scherer C, Alvarez-Muiioz D, Brennholt N, Bourrain X,
Buchinger S, Fries E, Grosbois C, Klasmeier J, Marti T, Rodriguez-
Mozaz S, Urbatzka R, Vethaak AD,Winther-Nielsen M, Reifferscheid
G (2014) Microplastics in fresh water ecosystems: what do we know
and what need to know. Environ Sci Eur 26(12). https://doi.org/10.
1186/s12302-014-0012-7

Wan MT, Kuo J, Mcpherson B, Pasternak J (2006) Agricultural pes-
ticide residues in farm ditches of the lower Fraser Valley, British
Columbia, Canda. J Environ Sci Health Part B 41(5):647-669.
https://doi.org/10.1080/03601230600701817

Wang W, Yuan W, Chen Y, Wang J (2018) Microplastics in surface
waters of Dongting Lake and Hong Lake, China. Sci Total Envi-
ron 633:539-545. https://doi.org/10.1016/j.scitotenv.2018.03.211

Wang F, Zhang M, Sha W, Wang Y, Hao H, Dou Y, Li Y (2020) Sorp-
tion behavior and mechanisms of organic contaminants to nano
and microplastics. Molecules 25(8):1827. https://doi.org/10.3390/
molecules25081827

Wankasi D (2014) Dikio ED (2014) Polyvinyl chloride waste as an
adsorbent for the sorption of Pb?* from aqueous solution. J Chem
4-6:1-7. https://doi.org/10.1155/2014/817527

Warrack S, Challis JK, Hanson M, Rennie MD (2017) Microplastics
flowing into Lake Winnipeg: densities, sources, flux and fish
exposure. Proceedings of Manitoba’s Undergrad Sci Eng Res
PMUSER 3:5-15. https://doi.org/10.5203/pmuser.201730578.
Assessed 18 Jul 2020

Wauchope RD, Yeh S, Linders JBHJ, Kloskowski R, Tanaka K, Rubin
B, Katayama A, Kordel W, Gerstl Z, Lane M, Unsworth JB (2002)
Pesticide soil sorption parameters: theory, measurement, uses,

@ Springer


https://doi.org/10.1007/s40899-017-0171-y
https://doi.org/10.1021/jf00066a014
https://doi.org/10.1021/jf00066a014
https://doi.org/10.5894/rgci194
https://doi.org/10.3390/ijerph110505020
https://doi.org/10.3390/ijerph110505020
https://doi.org/10.1080/03601234.2017.1361773
https://doi.org/10.1080/03601234.2017.1361773
https://doi.org/10.1016/j.chemosphere.2016.03.028
https://doi.org/10.2134/jeq2018.05.0202
https://doi.org/10.2134/jeq2018.05.0202
https://www.thecanadianencyclopedia.ca/en/article/red-river
https://doi.org/10.1787/20745753
https://doi.org/10.1787/20745753
https://doi.org/10.1016/j.cej.2009.04.061
https://doi.org/10.1016/j.cej.2009.04.061
https://doi.org/10.1080/15320383.2014.846900
https://www.pc.gc.ca/en/pn-np/ab/waterton/securite-safety/feu-fire-kenow
https://www.pc.gc.ca/en/pn-np/ab/waterton/securite-safety/feu-fire-kenow
https://doi.org/10.1007/s00128-004-0530-x
https://www.ncbi.nlm.nih.gov/pccompound
https://doi.org/10.2166/wqrj.1999.009
https://doi.org/10.2166/wqrj.1999.009
https://doi.org/10.1071/WFv28n10_FO
https://doi.org/10.1016/j.marpolbul.2007.03.022
https://doi.org/10.1007/s10661-016-5467-0
https://doi.org/10.1016/j.jhazmat.2020.122994
https://doi.org/10.1016/j.jhazmat.2020.122994
https://doi.org/10.1007/s10532-009-9310-y
https://doi.org/10.1007/s10532-009-9310-y
https://doi.org/10.1016/j.envpol.2018.02.008
https://doi.org/10.1016/j.jwpe.2019.101095
https://doi.org/10.1016/j.jhydrol.2010.10.043
https://doi.org/10.1016/j.jhydrol.2010.10.043
https://doi.org/10.1017/S0043174500052929
https://doi.org/10.1029/93WR00290
https://doi.org/10.1029/93WR00290
https://doi.org/10.3390/ma14081874
https://doi.org/10.3390/ma14081874
https://doi.org/10.1098/rstb.2009.0053
https://doi.org/10.2134/jeq2004.1616
https://doi.org/10.2134/jeq2004.1616
https://doi.org/10.1186/s12302-014-0012-7
https://doi.org/10.1186/s12302-014-0012-7
https://doi.org/10.1080/03601230600701817
https://doi.org/10.1016/j.scitotenv.2018.03.211
https://doi.org/10.3390/molecules25081827
https://doi.org/10.3390/molecules25081827
https://doi.org/10.1155/2014/817527
https://doi.org/10.5203/pmuser.201730578

1884

Journal of Soils and Sediments (2022) 22:1876-1884

limitations and reliability. Pest Manag Sci 58(5):419-445. https://
doi.org/10.1002/ps.489

Woodward A (2020) Australia’s fires are 46% bigger than last year’s
Brazilian Amazon blazes. There are at least 2 months of fire season
to go. Insider. https://www.insider.com/australia-fires-burned-twice-
land-area-as-2019-amazon-fires-2020-1. Accessed 12 Jan 2020

Wu C, Zhang K, Huang X, Liu J (2016) Sorption of pharmaceuti-
cals and personal care products to polyethylene debris. Envi-
ron Sci Pollut Res 23(9):8819-8826. https://doi.org/10.1007/
s11356-016-6121-7

Xu D, Meyer S, Gaultier J, Farenhorst A, Pennock D (2009) Land use
and riparian effects on prairie wetland sediment properties and
herbicide sorption coefficients. J Environ Qual 38(4):1757-1765.
https://doi.org/10.2134/jeq2008.0357

@ Springer

Yin H, Han M, Tang W (2016) Phosphorus sorption and supply from
eutrophic lake sediment amended with thermally-treated calcium-
rich attapulgite and a safety evaluation. Chem Eng Sci 285:671—
678. https://doi.org/10.1016/j.cej.2015.10.038

Zuo LZ, Li HX, Lin L, Sun YX, Diao ZH, Liu S, Zhang ZY, Xu XR
(2019) Sorption and desorption of phenanthrene on biodegrad-
able poly(butylene adipate co-terephtalate) microplastics. Chem-
osphere 215:25-32. https://doi.org/10.1016/j.chemosphere.2018.
09.173

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


https://doi.org/10.1002/ps.489
https://doi.org/10.1002/ps.489
https://www.insider.com/australia-fires-burned-twice-land-area-as-2019-amazon-fires-2020-1
https://www.insider.com/australia-fires-burned-twice-land-area-as-2019-amazon-fires-2020-1
https://doi.org/10.1007/s11356-016-6121-7
https://doi.org/10.1007/s11356-016-6121-7
https://doi.org/10.2134/jeq2008.0357
https://doi.org/10.1016/j.cej.2015.10.038
https://doi.org/10.1016/j.chemosphere.2018.09.173
https://doi.org/10.1016/j.chemosphere.2018.09.173

	Sorption of pesticides by microplastics, charcoal, ash, and river sediments
	Abstract
	Purpose 
	Methods 
	Result 
	Conclusion 

	1 Introduction
	2 Materials and methods
	2.1 Pesticides and sorbents
	2.2 Batch equilibrium experiments and data analyses

	3 Results and discussion
	4 Conclusion
	Acknowledgements 
	References


