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Abstract

Pesticides compose one of the biggest groups of the organic pollutants. Among the possible
interactions, sorption is the one, that may have the most significant effect on the reactivity and
bioavailability, as well as toxicity of the pesticides in the natural agueous systems. However, many
previous studies of the toxicity of the pesticides are mainly focused on the freely-dissolved
compounds, neglecting the effect of sorption [Smit et al., 2015; Perez et al., 2011].

Present research is a part of an interdisciplinary study (EXPAND project). The main motivation of
the EXPAND project was to investigate the toxic effects of particle-associated compounds on target
and non-target organisms on an environmental level. This dissertation is aimed at investigating
sorbent-sorbate interactions between pesticides and particles. The impact of environmental
factors (pH, ionic strength, the presence of ions, competitive sorption) on these interactions was
investigated in the batch experiments. The sorption experiments were performed on different
sorbents and various insecticides (imidacloprid and thiacloprid), herbicides (glyphosate (with its
metabolite AMPA) and glufosinate ammonium) and fungicides (hexaconazole and propiconazole).
The sorbents used in the experiment are zeolites (from FAU and BEA groups), amorphous alumina,
periodic mesoporous organosilica (PMO-silica) and mesoporous silica MCM-48. The choice of the
particles was done based on their environmental abundance, properties as potentially effective
sorbents (specific surface area, chemical structure, and porosity) and applicability to the
toxicological experiments (small size, facilitating an uptake by studied organisms).

The concentrations of the pesticides were determined with the following techniques: HPLC-UV, LC-
MS, CE. ATR-FTIR technique was applied to explain the sorption mechanisms of pesticides on
chosen sorbents.

The Langmuir model was fitted to the experimentally obtained data. An effect of environmental
factor on the sorption of charged and non-charged pesticides varied significantly and was explained
by different effects.

In general, the sorbents with high sorption capacity were found for each investigated pesticide.
These results were used for the sorption mechanism interpretation and later on, for the toxicolog-
ical studies [Lorenz et al., 2017 a, b], [Frih, in preparation].

The following mechanism of the interactions between thiacloprid and imidacloprid and the zeolites
was proposed: a) coordination of C=N group with exchangeable cations of zeolites; b) m-anion EDA
interactions between negatively charged zeolite surface and N atoms of pyridine ring of ICand TC

molecules; c) hydrogen bond formation between Cl- of neonicotinoid molecule and hydrogens on
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the zeolite surface. Moreover, it was suggested, that sorption of imidacloprid and thiacloprid on
zeolites is limited by pore-filling process.

The proposed sorption mechanism of azole fungicides on PMO-silica involved hydrogen-N(triazole)
and anion-N(triazole) bond formation. Additionally, aryl-ring was suggested for anion-mt EDA inter-
actions.

ATR-FTIR results imply inner-sphere coordination between posphonate functional group of glypho-
sate molecule and alumina surface, forming a nonprotonated monodentate complex or a nonpro-
tonated bidentate binuclear complex. Moreover, outer-sphere coordination was proposed be-

tween carboxyl functional group and aluminium oxide.
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Zusammenfassung

Heutzutage gehoren Pestizide zu einer der gréRten Gruppen von organischen Kontaminanten. Die
Mehrzahl der Arbeiten lber die Toxizitdt von Pestiziden beschreiben lediglich den Effekt von
freigelosten Stoffen ohne Beriicksichtigung der Interaktionen mit Feststoffen [Smit et al., 2015;
Perez et al., 2011]. Die Sorbant-Sorbens Interaktionen zwischen Pestiziden und Festpartikeln
spielen in der Umwelt eine bedeutende Rolle. Die Sorption verdndert Konzentrationen von
freigelosten Pestiziden und in weiterer Folge deren Reaktivitat, Toxizitdt sowie deren
Bioverfiigbarkeit.

Die vorliegende Dissertation ist Teil eines interdisziplindren Projektes namens EXPAND. Die
Hauptmotivation des EXPAND Projektes war es die toxikologischen Effekte von Partikel-
gebundenen Pestiziden auf Ziel- und Nichtzielorganismen zu untersuchen. Das Ziel der
vorliegenden Arbeit war es die Sorbant-Sorbens Wechselwirkungen zwischen Pestiziden und
Partikeln sowie den Einfluss von unterschiedlichen Umweltfaktoren (lonische Starke, pH, mono-
und divalenten Kationen, Kompetitive Sorption, Phosphat) zu untersuchen. Mittels Batch
Experimente wurde die Sorption von den jeweiligen Gruppen: Insektizide (Imidacloprid und
Thiacloprid); Fungizide (Propiconazol und Hexaconazole); Herbizide (Glyphosat (mit seinem
Metabolit AMPA), und Glufosinat) mit unterschiedlichen Partikeln als Sorbentien gemessen.
Folgende Sorbentien wurden verwendet: Zeolithe (FAU und BEA), amorphe Aluminiumoxid,
periodische mesopordse organische Siliziumoxid (PMO-silica) und mesopordse Siliziumoxid (MCM-
48). Die Partikeln wurden gewahlt anhand deren Verbreitung, Kosten, und deren chemische
Eigenschaften (spezifische Oberflache, Porositédt, chemische Struktur) sowie die Anwendbarkeit an
toxikologischen Experimenten (kleine PartikelngroRe, die von Organismen aufgenommen werden
kdnnten).

Die Konzentrationen von Pestiziden wurden anhand der HPLC-UV, LC-MS, CE Methoden bestimmt.
ATR-FTIR Methode wurde verwendet, um Sorptionsmechanismen zu bestimmen.

Die Sorptionsisothermen wurden nach Langmuir model gefittet und dargestellt.

Die Variationen von Umweltfaktoren hatten unterschiedliche Effekte auf ungeladene und geladene
Pestizidmolekdle.

Fir jedes ausgewahlte Pestizid wurde ein Sorbent mit der hochsten Sorption ausgewahlt. Diese
Sorbant-Sorbens Paare wurden fiir Mechanismus Interpretation verwendet und weiter fir
toxikologische Experimente eingesetzt [Lorenz et al.,, 2017 a, b] und Friih [Dissertation, in
Vorbeireitung].

Die folgenden Mechanismen wurden vorgeschlagen fiir Thiacloprid und Imidacloprid Interaktionen

mit Zeolithe: a) Koordination zwischen C=N mit Austausch Kationen auf Zeolithen Oberflache; b)
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ni-anion EDA Interaktionen zwischen negativ geladenen Zeolithen Oberflichen und Pyridin Ringe
von Imidacloprid unf Thiacloprid Molekiile; c) Wasserstoff-Briicken mit Zeolithen Oberflache.
Sorption von Pestiziden auf PMO-Silica Oberflache hatte hydrophobischen Charakter und erhohte
sich in der Reihenfolge Imidacloprid < Thiacloprid < Propiconazol < Hexaconazol. Die
Bindungsbildung zwischen Azol Fungizide und PMO-Silica Oberflache involvierte Stickstoff-
N(Triazol) oder Anion-N(triazol) und Anion-mt EDA Interaktionen (mit Aryl Ring).

Aufgrund der ATR-FTIR Ergebnisse konnte festgestellt werden, dass der Sorptionsmechanismus von
Glyphosat auf Aluminiumoxid durch die Phosphonat - Gruppe eine nichtprotonierte Monodentat-
oder eine nichtprotonierte Bedentat-Binuclear-Komplexbildung zur Folge hatte. Die Interaktionen

zwischen Carboxyl Gruppe und Aluminiumoxid Oberflache resultierte in AuRen-Komplexbindung.

17



Chapter 1 Introduction and objectives

Many anthropogenic activities cause various organic chemicals from different sources to be
introduced into the environment and persist there [Dachs and Mejanelle, 2010; Gioia et al., 2011].
Some of the organic pollutants remain unchanged in the environment for long periods of time.
Pesticides are one of the largest groups of organic pollutants. According to the U.S. Environmental
Protection Agency, approximately 3 billion kilograms of pesticides were applied annually in the
world between 2011 and 2012 [Atwood, 2017].

Pesticides are the organic compounds that are used all over the world at an industrial scale, as well
as by individuals. The first generation of the pesticides had a non-target mode of action, therefore
after application, they were harmful not only for the pests but also for non-target organisms
including humans. In the last fifty years a lot of research was done on the synthesis of specific
pesticides that would affect target groups and be harmless for the mammals and other non-target
species [Jeschke et al., 2008; Venkateswarlu et al., 1997; MclLean et al., 2002; Lepesheva et al.,
2003; Steinricken and Amrhein, 1980]. However, even selective pesticides are stable organic
compounds, that accumulate in the environment. After the surface application, organic pollutants
are transported to the subsurface and groundwater. There are various mechanisms of interaction
between organic pollutants and subsurface particles, including sorption, advection and diffusion
[Schwarzenbach et al., 2005].

Sorption may not only change pesticide availability but also alter its toxic properties. There are
multiple studies, that focus on the sorption of pesticides in soils [Chaplain et al., 2011; Fernandez-
Bayo et al., 2007; Liu et al., 2002; Chauhan et al., 2013]. Sorption was correlated with an organic
carbon content in soils. Gonzales-Pradas et al., 1999 investigated sorption of imidacloprid,
isoproturon, and atrazine on magnesium silicate clays and attenuation of the pesticides from water.
Multiple studies investigated sorption on mesoporous silica [Popat et al., 2011] and
montmorillonites [Morillo et al., 1997]. However, above-mentioned works described sorption as
an attenuation method of pesticides but did not investigate the toxicological effect of the sorption.
The toxicological properties of the pesticides for various target and non-target organisms in the
aqueous environment were determined and documented in the literature [Perez et al., 2011;
Rzymsky et al., 2013; Smit et al., 2015; Sumon et al., 2018]. However, the authors discussed the
toxicity of the pesticides mainly as the freely-dissolved compounds, neglecting the interactions
between the sediments and the organic molecules, which could alter the availability of the

pesticides for the studied organisms, and therefore, result in different toxicity.
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In the present work, the toxicity of the pesticides is investigated, considering the sorption of the
pesticide, and the availability of freely-dissolved compounds in the aqueous system.

In order to provide an explanation of the sorbent-sorbate interactions on different pesticides,
several pesticides from three classes were selected: insecticides (imidacloprid and thiacloprid),
herbicides (glyphosate (with its metabolite AMPA) and glufosinate ammonium) and fungicides
(hexaconazole and propiconazole).

Zeolites, aluminium oxide, mesoporous organosilica and periodic mesoporous organosilica were
used as the possible adsorbents for the pesticides. The choice of the pesticides was based on
different factors, such as inexpensiveness, wide distribution, small particle size, high specific
surface area, the pore size. De Smedt et al., 2015; Rongchapo, 2015 used zeolites as the adsorbents
for several pesticides, including neonicotinoids and determined very high sorption on these
materials. Multiple studies reported high sorption of pesticides on mesoporous silica particles
[Brankovich et al., 2017; Ng et al., 2017; Benhamou et al., 2009]. The PMO-silica was used in
sorption experiments by Ganiyu et al., 2014 and Huq et al., 2001.

In the present research, the results of sorption of pesticides on the particles are used in the
toxicological studies, which prompted the choice of a particle size to be sufficiently small to be
consumed by the studied organisms (larvae Chironomus riparius [Lorenz et al., 2017 a, b] and
ectomycorrhizal fungi Laccaria bicolor, Amanita muscaria, Cenococcum geophilum [Frih, in
preparation]). To fulfil this requirement, the particles with average size <700 nm are selected. The
chosen particles (except aluminium oxide) possess high porosity, which provides high surface area
and the high number of the sorption sites. The use of alumina as a sorbent for thiacloprid is
reasoned by the interest of the alumina for the toxicological experiments. Oberholster et al., 2011
reported the toxicological effects of aluminium oxide nanoparticles to the studied organisms
[Chironomus tentans larvae]. Thus, the toxicological study of Lorenz et al., 2017 (a, b) is focused on
the toxicology of thiacloprid, alumina and thiacloprid with alumina on the mortality of Chironomus
riparius larvae [Lorenz et al., 2017 a, b].

The sorption mechanisms of the pesticides on different substrates were discussed by Goulson and
Kleijn, 2013; Xiao and Pignatello, 2015 and Inyang and Dickenson, 2015. The sorption mechanism
of glyphosate on metal oxide surfaces was reported by Sheals et al., 2002; Damonte et al., 2007.
Damonte et al., 2007 proposed the formation of the complexes between phosphonate and
carboxylic group of glyphosate molecule with the mineral surface. According to the published data,
glyphosate has a similar to phosphate sorption mechanism, involving the phosphonate group of
glyphosate [Gimsing et al., 2004; Gimsing and Borggaard, 2001; Gimsing et al., 2007]. The

phosphate sorption mechanism was studied by Zheng et al., 2012 at pH 4 and pH 9.
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Liu et al., 2002 investigated the sorption of imidacloprid on clay-containing soils and proposed the
sorption mechanism involving C=N group of the pyridine group. Investigating the sorption of
propiconazole, Li and Flood, 2008 suggested -t EDA interaction. Various sorption experiments
with triazoles implied hydrogen-N; anion-N and cation-N interactions [Crowley et al., 2010; Li et al.,
2007; Camponovo et al., 2009]. However, there is insufficient research done on the sorption
mechanisms of thiacloprid on zeolites and azole fungicides on mesoporous silica.
ATR-FTIR is an effective method to interpret the sorption mechanisms of different compounds,
allowing to conduct the experiments “in-situ”. Multiple studies were conducted to analyse
glyphosate and its sorption with ATR-FTIR [Barja and dos Santos Afonso, 1998; Piccolo and Celano,
1993]. There is significantly less literature on the IC and Prop ATR-FTIR analysis, than on ATR-FTIR
of glyphosate [Quintas et al., 2004; Aregahegn, 2017; Aziz et al., 2014, Best et al., 2014]. The ATR-
FTIR data for TC and Hex is very scarce. To fulfill this knowledge gap, the sorption of imidacloprid
and thiacloprid on zeolites and azole compounds on mesoporous silica were investigated using the
ATR-FTIR technique.
The main objectives of the present work are:

i. Explain on the example of chosen compounds, how various classes of pesticides interact

with the environmentally abundant particles in aqueous systems;
ii. Propose mechanism of sorption, using ATR-FTIR method;
iii. Evaluate the significance of the sorption for the target organisms, determining how the

bioavailability and toxicology of the pesticides change after binding to the particle surface.
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Chapter 2 Materials and Methods

2.1. Sorbents

The choice of sorbents was based on the following criteria: developed surface area, high porosity and

chemical composition. The potentially effective sorbents of the model pesticides were chosen. The

particle size of the sorbent was another determining criterion — the particles should be small enough

to be consumed by the organisms.

All the minerals chosen for the present research are abundant in nature, inexpensive, and suitable for

sorption tests and consequent toxicity tests. Table 2.1 summarizes the physical properties of the

materials, which were used as sorbents for the chosen pesticides.

Table 2.1 Physical characteristics of the particles (from the specification sheet and experimentally de-

termined)

Sorbent ma-

terial

Particle size

[nm]

Corrections
to the parti-

cle size

BET spec.
surface

area [m%g]

PHpzc

Pore diam-

eter [nm]

For zeolites:

Si/Al ratio

Zeolite Y12

667

8,906 um -
original size
before treat-

ment**

730

<3

0,74

12

Zeolite Y15

200

200 nm - size
after milling
on Emax mill.
Original parti-
cle size: 3-15

pHm

618-700

<3

0,74

15

Zeolite Y30

712

5838 um -
original size
before treat-

ment**

780

<3

0,74

30
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Zeolite Y130 | 200 200 nm —size | 618 <3 0,74 130
after milling
on Emax mill.
Original parti-
cle size: 3-15
pm

Zeolite Y80 642 10,415 um - | 780 <3 0,74 80

original size
before treat-

ment**

Beta 26 20860 30-40 nm - | 685 <3 0,5-0,6 26

single crystal

size
Beta 360 639 620 <3 0,6 360
SiO; 360-550 1523 <3 2,1 n/a
MCM-48 260 1150 >11 2,2 n/a
PMO(LL-17) | 360 1050 <3 1,9 n/a
Al,0s 410 9 9,07 nonporous | n/a

Particle size of zeolites was measured on the Mastersizer Hydro 2000. Provided values are d(90)*. Original particle
size is presented in corrections to the particle size column. Particle size of SiO2, MCM-48, PMO(LL-17), Al203 was
determined by TEM

*d(90) — 90% of all the particles have size lower or equal to the provided value

**Treatment of the zeolites: original particles were washed with MeOH and H:O, dried in a fume hood, milled in
rotary mill [Planetenmiihle Fritsch laborette], centrifuged [Herolab HiCen21] and then dried [Table I, Appendix].

2.1.1. Zeolites

Zeolites are naturally abundant materials (during last two centuries approximately 40 natural zeolites
were discovered and identified) as well as there are more than 150 synthesized zeolites [Virta, 2001].
Being highly-abundant, zeolites are important materials in various branches as adsorbents, ion-
exchangers, molecular sieves, catalysts and much more.

General formula of zeolite can be presented as My/n[(AlO2)«(SiO2),] - z H.0 (M — alkali and alkaline-earth
metals, n = charge of M) [Baerlocher et al., 2007]. In zeolites aluminum and silicon-atoms of AlO,™— and

SiOs-tetrahedra are interconnected through oxygen-bridges [Masters and Maschmeyer, 2011]. Si/Al
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ratio (or SiO,/Al,03) determines most chemical and physical properties of the zeolite, as well as its
stability [Masters and Maschmeyer, 2011]. According to the stability rule of Lowenstein, 1954 two
AlO, - tetrahedra cannot be next to each-other, therefore Si/Al ratio is always >1. Several classifications
of zeolites exist. Union Carbide proposed using Latin Alphabet (zeolite A, X, Y, L) [Pariente and Sanchez-
Sanchez, 2018].
The Atlas of Zeolite Structure types provides one of the fullest zeolite banks, which is regularly updated
[Baerlocher et al., 2007]. The Atlas of Zeolite Structure types uses three-letter code for a framework
topology. Thus, FAU stands for whole faujasite type zeolites (zeolite X, Y, being low and high silica-
zeolites respectively). According to Si/Al ratio zeolites can be classified into the following groups
[Ribeiro et al., 1984]:

a) “Low silica” zeolites: Si/Al = 1 (Type A and X)

b) “Intermediate silica” zeolites: Si/Al ratio >2 (zeolite Y, mordenite, zeolite L)

c) “High silica” zeolites: Si/Al ratio >10
An affinity to nonpolar organic molecules increases with Si/Al ratio.
Structure of zeolite is determined by the dimension, the shape of a channel, as well as the arrangement
of the channels to each other. The Atlas of Zeolite Framework Types classifies zeolites by their channel
size [Baerlocher et al., 2007]: small (3,5-4,5 A) with 8-ring pores [A zeolite], medium (4,5-6,0 A) with
10-ring pores [ZSM-5], large (6,0-8,0 A) port zeolites with 12-ring pores [Zeolite X, Y] and extra-large
pore zeolites with 14-ring pores [UTD-1].
Advantages of synthesized zeolites are their uniform properties, such as particle size, pore size, surface
area etc, which are much easier to be controlled and modified for specific goals, than of natural zeolites.
For the current research, it was more representative to use synthetic zeolites.
Two large pore zeolites, faujasite (FAU, Y type zeolite) and beta zeolite (BEA), were chosen for the
experiment. The choice was determined by the high surface area, large pore size and high silica content
(Si/Al>10) of the selected zeolites. The high Si/Al defines zeolite’s hydrophobicity and promotes
sorption of organic molecules from the aqueous solutions.
Faujasite or Y type zeolite consists of 12-ring pore channels with the pore diameter d=7,4 A [Baerlocher

et al., 2007].
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Figure 2.1 Framework of faujasite type (FAU) zeolite (viewed along [111] () and [110] (r)). [From
Baerlocher et al., 2007, with permission]

Published works on natural tschernichite (natural BEA zeolite) [Boggs et al., 1993, Galli et al., 1995,
Alberti et al., 2002] have reported dependence of chemical composition on the crystal size of the
mineral. Thus, the larger tetragonal crystals (several mm) have higher Si content in zeolite framework
and higher Ca?* ions concentration in channels, whereas small crystals (<0,5 mm) have significantly

lower silicon content and higher Mg?* ions concentration in channels [Boggs et al., 1993].

Figure 2.2 Structural framework of BEA zeolite (viewed along [010] [from Baerlocher et al., 2007, with

permission]
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2.1.2. Mesoporous silica and periodic mesoporous organosilica

Mesoporous silica is a kind of silicon oxide, firstly patented in the late 60-th of XX century [Chiola et
al., 1969]. The primary building material is SiO,. Mesoporous silica is synthesized in a presence of
(organic) template, which allows to achieve desired inner-pore structure. Afterwards, template is
removed. The mesoporous silica has cubic three-dimensional porous structure, high surface area (>500
m?g), pore volume (>0,9 cm¥g), narrow particle-size distribution, large pores (2-40 nm) is chemically
and physically stable, what marks mesoporous silica as a good sorbent [Slowing et al., 2008; Benhamou
et al., 2009; Ng et al., 2017; Brankovic et al., 2017]. An example of a template used in the synthesis of

mesoporous silica is provided in Figure 2.3.

CH3
/\/\/\/\/\/\/\/\ / Br
H3C N

H, C/ ® ¢,

Figure 2.3 Chemical structure of cetyltrimethylammonium bromide (CTAB)

The template is removed by calcination [Liang and Meixner, 2017]. In special cases the template
remains in the frame to fulfil the demands to the material.

Periodic Mesoporous Organosilica (PMO-silica) was developed in 1999 [Melde et al., 1999; Inagaki et
al., 1999; Asefa et al., 1999]. Since 1999 various organic fragments were combined with mesoporous
silica and today PMO is already used in multiple applications, in medicine, adsorption, catalysis etc.
PMO combines advantages of mesoporous silica with its ordered pore system and high specific surface
area and organic fragments, versatile combination of which allows achieving desired properties for
specific applications. Pores of this type of silica are relatively large —2 — 50 nm. Like mesoporous silica,
PMO-silica possesses highly-developed inner-pore system, specific surface area is high (<700 m%g)
Mesoporous properties of this silica are tailored by the presence of organic fragments in chemical
structure.

An example of PMO-silica is shown in Figure 2.4.
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Figure 2.4 Example of PMO-silica fragment structure [from Luo, 2018]

Physical properties, such as point of zero charge may vary significantly from material to material,
depending on the composition. PMO-silica like mesoporous silica has a highly developed surface area
(800-1300 m?/g). The presence of organic moiety in the structures of PMO-silica (in the form of
functional groups) and in the framework of mesoporous silica impacts the properties of the materials.

The hydrophobicity of mesoporous silica is determined by the properties of the template [Luo, 2018].

2.1.3. Aluminium Oxide

Aluminium oxide or alumina is a naturally abundant mineral, that is widely used in different branches
of applications due to its low cost and high abundance. On a row with natural minerals, alumina is
widely manufactured, which allows controlling properties for the target application.

In environment alumina is wide-spread in three forms:
a — AlLQO; is the most stable crystallic form of alumina with the rhombohedral (trigonal) crystal struc-

ture. It is also known as corundum. The presence of various intrusions of other metals, which define

its colour. Saphire, ruby are the examples of corundum with different metals.

The mixture of Na,O and Al,O; oxides [Na,0.11Al,03] is called diaoyudaoite and is S — Al,O, .
Through the heat treatment o — Al,O; is transformed into metastable modifications, such as

7/—A|203 with the cubic crystal structure, which contains molecular water (1-2%) in its structure

[Zapolskiy, 1981; Chaliy, 1972]. The modifications of alumina may be transformed into each other, for

example ¥ — Al, O, transforms into bayerite 8 — AL(OH)5 [Jonsson, 2007]
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An amorphous aluminium oxide is a form with poor crystalline structure. In nature, it is abundant in
higher soil layers. Due to the poorly structured nature, amorphous alumina has higher physical deform-
ability and may be a subject to structure suppression.

A nonporous alumina is a form with very low porosity and consequently low surface area (0,5-14 m%g).
Alumina has an amphoteric nature, typical point of zero charge is in a range of pH 8-10, which depends
on crystallinity and measurement method [Sposito, 1995].

Aluminium oxide is stable in a pH range 3-12, in extremely acidic and extremely basic conditions alu-

minium oxide is slightly soluble [Lewis, 2007].

2.2. Pesticides

Pesticides are (organic) substances, used against pests and weeds. Annually around 6 billion tons of
pesticides are applied worldwide [Atwood, 2017]. Pesticides like other organic pollutants have high
persistence and depending on their structure infiltrate into surface and subsurface waters. There they
may persist or may form metabolites [Akesson et al., 2015].

Pesticides in the current work belong to three different classes: insecticides, fungicides and herbicides.
Choice of pesticides for the present work was done based on their abundance and persistence in aque-
ous basins. Table 2.2 provides a summary of physical-chemical parameters of the pesticides, chosen for

the present study (data is taken from PPDB).
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Table 2.2 Summary of physical-chemical properties of compounds used in the present work [Pesticides

Properties Database; Goodwin et al., 2003; Li et al., 2018]
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2.2.1. Insecticides

Historically insecticides were designed to control insects that are harmful to human or crop. Mode of
action of “harmful” insects may be direct, i.e. be dangerous for people or indirect, harming crop, food
and textiles.

Neonicotinoids belong to the novel class of insecticides. Neonicotinoids act selectively on nAChRs of
invertibrates’ central nervous system [Jeschke et al., 2008]. Structural non-similarity of nAChRs of ver-
tebrates and invertebrates explains the high selectivity of neonicotinoids to insects and non-harmful
behaviour to mammals and birds. Today neonicotinoids are applied against most of the known crop
pest insects [Elbert et al., 2008; Jeschke et al., 2011].

Nowadays seven neonicotinoids are commercially available and represent cyclic [imidacloprid and thi-
acloprid as five-membered-ring structures and thiamethoxam — six-membered ring structure] and
noncyclic structures [Jeschke et al., 2013; Casida et al., 2011; Jeschke et al., 2007].

Neonicotinoids act similarly on target and not-target insects, such as honeybees and wasps [Balanca
and de Visscher, 1997; Sanchez-Bayo and Goka, 2006].

Nowadays imidacloprid is the most widely-distributed insecticide in the world [Simon-Delso et al.,
2015]. Imidacloprid is a chloronicotinyl nitroguanidine insecticide with chemical formula: CsH10CINsO;

(Figure 2.5).

cl / \ HN—N{

N— O

Figure 2.5 Chemical structure of imidacloprid molecule [ChemDrawProfessional 17.1]

Imidacloprid has relatively good water-solubility (610 mg/l), low vapour pressure (4*107’mPa at 25°C,
and low volatility (Henry’s constant 1,7*10° Pa*m3/mol) [HSDB, US]. Summary of physical-chemical
properties of imidacloprid is given in Table 2.2.

The half-life of imidacloprid in soil is 40-190 days depending on presence of the organic substances
[Scholz and Spiteller, 1992]. In several studies on 12 soils Ksc values of imidacloprid were in a range of

109-411 ml/g, which marks imidacloprid as moderately mobile [PPDB, Univ. of Hertfordshire, 2013].
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Imidacloprid undergoes photolytic degradation in water. Hydrolysis of imidacloprid takes place at
higher pHs, no hydrolysis is observed under acidic or neutral conditions. Dissociation constant of im-
idacloprid pKa is at the alkaline conditions (pKa=11,12).

The United States Environmental Protection Agency [U.S. EPA, 2010] classified imidacloprid as non-
carcinogenic based on animal studies [“Group E” (noncarcinogenic for humans)]. There is no data on
imidacloprid possible carcinogenicity according to the International Agency for Research on Cancer
[IARC, 2015]. However, it is classified as potentially toxic for humans [U.S. EPA, 2010]. No data is avail-
able on reproductive effects of imidacloprid in humans.

Toxicity to fish is moderately low but rather high for aquatic invertebrates [Kidd and James, 1994].

Thiacloprid or (Z)-[3-[(6-chlor-3-pyridinyl) methyl]-2-thiazolidinylidene]cyanamid is another represent-
ing neonicotinoid. Thiacloprid, like imidacloprid, acts as nicotinic acetylcholine receptor (nAChR) ago-
nist [Jeschke et al., 2008]. Thiacloprid’s structural formula is depicted in Figure 2.6. Thiacloprid has
moderate water solubility (187 mg/| at 20°C); Henry’s law constant is of the same order of magnitude
as the one of imidacloprid (4,1*101° Pa*m%mol), which implies non-volatile properties [HSDB, US].
Thiacloprid is slightly mobile (K:w:=393-879 ml/g in study on 6 soils). Thiacloprid does not dissociate.
Physical properties of thiacloprid are listed in Table 2.2.

A

N

|
 —
Cl N

Figure 2.6 Chemical structure of thiacloprid molecule [ChemDrawProfessional 17.1]

N

Like other neonicotinoids, thiacloprid is a systemic insecticide, performing high toxicity for insecticides
and being relatively harmless for mammals. Toxicity for useful insects (for example, bees) is a question
of concern. Lethal dosis (LDso) of thiacloprid for bees is determined as 0,0001 pg/ug bee weight [lwasa
et al., 2004].

Degradation time (DTso) of thiacloprid in soil is determined as 15,5 days under typical conditions. In
aqueous phase thiacloprid is stable in pH range 5-9, undergoing neither hydrolysis nor photolysis in

this range [PPDB, Univ. of Hertfordshire, 2013].
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Thiacloprid is classified as possible endocrine disrupter (possible toxicity for liver and thyroid) [Ver-

ordnung (EU), 2015].

2.2.2. Azole Fungicides

Azole fungicides belong to the broad-spectrum antifungal compounds used for prevention or curing of
fungal deceases [Zarn et al., 2003]. Application mode of azoles is on the crops or on the seeds. Azoles
perform both topical and systemic antifungal effect.

Azole fungicides may be divided into two classes: imidazoles and triazoles [Trésken, 2005].

Azole compounds inhibit lanosterol-14a-demethylase (CYP51) [Yoshida, 1988; Podust et al., 2001],
which is a cytochrome P450 monooxygenase abundant in fungi, plants, mycobacteria, mammals, in-
cluding humans [Lepesheva et al., 2003; McLean et al., 2002; Venkateswarlu et al., 1997]. Due to the
lipophilic nature of the CYP51 substrate, it is concluded that active sites of an enzyme are penetrated

through the membrane [Akhtar et al., 1978].

Propiconazole belongs to the group of triazole fungicides (Figure 2.7). It is a clear-yellowish, highly
viscose liquid with a weak characteristic smell. Propiconazole is a systemic foliar fungicide and has
different application spheres. It is used as a protecting substance from fungi and viruses for various
fruits, cereals, nuts etc. It is also widely-used as wood-preservatives in adhesives, paints, coatings,
leather and textiles [EPA, 2016]. Propiconazole is commercially available in a form of stereoisomers
mixtures.

Cl

Cl

Figure 2.7 Chemical structure of propiconazole molecule [ChemDrawProfessional 17.1]

The mode of action of propiconazole on fungi is demethylation of C-14 during ergosterol biosynthesis,

causing accumulation of C-14 methyl sterols. These C-14 methyl sterols slow down the fungal growth
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and prevent widening of the fungus. Thus, propiconazole is qualified as fungi-static and not fungicidal
(killing fungus) [Tech. inf. Bulletin for Prop. Pest.].

An effect on non-target organisms, such as soil microbes and insects, is very low. No toxic effect was
detected for earthworms [Tech. inf. Bulletin for Prop. Pest.].

The pKa value of propiconazole is at 1,09 [PPDB], below it propiconazole is in a protonated form (with
protonation at a nitrogen in the triazole moiety), above pKa neutral molecule is a prevailing form of
propiconazole.

No hydrolysis of propiconazole at 20°C at three different pHs (5, 7, 9) was observed [Farm chemicals
handbook, 1997; U.S. EPA, 1993]. Photolysis of propiconazole was evaluated as 20% in 12 days under
daylight. In the presence of natural photosensitizers photodegradation of propiconazole is rather rapid
[Tech. inf. Bulletin for Prop. Pest.]. Propiconazole is a non-volatile compound (Henry’s law constant
9,2*10° Pa*m3mol).

Water solubility is moderate (moderate-low) (100 mg/l). Due to its affinity to soil rich in organic matter,
soil mobility and leaching ability of propiconazole are not high (Koc=1.086 ml/g) [Table 2.2].
According to environmental protection agency propiconazole and its degradation products are sup-
posed not to be carcinogenic [EPA, 2006], however, it is a possible liver and endocrine disruptor.
Hexaconazole is a fungicide from the azole class of pesticides. In early 80-th of 20-th century hexacon-
azole was used against several fungi species, namely “higher fungi” Ascomycetes and Basidomycetes

from Dikarya kingdom [Moore, 1980]. Chemical structure of hexaconazole is presented in Figure 2.8.

OH

N—n

&1

Cl

Figure 2.8 Chemical structure of hexaconazole molecule [ChemDrawProfessional 17.1]

Like other azole compounds, hexaconazole has a moderate affinity to the soil with Koc=1.040 ml/g.
Hexaconazole has low water solubility (18 mg/I at 20°C, Table 2.2), low volatility (Henry’s law constant
3,33*10* Pa*m3/mol) [Kamrin, 1997]. Hexaconazole’s dissociation constant pKa=2,3. Like for propicon-
azole, protonation of hexaconazole occurs below pKa at a nitrogen in the triazole moiety; above pH 2,3

hexaconazole is a neutral molecule.
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Hexaconazole is known to be stable to hydrolysis, aqueous photolysis (DT50 in days) is moderately fast
and takes approximately 10 days. Hexaconazole is persistent in soil under aerobic conditions (DT50 =
225 days) [PPDB, Univ. of Hertfordshire, 2013]. U.S. EPA classifies hexaconazole as possible carcinogen.
By decision of EU commission in 2006 it is not used anymore in EU countries as a compound with
possible harmful effects even at correct application [Entscheidung 2006/797/EG der Kommission,
2006]. Nevertheless, it is still used in major Asian countries, mainly for rice pest control [Zhang et al.,

2015].

2.2.3. Herbicides

Nowadays phosphonates are used in different spheres of agriculture [Fest and Schmidt, 1982]. First
synthetic phosphonates were synthesized and described in the literature in 1944. 2-Ami-
noethylphosphonic acid and amino-substituted alkyl-phosphonic acids are typical representatives of
this class of compounds [Hildebrand and Henderson, 1983]. Excessive introduction of these com-
pounds in agriculture resulted in their accumulation and pollution of landfills including aquifers.

One of the well-known organophosphorus compounds is glyphosate.

Glyphosate is a broad-spectrum, non-selective systemic herbicide. Due to its efficiency against most of
the crop harming plants, glyphosate stays the most widely produced herbicide in the world. It was
discovered and patented by John E. Franz from Monsanto company in 1970 [US Patent 3799758, Franz
J.E.]. Glyphosate has two main paths to enter the plant: through foliage and partially through roots.
Glyphosate disturbs Shikimate-3-phosphate pathway in plants metabolism by inhibiting the enzyme 5-
enylpyruvylshikimate-3-phosphate synthase (EPSPS) and interfering with aromatic amino acids phenyl-
alanine, tyrosine, and tryptophan synthesis [Steinriicken and Amrhein, 1980].

Glyphosate is an organophosphorus compound. It is highly soluble in water (10,5 g/L at 20°C); it has
relatively low Kow [log Kow -3,5 at 20] [Schuette, 1998]. Glyphosate molecule has low molecular weight
(MW=169,08), carboxylic, amino and phosphonate functional groups. Glyphosate has four acidic con-

stants: (pKa =0,8; 2,2; 5,4; 10,2, Scheme 2.1) [Goodwin et al., 2003].
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Scheme 2.1 pKa values of glyphosate [from Goodwin et al., 2003]
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Summary of the physical properties of glyphosate are presented in Table 2.2. Commercially glyphosate
is available in three forms: glyphosate acid, glyphosate isopropylamine salt, glyphosate ammonium salt.
High Koc value of glyphosate (884-50.660 ml/g) indicates glyphosate’s high affinity to the organic car-
bon. It may sorb on various minerals in the soil through surface metal coordination. Sorption of glypho-
sate may cause mobilization of sorbed trace metals by chelation or displacement of ions, such as phos-
phates. Application of Roundup on agricultural soils caused increased leaching of such metals as Zn, Cu,
Ni, P, Al, As, Si [Barret and McBride, 2006]. Another explanation of glyphosate affinity to the soil is the
formation of complexes with Ca?*, Cu?*; Mg?" Fe**, Al** [Subramaniam and Hoggard, 1988; McBride,
1991; McBride and Kung, 1989].

Additionally, glyphosate forms inner-sphere complexes with Fe3* and AI** using phosphonate groups,
like phosphate sorption mechanism. Therefore, phosphate is competing with glyphosate for sorption
sites [Laitinen et al., 2006].

According to Miles and Moye ,1988 sorption mechanism of glyphosate on soil compartments is mainly
due to H-bond formation and inner-sphere complexation with cations (on cations-rich soil).

Nomura and Hilton, 1977 revealed direct proportionality between glyphosate sorption and organic
matter content, whereas increasing pH caused lower sorption of glyphosate to the soils.

Glyphosate is stable to aqueous photolysis and hydrolysis [Carlisle and Trevors, 1988; Lund-H@ie and
Friestad, 1986]. This is due to the lack of absorption bands in UV/VIS spectrum. On the other hand,
glyphosate can be a subject for indirect photolysis promoted by OH- Radicals [Manassero et al., 2010;
Chen et al., 2012].

Microbial degradation is one of the prevailing pathways of glyphosate degradation in soils [Franz et al.,
1997; Laitinen et al., 2006]. The most wide-spread metabolite of glyphosate is AMPA. Another way of
metabolization of glyphosate is through plant uptake. In both cases (microbial and plant) glyphosate
may undergo two degradation pathways: oxidative cleavage of the C-N bond, producing AMPA or
breaking of a C-P bond resulting in sarcosine [Franz et al., 1997].

It is revealed, that glyphosate attenuated in soil does not undergo or undergoes degradation to the
lower extent, than freely-dissolved glyphosate. Koc value of glyphosate is high (Koc = 884-50.660; Ko
= 1.600-60.000, depending on the soil, [PPDB, Univ. of Hertfordshire, 2013]), thus it is slightly (or non-)
mobile. However, due to its pH dependence, glyphosate’s sorption on soil is a reversible process. The
reversible character of glyphosate sorption conduces its re-mobilization with consequent leaching into
lower layers or plant uptake [Salazar and Appleby, 1982].

Nowadays glyphosate is the most prevailing herbicide in the world. Its massive use in agriculture and
stability in the environment makes it to the compounds of concern for environment and humans. Var-

ious studies concerning its carcinogenicity, toxicity, teratogenicity, mutagenicity were implemented.
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Thus, in March 2015 International Agency for Research on Cancer [IARC] has classified it in a category
2A (probably carcinogenic to humans) [IARC, 2015].

Health Canada in April 2017 reported glyphosate as non-genotoxic and probably non-carcinogenic
[Health Canada, 2017].

Aminomethylphosphonic acid or AMPA is a metabolite of glyphosate and some other aminophospho-

nates.

HO™ | ™~ OH HaN_R~oH
HO OH
a) b)

Figure 2.9 Chemical structures of a) glyphosate; b) Aminomethylphosphonic acid molecules

[ChemDrawProfessional 17.1]

AMPA may be formed through various degradation processes, such as biodegradation by
microorganisms: Escherichia coli, Bacillus megaterium, Streptomyces morookaensis and some others
[Obojska and Lejczak, 2003] and chemical degradation by iron. The microbial degradation of glyphosate
is the major degradation pathway leading to AMPA formation in the environment, with chemical and

photodegradation pathways being minor ones.

pKa values of AMPA are presented in Scheme 2.3 [Goodwin et al., 2003].
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Scheme 2.2 pKa values of AMPA [from Goodwin et al., 2003]

AMPA degradation in soil is slower than that of glyphosate (DT50 under abiotic conditions, field study:
419 days, [PPDB, Univ. of Hertfordshire, 2013]). With Koc value of 2002 ml/g (Ksc = 9.664,5 ml/g) it is
characterized as slightly (or non-) mobile. Being a degradation product of glyphosate, AMPA is found in

the environment in higher concentrations. With a Henry’s law constant 0,16 Pa*m3/mol AMPA is
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considered moderately volatile. Having very high water-solubility coefficient — 1.466.561 mg/| at 20°C
[PPDB, University of Hertfordshire, 2013] and being persistent in water, AMPA is found in groundwaters
in high concentration over long periods of time. The Pesticide Properties Database [PPDB, 2016] has
classified AMPA as persistent with the half-life (DT50) of 121 days. Major degradation pathway of AMPA
is microbial biodegradation, that is directly proportional to temperature and OM content [Simonson et

al., 2008]. According to Marrs and Ballantyne, 2004, AMPA has very low acute toxicity, is non-mutagenic.
Glufosinate ammonium

Glufosinate is used on the market as glufosinate ammonium or ammonium-2-amino-4-(hydroxymethyl-

phosphinyl)butyrat.

NH,*

O——TU—=0

NH,* NH,

Figure 2.10 Chemical structure of glufosinate ammonium molecule [ChemDrawProfessional 17.1]

Glufosinate ammonium is a non-selective broad-spectrum herbicide, which needs total area coverage.
Glufosinate is soluble in water and insoluble in organic (non-polar) solvents [Everman, 2008; Everman
et al., 2009; Martinson, 2002]. Glufosinate ammonium affects the glutamine synthetase enzyme and
inhibits glutamine amino acid synthesis and ammonia transformation [Everman, 2008]. Accumulated
ammonia causes necrosis of the plant with chloroplasts and membranes destruction and leads to the
plant death [Everman, 2008]. Glufosinate is classified as low or moderately toxic to mammals. Thus,
LD50 for mice is 450 mg/kg and 300 mg/kg for dogs [Sparling, 2016]. U.S. EPA classified glufosinate

ammonium as not likely carcinogenic to humans with the very low toxicity of 140 pg/I.

Glufosinate is highly soluble in water: 786 g/I, is non-volatile bioaccumulation of glufosinate is low

[Sparling, 2016]. Farm Chemicals Handbook (2002) reports even higher water solubility (1.370 g/I).
Low Henry’s law constant 4,48*10° Pa*m?3/mol indicates non-volatile character of glufosinate.

Under aerobic conditions glufosinate is non-persistent in soil. Half-life in soil is 3-43 days [Jewell and
Buffin, 2001]. Half-life in water is longer: around 300 days [Jewell and Buffin, 2001]. Glufosinate does

not undergo aqueous photolysis and hydrolysis [PPDB, Univ. of Hertfordshire, 2013].
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2.3. Methods

2.3.1. Capillary Electrophoresis (CE)

Capillary Electrophoresis (CE) is a relatively new method, which is widely used for the analysis of pep-
tides, ions and various charged particles. The separation of the charged particles is provided by electric
field application. CE is conducted in a very thin capillaries (20-100 um) (Karcher, 1995) and is applied
to the analysis of ions and peptides. An advantage of a thin capillary is equal temperature distribution
between its outer and inner parts [Wimmer, 2017]. Thus, the sample in the capillary flows with the
same velocity at the walls and in the centre, resulting in an electroosmotic flow (EOF). The advantage
of the EOF flow in comparison to the laminar flow, is explained by the even distribution of the sample
in the capillary and consequently, better analysis of the compound.

An important factor, affecting the EOF is a pH in the capillary. At high pH solute may achieve high EOF
and elute too fast [HP — CE, Agil. Techn. manual]. At low pH, negatively charged surface of the capillary
may attract and retain positively charged species. According to Wimmer (2017), for the analysis of
glyphosate at very acidic pH (<2) the main obstacle for the analysis was an interaction between capillary
silica surface and the molecule of glyphosate due to its protonated state. To avoid that, it was decided
to use capillaries with coatings (polyvinyl alcohol (PVA)), preventing glyphosate from the direct inter-
action with the capillary surface [Wimmer, 2017]. The CE was coupled with ESI-MS and analysis of
glyphosate, AMPA, phosphate and glufosinate were conducted using CE-ESI-MS.

The CE separation was conducted on Agilent Technologies 7100 capillary electrophoresis (Waldbronn,
DE) with Agilent Technologies massspectrometer (Santa Clara, US-CA), modell 6550 iFunnel Q-ToF
LC/MS. lonisation of the sample was done on Dual-ESI-lonsource. The Sheath Liquid (SL) was pumped
with Agilent 1260 Infinity isocratic pump with flow rate 5 pl/min. For some samples UV-DAD-detection
of 7100 CE was used. The 65 cm (CE-MS) or 35 cm (CE-UV) long PVA-capillaries from Agilent (Waldbronn,

DE) with 50 um internal diameter (ID) were used [Wimmer, 2017].

2.3.2. ATR-FTIR

ATR technique is a sampling method, in which infrared beam is getting reflected of the internal surface
(ATR crystal), forming evanescent wave, which extends into the sample [Glldenhaupt, 2010]. An ad-
vantage of ATR is ability to analyze both liquid and solid samples without pretreatment (pellets for-
mation, pre-concentration etc.).

The qualitative parameter of ATR method is the penetration depth:
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dy = ——2 2.1

p
2 /n%sinZG—ng

d,- penetration depth [um];

6 — angle of the incident radiation [radians];

A —wavelength of incident radiation [in
um=10000/wavenumber in cm];

n, —refractive index of ATR crystal;

n,- refractive index of the sample;

leff = dp * Nyefl 2.2
les —effective beam pathway [um];
Ny — number o f reflections (for Bio-ATR I1: 9-12) [Brucker Confocheck Benutzerhandbuch]
The effective volume is calculated from the penetration depth and radius of the ATR spot.
Veps = mr?d, 2.3
r —radius of ATR crystal spot, [mm]
There are several factors, restricting applicability of ATR method. Among them is geometry of the sys-
tem and crystal material. The most widely used crystals are germanium, sapphire, chalcogenides, silver
halides, zinc sulphide, silicon, zinc selenide. BIO ATR cell Il with silicon crystal was used in the current
work.
Infrared spectra were recorded on a Brucker Vertex80v with LN-MCT Mid VP detector at 22°C temper-
ature (controlled by cooling system) and atmospheric pressure. Spectra were recorded at 400 scan
number with optical resolution 4 cm™ mainly in fingerprint region. Opus visual software was used for

the spectra interpretation.

2.3.3. Langmuir sorption model

Langmuir, Freundlich and BET (Brunauer-Emmett-Teller) models are the most often used sorption mod-
els, used to describe sorption of aqueous or liquid samples on solid materials [Schwarzenbach et al.,
2005].

Langmuir model describes sorption on the solid surfaces with the following assumptions:

The surface of the sorbent is homogeneous, i.e. all the sorption sites are equally accessible by sorbate

molecule. Maximum one molecule of the sorbate may sorb on one sorption site (mono-layer sorption).
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The sorbed molecules don’t interact with one another and don’t affect the sorption properties of the
neighbouring sorption sites [Schwarzenbach et al., 2005].

Langmuir model may be derived from the equation 2.4:

Ky,
S + Caq (_)Csorb 2.4
Equation (2.4) depicts sorption of the compound [C] from aqueous phase onto S binding sites of the
sorbent. One of the central assumptions of the Langmuir model is an equal activity of all sorption sites

S. Equilibrium of the system is described with Langmuir constant:

Cc
K, =30t 2.5
S.Caq

Csorp —SOrbed concentration [mg/kg];
Caq(or Cy) —aqueous concentration in equilibrium [mg/1];
K; —Langmuir equation constant [l/kg]
Since at the most one molecule of the compound C may sorb on each sorption site S (monolayer cov-
erage), sorption is limited to Csorb_max:
Csorb_max =S + Csorp 2.6
Csorb_max —Maximum sorption capacity [mg/kg];

Combining the equations (2.5) and (2.6) gives Langmuir isotherm:

K1.Caq
C. . - 2.7
sorb 1+KL-Caq sorb_max

In linearized form equation (2.7) transforms into:

Csorb _

CSOT'
Caq K. (Csorb_max — Csorp); Kq = —zorh 2.8

Caq
Kq — distribution coefficient, which is constant in a linear range [I/kg].

At the low concentrations with Csprp < Csorp max:

CSOT'
C 2 = K;. Csorb_max 2.9
aq

K(; = K. [C]sorbmax 2.10

K¢ - distribution coefficient at low concentrations

2.3.4. Liquid chromatography

Liquid chromatography was performed using an Agilent 1260 infinity device including solvent degasser,
binary pump, auto-sampler and column compartment. 3 plL of sample were injected on a Phenomenex
Synergi Polar-RP 80A column with 4 um particle size, 3 mm internal diameter and 150 mm length.

Thiacloprid was eluted with isocratic mixture of 50% water and 50% acetonitrile (both acidified with
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0,1% formic acid) at 0,6 ml/min for 4 minutes. For propiconazole and hexaconazole water/acetonitrile

ratio was 35%/65%.

2.3.5. Mass spectrometry

After liquid chromatography, thiacloprid was detected by tandem mass spectrometry using an Agilent
6490 triple quadrupole mass spectrometer with positive electrospray ionization (ESI+). lonization was
performed applying 12 I/min of nitrogen at 400°C as sheath gas, 16 |/min of nitrogen at 150° C as drying
gas, a nebulizer pressure of 35 psi and a capillary voltage of 2500V with 0V for the nozzle. Thiacloprid
was then detected using three transitions: one quantifier 2535126 (20 eV collision energy) along with
two qualifiers 253->89,9 and 253->98,9 (both with 45 eV collision energy). Propiconazole was detected
using two transitions: 342->159 (36 eV collision energy) and 342->69 (24eV collision energy). For hex-
aconazole detection two transitions were used: 314->159 (30 eV collision energy) and 314->70 (20 eV

collision energy).

2.3.6. HPLC

High performance liquid chromatography was performed on Shimadzu LC solution device (with LC-
20AD solvent delivery module, DGU-20A3/DGU-20As on-line degasser, SPD-M20A UV-VIS photodiode
array detector, SI C-20A(20AC SIL-20 AHT)20 ACHT autosampler, CBM-20A/20Alite system controller).
Reverse phase HPLC was conducted with Agilent column Eclipse Plus C18 (3,5 um; 4,6*100 mm). Anal-
ysis was done using binary gradient mode with total flow 0,4 ml/min, 40% H,0 and 60% MeOH for
neonicotinoids and 20% H,0 and 80% MeOH for azole fungicides.

2.3.7. Zeta potential

Zeta potential was measured on Malvern Zetasizer Nano ZSP at room temperature (23°C), with prelim-

inary preparation of sample suspension in water solution by sonication.

2.4. Chemicals

e  Agilent 5182-0567, polypropylene 1ml (for glyphosate-containing samples)
e  Agilent Technologies 5181-1513, Snap caps, polyethylene olefin
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Al/SiO; (labeled TU249C) (synthesized by Yucang Liang at the University of Tiibingen, Depart-
ment of Anorganic Chemistry

Aluminum oxide Al;Os (Aldrich)

Aluminum oxide Al,0; (synthesized by Leilei Luo at the University of Tiibingen, Department of
Anorganic Chemistry)

Aminomethylphosphonsaure (AMPA) (Sigma)

BCB 070300 screw cap with septa-silicone

BCB 1,5 screw neck vials (32*11,6 mm) (HPLC vials)

Bentonite (Aldrich)

Calcium chloride dihydrate (Sigma Aldrich)

Ferrihydrite (synthesized by James Byrne, University of Tibingen, Microbiology Department)
Fisherbrand 1154-1454 lids

Glufosinate ammonium (Sigma Aldrich)

Glyphosate (Sigma Aldrich)

Hexaconazole (Sigma Aldrich)

Hydrogen chloride HCI (Merck)

Imidacloprid (Sigma Aldrich)

Iron oxide Fe,03; (maghemite) (Aldrich)

MCM-48 synthesized by Leilei Luo at the University of Tibingen, Department of Anorganic
Chemistry)

Methanol HPLC grade (Sigma Aldrich, Chromasolv)

pH 0-14 (step 1) (Chemsolute test) pH strips

pH 4,0-7,0 (step 0,2-0,3) (M ColorHast) pH strips

pH 6,5 - 10,0 (step 0,2-0,3) (M ColorHast) pH strips

pH 6,5 — 10,0 (step 0,3) (Merck) pH strips

pH 7,5 — 14 (step 0,5) (Alkalit) pH strips

PMO-silica (synthesized by Leilei Luo at the University of Tiibingen, Department of Anorganic
Chemistry)

Potassium Chloride KCI (AppliChem)

Propiconazole (Sigma Aldrich)

Safe-lock Eppendorf tubes, 2mi

SiO; (labeled TU243C) (synthesized by Yucang Liang at the University of Tiibingen, Department
of Anorganic Chemistry)

Sodium hydroxide NaOH (Merck)
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° Suwannee River Humic Acid standard | (SRHA; 2S101H) from the International Humic Sub-
stances Society (IHSS).

° Thermo-scientific 2ml, clear, microcentrifuge tubes

e  Thiacloprid (Sigma Aldrich)

° Zeolite beta(OH)-lIl (synthesized at the North-Korean University by Hwa Jun Lee)

e  Zeolites (Alfa Aesar)

2.6. Equipment list

Centrifuges:
° Eppendorf 5417 C
° Eppendorf Hermle Z320
e  Herolab HiCen 21

° Heraeus Megafuge 1.0R

° US rod: Bandelin sonopuls HD 2200/UW 2200
. Horizontal shaker: IKA-Werke HS501 digital
e  CE: Agilent Technologies 7100 capillary electrophoresis
e  LC-MS: Agilent Technologies 6490 TripleQuad LC/MS
. HPLC: Shimadzu: Liquid chromatograph: LC-20AD
= Degasser: DGU-20A3
= Diode array detector: SPD-M20A
=  Auto sampler: SIS-20ACHT
° FTIR-ATR: Bruker VERTEX 80v FTIR spectrometer with LN-MCT Mid VP detector with BIO ATR Il

° Zeta potential measurements: Malvern Zetasizer Nano ZSP
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Chapter 3 Sorption of Neonicotinoid Insecticides on Zeolites

3.1. Introduction

Neonicotinoids are widely-used in agriculture against almost all the known crop pest insects [Elbert et
al., 2008; Jeschke et al., 2011]. Now imidacloprid is the most-sold insecticide in the World [Simon-Delso
et al., 2015]. Due to their wide distribution and similar effect for target- and non-target organisms [Bal-
anca and de Visscher, 1997; Sanchez-Bayo and Goka, 2006], neonicotinoids’ environmental fate is a
question of concern and was studied by several researchers [De Smedt et al., 2015; Bonmatin et al.,
2014]. Attenuation of neonicotinoids through adsorption was studied and reported in the literature
[Daneshvar et al., 2007; Liu et al., 2006; Bajeer et al., 2012].

The objective of the present chapter is to study the adsorption of thiacloprid and imidacloprid on the
(nano-)zeolites. Zeolites are known as effective adsorbents. A detailed description of zeolites’ proper-
ties is given in Chapter 2. Although, sorption of imidacloprid on zeolites was studied previously [De
Smedt et al., 2015; Rongchapo, 2015], this study focuses on the small zeolite particles (<1um). The
toxicological studies (described in detail in Chapter 9) prompted the choice of the small particle size of
the zeolite. The initial choice of the particle size of 100 nm was changed to a larger size of 600-700 nm
due the issues with surface charge and aggregation. It was expected to achieve high sorption of im-
idacloprid and thiacloprid on the zeolites [De Smedt et al., 2015; Rongchapo, 2015].

lonic strength, the presence of cations and pH are important environmental parameters which may
significantly affect the sorption behaviour of organic molecules. Natural waters have high variability of
pH (in the range of 4-10). Calcium is abundant in the most water basins. Only a few papers are available
on the effect of the ionic strength on Ca?* effect on TC and IC sorption [Li et al., 2003; Muszynsky and
Brodawska, 2014]. To fullfil the existent knowledge gap, present work researches the impact of the
ionic strength, presence of Ca?* cations, HA presence, competitive sorption, pH factors on
neonicotinoids sorption. Many studies show that uncharged molecules are not affected by the ionic
strength by the same mechanisms as charged molecules [Alva and Singh, 1991; Clausen et al., 2001; de
Jonge and de Jonge, 1999]. Due to the non-charged character of the imidacloprid and thiacloprid
molecules, it was not expected to observe high pH effect on their sorption. Ca%* cations were expected
to replace some exchangeable cations from the zeolite. The effect of the exchange was investigated
under different mechanisms of IC and TC adsorption. Li et al., 2013 reported diminishing effect of Ca*
ions on TC and IC sorption on smectites. Due to the significant difference between clays and zeolites
structure and the scarcity of the literature on this topic, it was planned to determine the Ca?* effect on

thiacloprid and imidacloprid sorption on zeolites.
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Many uncharged organic compounds sorb strongly to the natural organic matter in water and soil. Nu-
merous studies have concluded an increase in organic pollutants sorption with increasing NOM content
[Bekbolet et al., 1999; Gonzalez and Ukrainczyk, 1996; Mallawatantri and Mulla, 1992]. Karickhoff,
1979, Schwarzenbach and Westfall, 1981 and Schwarzenbach, 1993 demonstrated, that the organic
carbon content of the particles is an important parameter for the sorption of hydrophobic pesticides
Thermodynamically, adsorption on the organic matter is favourable for hydrophobic compounds. Ei-
senreich demonstrated, that the pesticides with low water solubility readily sorb to the particulate
organic carbon [Eisenreich et al., 1981; Nowell et al., 1999].

Considering moderate water solubility of imidacloprid and thiacloprid (Table 2.2), NOM was expected
to have only slight effect on the imidacloprid and thiacloprid sorption.

Hence organic pollutants have various sources and are rarely found in nature as single compounds, the
competitive sorption of the pesticides should be studied to reveal how the presence of more than one
compound impacts the sorption of the target compound. The competitive sorption of imidacloprid and
thiacloprid was studied. Since both compounds have similar structures, the competition for the sorp-
tion sites was expected, implying a decrease in sorption from the mixture in comparison to the individ-
ual pesticide sorption.

One of the objectives of interdisciplinary cooperation project EXPAND was to investigate an effect of
sorption of thiacloprid on the mortality and behaviour of Chironomus riparius larvae. An effective
sorbent for neonicotinoids found in the current experiment was used in the toxicological studies to
decrease the bioavailability of the pesticide and in order to change of toxicological effects for the stud-
ied organisms. An objective of the toxicological studies [Lorenz et al., 2017b] was to investigate, how
the sorption of thiacloprid on zeolites affects the toxicological effects of thiacloprid for C. riparius larvae

(Chapter 9).

Mass balance

The decrease in the aqueous concentration may be due to the sorption, as well as other processes,
such as evaporation, degradation and metabolization etc. To assure, that the decrease in the dissolved
concentration results from the sorption, a mass balance was calculated. The elements of the pesticide
mass balance include concentration in the aqueous phase after the equilibrium in sorption experiments
was reached (Cw_eq), pesticide concentration, that desorbed from the sorbent in water in desorption
experiments (Cw_desorb) and pesticide concentration that was extracted from the sorbent with meth-

anol (Cw_extract). Samples from the kinetics experiments were used for the mass balance calculation.
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Figure 3.1. depicts the mass balance of IC and TC (a and b, respectively). Extraction was done with

methanol for 24 hours.
The recovery rate of pesticides was very high (95-102%). Therefore, for the present experiments de-

crease in aqueous concentration was primarily due to the sorption processes, side reactions and un-

expected loss can be neglected.
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Figure 3.1 Mass balance of a) imidacloprid; b) thiacloprid in sorption on zeolites experiments. An

average value of triplicates is presented. Error bars present the standard deviation between the

triplicates
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3.2. Experimental Part

Experiments were designed and conducted using the batch equilibrium method. Every sample includ-
ing controls was prepared in triplicates; the reported values are the average of the three measurements.
Aliquots of thiacloprid (imidacloprid) and zeolites were mixed in HPLC vials (1,5 ml). Solutions of CaCl,,
KCI and humic acid [Suwannee River] were added to the samples at different concentrations. pH was
adjusted with HCl and NaOH and measured with a pH electrode. Samples were shaken on the horizon-
tal shaker [IKA] for 60 minutes to reach equilibrium conditions. Thereafter, vials were centrifuged
[Heraeus Megafuge 1.0R], and aqueous phase pipetted into the fresh HPLC vials. Imidacloprid and thi-
acloprid were measured using HPLC technique [Shimadzu], isocratic method, 60% MeOH in the mobile

phase. HA concentrations were measured photometrically at 364 nm.

3.3. Results and Discussion

Sorption kinetics of the neonicotinoids imidacloprid and thiacloprid on zeolites
Figure 3.2 shows the sorption kinetics of thiacloprid on various zeolites. In the experiments with Y type

zeolites, sorption equilibrium was reached within the first ten minutes.
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Figure 3.2 Sorption kinetics of thiacloprid on Y30, Y12, Y80, beta360 zeolites [I=0,05 M, T=20°C (room

temperature), pH 7]
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Sorption of thiacloprid on BEA zeolites was high, but sorption kinetics was noticeably slower on BEA
zeolites than on FAU zeolites. Sorption kinetics on BEA zeolites clearly shows, that within 15 hours con-
tact time concentration of freely dissolved thiacloprid was continuously decreasing.

This difference in sorption kinetics can be explained by the different pore size and pore accessibility of
Y type and beta type zeolites (Figure 3.3). Zeolite BEA has pores of irregular spherical shape (Figure 3.3),
which have different diameters, viewed along different angles (Figure 3.3). The pores of FAU are larger
and have the same diameter from every angle, which facilitates the access of neonicotinoids into FAU
pores. The access to the BEA pores is more complicated and requires more time until neonicotinoids

molecules diffuse into the pores and sorb there.

Figure 3.3 The pores of FAU zeolite (viewed along <100>; above), and BEA zeolites (viewed along <100>

and <001>; below) [from Baerlocher et al., 2007, with permission]

Desorption kinetics of thiacloprid from the zeolites was fast (t_eq<10 min), as depicted in Figure 3.4.

Comparison of freely dissolved thiacloprid concentration (percentage of total concentration) suggests
a reversible character of the sorption. Total concentration in sorption kinetics experiment was concen-
tration measured in controls; total concentration in desorption kinetics experiment was measured as a
sum of dissolved concentration and concentration, extracted by methanol out of sedimented particles.
Even for beta 360 zeolite desorption equilibrium was reached faster than sorption equilibrium, during
following 45 hours freely dissolved concentration of thiacloprid remained unchanged. Equilibrium con-
centration in desorption experiments was significantly lower than in sorption experiments (in both ex-
periments concentration is presented as % of total concentration). The observed hysteresis between
sorption and desorption was caused by the geometry of the pores: it was expected, that the molecules

of imidacloprid and thiacloprid access the pores, but their desorption may be complicated by sterically
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hindered position of the functional groups of neonicotinoids in the pore, i.e. the neonicotinoid mole-

cule was “trapped” in the pore.

0,45
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HWY30 OY12 XY80 beta 360

Figure 3.4 Desorption kinetics of thiacloprid on Y12, Y30, Y80 and beta360 zeolites [I=0,05 M (KCl),

T=20°C (room temperature), pH 7]
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Figure 3.5 Comparison of equilibrium aqueous concentrations of thiacloprid in sorption experiments
with Y12, Y13, Y80 and beta360 zeolites. Concentration Cw is depicted in per cent (%) of total thiacloprid

concentration
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Figure 3.6 Sorption kinetics of imidacloprid on four zeolites (Y12, Y30, Y80, beta360) [I=0,05 M (KCl);

T=20°C (room temperature), pH 7]

Sorption kinetics of imidacloprid on zeolites was similar to thiacloprid.

Sorption of imidacloprid on FAU type zeolites was very fast (<10 min). Sorption equilibrium on beta 360
was reached after 24 hours. Such similarity with thiacloprid in sorption behaviour is due to the struc-
tural similarity of the thiacloprid and imidacloprid molecules, defining their size [the longest side for

each molecule is 0,7 nm by topological measurement, Avogadro 1.90] and space orientation.
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Figure 3.7 Desorption kinetics of imidacloprid on Y12, Y30, Y80 and beta360 zeolites [I=0,05 M (KCl);

T=20°C (room temperature), pH 7]
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Desorption of imidacloprid from the zeolites was fast (<10 min) (Figure 3.7). Comparison of agueous
concentrations (%) in sorption and desorption experiments prooves the reversibility of sorption on FAU
zeolites, which converges with thiacloprid sorption behaviour on the same zeolites (Figure 3.8). Simi-
larly to the desorption of thiacloprid, imidacloprid’s desorption rate from beta360 was lower than from

the Y zeolites.
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Figure 3.8 Comparison of equilibrium aqueous concentrations of imidacloprid in sorption experiments
on Y12, Y30, Y80 and beta360 zeolites. Concentration Cw is depicted in per cent (%) of total imidacloprid

concentration

Grathwohl and Reinhard, 1993 discussed the non-equilibrium in contaminant desorption (“Tailing”).
They mention, that “Tailing” is independent of the water amount. Using a short period approximation
of the diffusion-controlled contaminant uptake and release from a particle (infinite bath) (eq. 3.1), the

diffusion rates for sorption and desorption of imidacloprid on beta360 and Y30 were calculated.

Y =6 [Pal_3lat 3.1
Meq a’m a
M —mass of the compound, diffused into the particle after a certain time t;

M,q —contaminant mass, which is in the particle grain under equilibrium conditions;
% —diffusion rate constant;
a — particle radius; [Grathwohl and Reinhard, 1993]
For Y30 diffusion rate constants for sorption and desorption were 0,75 and 0,81 1/h respectively. For
beta360 the values of diffusion rate constants (both sorption and desorption) were significantly lower
(0,019 and 0,047 1/h), which supports the hypothesis, that the pores of FAU zeolites are easier acces-
sible than the pores of BEA zeolites.
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The purpose of the kinetics study primarily was to define suitable experimental conditions to conduct
further experiments at equilibrium. Even though the sorption of FAU type zeolites was fast and equi-
librium was reached within the first hour, contact time of 24 hours was chosen to have comparable
experimental conditions for all the experiments with zeolites, including BEA.

Sorption isotherms. The sorption isotherms of imidacloprid and thiacloprid on the five zeolites were
measured under constant pH, ionic strength and temperature. To estimate how the sorption would be
affected by environmental factors, effects of the pH, ionic strength, presence of Ca?* cations, NOM and
competitive sorption of imidacloprid and thiacloprid on the sorption were determined. Ca?* cations, as
well as NOM, are abundant in natural water basins, thus they may have a significant impact on the

sorption under natural conditions.
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Figure 3.9 Sorption isotherms of thiacloprid on Y12, Y30 and Y80 zeolites [I=0,05 M (KCl), T=20°C (room
temperature), pH 7]. Image below — Sorption isotherm of thiacloprid on zeolites at lower concentrations
(linear range)
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The isotherms are convexly curved and at higher surface coverage tend to reach saturation
(Csorb_max).

The linear part of the isotherms in the lower concentration range is presented in Figure 3.9 (below).
The sorption isotherms of imidacloprid with zeolites are also convexly curved, reach saturation con-
centration Csorb_max at higher concentrations and the Langmuir model parameters were fit to the

data (Figure 3.10).
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Figure 3.10 Sorption isotherms of imidacloprid on Y12, Y30, Y80, beta 360, beta26 zeolites [I=0,05 M
(KCl), T=20°C (room temperature), pH 7]

De Smedt et al., 2015 studied the adsorption of different pesticides including imidacloprid on FAU and
BEA zeolites and demonstrated good fit of the Langmuir model to the experimental data of imidaclo-
prid sorption on FAU and BEA zeolites. Csorb_max and K, determined in the present work are of the
same order of magnitude as in De Smedt et al., 2015 The similarity of the experimental conditions
(sorption of imidacloprid on BEA and FAU type zeolites from aqueous solutions) determines the simi-
larity of the results obtained by De Smedt and in the current study. An existing deviation between the
values is due to the difference in FAU and BEA zeolites, used in the present research and experiments
of De Smedt.

The maximum saturation concentration (Csorb_max) of imidacloprid and thiacloprid on five zeolites
were experimentally determined and modelled using Python (Nelder-Mead simplex optimization algo-
rithm in SciPy package of Python 2.3). Assuming the monolayer coverage of the zeolite surface with
projected molecules, monolayer concentration was empirically calculated using topological polar sur-

face area of IC= 86,3A2, TC=77,6 A2 and BET specific surface area of zeolites. This data is compiled in
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Table 3.1. A high discrepancy between measured data and calculated one points out, that the sorption
of neonicotinoids on zeolites occurred on special sorption sites and not on the total surface.
K is a distribution coefficient calculated from the Langmuir model constants for the low concentra-

tions range (equation (2.10), Chapter 2) Table 3.2 presents comparison of K; and K values.

Table 3.1 Measured maximum saturation concentrations for IC and TC on five zeolites and theoretically
calculated values of monolayer concentrations [Topological polar surface area of IC=86,3 A% of TC=77,6
A?

Zeolite BET spec. | Csorb_monolayer Csorb_monolayer | Csorb_max | Csorb_max
surface IC [mg/kg] TC [mg/kg] IC [mg/kg] TC [mg/kg]
area
[m7g]

Y12 730 2,16%10% 2,38*10% 130.654 108.328

Y30 780 2,31*10% 2,31*10% 207.816 152.846

Y80 780 2,31*¥10% 2,31*10% 109.858 55.809

Beta 26 685 2,03*¥10% 2,03*10% 44.396 48.804

Beta 360 | 620 1,84*10% 1,84*10% 23.690 27.206

Table 3.2 Comparison of experimentally determined Kd distribution coefficients and Kd* values as a
product of K, *Csorb_max for the linear (low) concentration range (csorb<<Csorb_max) [I=0,05 M (KCl),
T=20°C 8room temperature), pH 7]

a) Thiacloprid sorption on five zeolites

Zeolite K, [1/kg] K, [I/kgl
Y12 25.190 29.248
Y30 65.564 118.376
Y80 31.069 40.629
Beta26 31.217 86.147
Beta360 46.226 117.639

53



b) Imidacloprid sorption on five zeolites

Zeolite K, [I/kg] K} [I/kg]
Y12 12.027 17.638
Y30 19.335 44.394
Y80 14.937 11.315
Beta26 34.244 94.976
Beta360 19.098 44.300

Experimentally determined Kd values are lower than the Kd* values from the Langmuir model, which
implies Kd* values from the model are overestimated. A possible explanation is that the values of the
model are fitted to the whole range of concentrations (lower and higher concentrations) and present
an idealized sorption isotherm. Hence sorption on zeolites was very strong and the slope of the iso-
therm was steep, it is possible that the linear (low) concentration range was amplified in a model in
comparison to the lab data. Moreover, equation 2.10 shows, that Kd* distribution coefficient is calcu-
lated for the low concentrations. From Figure 3.10 it may be seen, that in the studied concentration
range saturation plateau is reached very fast. The discrepancy between K4* and K4 values can be ex-
plained by the non-linear range of concentrations.

Langmuir model implies that all the sorption sites are equal and there is no interaction between sorbed
molecules. However, the discrepancy between experimental data and modelled values indicates ine-
quality of the sorption centres. This could be due to the highly developed inner-pore structure of the
zeolites and various accessibility of the sorption sites.

Effect of the ionic strength. To examine an effect of ionic strength on the IC and TC sorption, experi-
ments in the presence of 0,01 M; 0,1 M; and 1 M KCl were conducted. Figure 3.11 presents the effect
of ionic strength on the Kd value of the neonicotinoid_Y30 system. The Kd values both of thiacloprid
and imidacloprid increase with increasing ionic strength, i.e. 0,01 M KCl = 0,1 M KCI < 1M KCI. The K*
cations may sorb on the zeolite surface through cation exchange mechanism. Li et al., 2004 suggested,
that K* cations have relative low hydration energy, therefore, a zeolite with K* ions surrounding it is
being hydrated to a lower extent, which makes it more hydrophobic. Thus, the zeolite's surface is easier
approachable for the molecules of neonicotinoids. A similar effect was observed by Muszynski and
Brodowska, 2014 for metamitron sorption; Li et al., 2004, for imidacloprid sorption on smectites. How-
ever, the Kow values of TC and IC (Table 2.2, Chapter 2) allow to classify them as mildly hydrophobic
and mildly hydrophilic respectively. Thus, an explanation, given by Li et al., 2004 for the effect of ionic

strength on hydrophobic compounds’ sorption is not fully applicable to imidacloprid. For the uncharged
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molecules effect of ionic strength was explained by Setchenov salt-effects [from Hefter and Tomkins,
2003].

The Sechenov coefficients were calculated using Salt-effect equation (or Sechenov equation):

In (2—2) = Ksyz ¥ 3.2
Zg and Zg — solubilities of component B in an electrolyte and in pure water respectively;

y —salt composition.
For Zs" and Zs the equilibrium concentrations were used, for y — ionic strength.
The positive ks, (Sechenov coefficient) implies salting-out effect, i.e. solubility decreases in the pres-
ence of salt and sorption increases. The negative ks, implies a salting-in effect or increase of solubility
and decrease of sorption.
The calculated Sechenov coefficients were positive (Table 3.3), suggesting the salting-out effect, which

implies the solubility of both IC and TC decreases in the systems with higher salt concentrations.

Table 3.3 Sechenov coefficients for imidacloprid and thiacloprid in 0,1 M and 1 M KCI

lonic strength Ksyz thiacloprid [I/mol] Ksyzimidacloprid [I/mol]
0,1M 0,1 0,02
1M 0,14 0,1
90.000 a)
80.000
70.000
60.000
go 50.000
5 40.000
30.000
20.000
10.000
0

m0,01MKCI ®m0,1MKCl m1MKC

Figure 3.11 Effect of ionic strength on distribution coefficient Kd (=Csorb/Cw) of thiacloprid sorption on
zeolite Y30 [T=20°C (room temperature), pH 7]. Error bars present standard deviation between tripli-
cates
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Figure 3.11’ Effect of ionic strength on distribution coefficient Kd (=Csorb/Cw) of imidacloprid sorption
on zeolite Y30 [T=20°C (room temperature), pH 7]. Error bars present standard deviation between trip-
licates

Effect of the Ca?* cations. To determine how Ca?* cations affect the sorption of selected neonicotinoids
on zeolites, sorption experiments were conducted in the presence of 0,1 M and 1 M CaCl, concentra-

tion at constant pH (7). The results were compared with the ones of sorption studies in the presence
of KCl at the equal ionic strength (0,3 M and 3 M), calculated using formula I = %Z Ci.Zl-z. Presence of

Ca?* cations had a diminishing effect on neonicotinoids sorption on zeolites at 3 M ionic strength,
whereas at 1=0,3 M the calculated Kd values (as described above) did not differ significantly. Figure 3.12
depicts Kd values of thiacloprid on Y30 at 1=0,3 and 3 M with Ca?* and K* ions. Hefter and Tomkins (2003)
discuss the ability of some electrolytes to cause salt-in and salt-out in the same system depending on
the amount added. Johnston et al, 2001 proposed that the larger enthalpy of hydration of Ca?* (-1515
kJ/mol; K=-304 kJ/mol) restrains access of pesticides’ functional groups to the zeolite surface. Besides,
large hydration enthalpy promotes lower hydrophobicity of the zeolite, which decreases thiacloprid
sorption.

Clausen with co-authors (2001), investigated the diminishing effect of CaCl, on the sorption of some
pesticides, and proposed several hypotheses that explain a decrease in pesticides sorption with CaCl,
addition: a) possible competition between pesticide molecules and Ca?* cations. Due to the smaller

size, Ca®* could easily access the inner-pore space and reduce the number of available sorption sites.
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b) possible complexation between the pesticides and Ca?*, reducing the amount of sorbed pesticide.
Clausen et al., 2001 proposed the present explanation for the anionic pesticides [In the current thesis,
complexation between Ca?* cations and anionic glyphosate molecule is discussed in Chapter 6]. Due to
the noncharged character of imidacloprid and thiacloprid molecules, such complex formation is less
probable and no published data on Ca-IC or Ca-TC complexes are available. Due to the ambiguous effect
of different CaCl, concentration on neonicotinoids sorption, it would be worthwhile to estimate exper-
imentally possible complex formation, or measure the surface population of zeolite to clarify, whether

Ca* sorbed on the surface.

250.000
200.000

150.000

100.000
- . .
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lonic Strength [M] H CaCl2 mKCl

Kd [I/kg]

Figure 3.12 Effect of Ca?* cations on Kd values of thiacloprid sorption on Y30 [T=20°C (room tempera-
ture), pH 7]. Error bars present standard deviation between triplicates

Effect of pH. The pH values of environmental aqueous systems vary in a broad pH range (the extreme
conditions of very acidic or basic pH are not considered here). The pH was not expected to strongly
affect TC and IC. To prove this hypothesis, sorption of imidacloprid and thiacloprid at three different
pHs (pH 5, 7 and 8,5) was investigated and the sorption isotherms were obtained

Figure 3.13 depicts three sorption isotherms at pH 5, pH 7 and pH 8,5 on the example of thiacloprid
and Y30. No significant effect of pH on sorption isotherm was detected. In all three cases, Csorb_max
was 163+1 g/kg with a slight difference in the Langmuir adsorption constant, K. The adsorption capac-

ity Csorb_max and Langmuir constant K values are summarized in Table 3.4.
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Figure 3.13 Effect of pH on the thiacloprid sorption on Y30 [I=0,05 M (KCl), T=20°C (room temperature),
pH 7]

Table 3.4 Comparison of the Langmuir model parameters for the sorption isotherms of thiacloprid on
Y30 at three different pHs

pH Csorb_max [mg/kg] K. [I/mg]
5 163.510 0,661

7 163.228 0,79

8,5 162.220 0,618

Dependence of imidacloprid and thiacloprid sorption on pH was described in literature [Zahoor, 2011;
Ping et al., 2010]. They have reported a decrease in sorption with higher pH. Zahoor, 2011 determined
lower sorption at alkaline conditions. However, such trend was observed only at pH above 8,5; below
pH 8 sorption extent stayed unchanged. Such decrease in sorption at higher pH may be due to the
change in surface properties of the sorbent, as well as the proximity of pKa value of imidacloprid (11,12,
Table 2.2, Chapter 2). Since in the present study the highest pH, at which sorption was studied, was pH
8,5, no additional conclusions about the effect of a strongly alkaline environment of thiacloprid and
imidacloprid sorption on zeolites were done.

Independence of the neonicotinoids’ sorption on zeolites from pH in the present work may be ex-
plained through stability of thiacloprid molecule, uncharged in the studied pH range. The pzc of zeolites
is at pH 2-3, which implies that in the studied pH range zeolite surface is negatively charged. Haderlein,
1992 suggested that independence of sorption from pH may be explained in two ways: either surface
speciation of the sorbent does not play a role for the sorption, or sorption takes place at the sorption

sites, which are not affected by pH. In the current study surface speciation was not expected to affect
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the sorption. Possibly, the sorption involved pyridine and imidazolidine ring and exchangeable cations
on the zeolite surface [Liu et al., 2002]. The surface charge of zeolite with pH increase is getting more
negatively charged (the point of zero charge was determined experimentally by titration, PZC<pH3),
i.e. the Al-OH and Si-OH surface groups are getting deprotonated. This would cause the decrease of H-
bond formation between the nitrogen of pyridine and imidazolidine rings and zeolite surface. Missing
effect of pH suggests that sorption sites (exchangeable cations) were still available for the IC and TC
sorption (the sorption mechanism of neonicotinoids on zeolites is discussed below).

Effect of humic acids (HA). HA are abundant in environment and may significantly affect the sorption
of pesticides [Karickhoff, 1979, Schwarzenbach and Westfall, 1981 and Schwarzenbach, 1993]. Sorption
of imidacloprid and thiacloprid on zeolites in the presence of 10 mg/l Suwannee River humic acid stand-
ard was investigated. Figure 3.14 depicts Kd values of thiacloprid on three zeolites with an addition of
HA and without HA.

The results are presented as an average value of triplicates. No statistically significant effect of HA on

Kd values was observed.
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Figure 3.14 Comparison of Kd values of thiacloprid sorption on zeolites without HA and in the presence
of 10 mg/I HA (Suwannee River Humic Acid Standard) [1=0,05 M (KCl), T=20°C (room temperature), pH
7], the standard deviation is calculated between triplicates
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Figure 3.15 Aqueous concentration of humic acid (Cw_tot=10 mg/l) in samples with IC and TC
(Cw_tot=10 mg/l), the standard deviation is calculated between triplicates

As it can be seen in Figure 3.15 that HA underwent sorption, which is shown as aqueous concentration
decrease from 10 to 8-9 mg/I. Both in the presence of imidacloprid and thiacloprid HA sorption was
comparable, causing equal HA equilibrium concentrations.
Generally, the sorption of hydrophobic pesticides to the substrates containing organic matter (OM) is
a partitioning process between water (polar phase) and organic matter (nonpolar phase). Schwarzen-
bach and Westfall, 1981 proposed the correlation between organic carbon (Koc) and octanol-water
partitioning coefficient (Kow):

logKpc = 0,72 x (Koy + 0,49) 33
Another correlation was proposed by Karickhoff, 1981:

Koc = 0,41 *x Koy, 34
Assuming Ky = Koy, the distribution coefficient of contaminant (pesticide) between the particles
with HA (Koc [I/kg]) and the aqueous phase is given by equation (3.5).
Ka

Ky =— .
0C ™ foc 3:5

K, —distribution coefficient soil/water [I/kg];

foc —fraction of organic carbon [-];

[1 - ];f"”’] , fsorb and fuiss are sorbed and dissolved fractions
diss

Using fractions of humic acid in sorbed and dissolved forms, the distribution coefficients for thiacloprid
and imidacloprid were calculated and compared with the experimentally measured Ky values in the

presence of HA [Table 3.5].
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Table 3.5 Comparison of the calculated Koc distribution coefficients, considering calculated HA input to
the sorption (eq. 3.11) and experimentally measured Kd distribution coefficients for thiacloprid

Koc [I/kg] Ka [I/kg]
beta360 14.384 13.009
Y12 16.669 16.226
Y30 60.757 52.608
Y80 31.024 27.234

All the calculated values were slightly higher than the experimentally measured, predicting an increase
in the sorption with HA addition.

Hence sorption of HA did not affect the Kd values of neonicotinoids significantly, it was assumed, that
HA adsorption did not modify sorption sites on which IC and TC were adsorbed. Garbarini and Lion.
1986 postulated adsorption of organic pollutants mainly on the organic fraction of the soil and have
concluded, that the higher OM content will bind more organic compounds. It was unexpected not to
measure any effect of the HA presence, since the calculated Koc prognosticated an increase in neonico-
tinoids sorption through the sorption to HA. Alternatively, HA could cause a decrease in IC and TC in
the case, when both HA and neonicotinoid molecules would sorb to the same sorption sites. To predict
the sorption mechanism of HA is always complicated since different HAs have a rather complex and
different structures [Rahman et al., 2010; Klucakova, 2018; Baglieri et al., 2014]. Rahman, 2010 demon-
strated complex formation between some environmentally abundant metals (Fe3* and Cd?*) and humic
acids. Kostic et al., 2011 reported complex formation between HA and HA ligands and Cu?* and Pb?
cations. HA could form bonds with the cations on the zeolite surfaces and reduce sorption of ICand TC.
The molecule dimensions measurement, implemented in Avogadro 1.90, resulted in the maximum
length of TC and IC of 0,7 nm, whereas the average size of OM varies in 1,4-10 nm range for single
crystals [Baalousha et al., 2006], whereas depending on the solution conditions HA is present in the
form of agglomerates (100-1000 nm) [Klucakova, 2018]. With the pore size of the zeolites 0,74 and 0,6
nm for FAU and BEA respectively, neonicotinoid molecules are expected to diffuse into pores (pore-
filling limited sorption and desorption of pesticides on zeolites was discussed above), whereas HA is
more probable to sorb on the outer surface, not affecting IC and TC sorption within the pores. There-
fore, because of the size-exclusion effect, the sorption sites of TC and IC stayed unaffected, resulting in
equal distribution coefficients in the presence and absence of HA. To prove the proposed hypothesis,
it is reasonable to investigate the mechanism of Suwannee River Humic Standard interaction with the

zeolites and determine exact sorption sites, on which sorption takes place.

61



Competitive sorption of imidacloprid and thiacloprid. In nature pesticides are rarely present inde-
pendently, as a single compound, but rather as a mixture of several compounds. It was important to
estimate how the presence of other compounds influences the sorption of studied pesticide. Sorption
of two neonicotinoids with similar structures was investigated to reveal possible competitive sorption.
Imidacloprid and thiacloprid were added to the zeolites in equal quantities; the obtained sorption iso-
therms were compared with the sorption isotherms of single compounds.

Figure 3.16 presents experimental data on the competitive sorption of imidacloprid and thiacloprid on
the Y30 zeolite. Sorption isotherms of individual compounds, imidacloprid and thiacloprid in a mixture,
as well as the sum of two compounds in the mixture are depicted. IC and TC in mixture compile exactly
the half of the sorption isotherms of the individual compounds. Sorption isotherm composed of two
compounds in the mixture correlates well with the sorption isotherms of individual compounds and

fall in the middle between IC and TC. Csorb_max and K, parameters are summarized in Table 3.6.
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Figure 3.16 Competitive sorption of imidacloprid and thiacloprid on Y30 [I=0,05 M (KCl), T=20°C (room
temperature), pH 7]

Table 3.6 Csorb_max and K, parameters of individual TC and IC sorption isotherms and of the com-
pounds in the mixture (1:1)

Csorb_max [mg/kg] K [l/mg]
IC (IC+TC) 107.346 0,346
IC (individ) 207.810 0,369
IC+TC 184.036 0,477
TC (IC+TC) 80.474 0,69
TC (individ) 160.336 0,64
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The obtained results clearly reveal the competitive sorption character of imidacloprid and thiacloprid,
i.e. both compounds compete for the same sorption sites at the mineral surface. The maximum ad-
sorption capacity of the mixture is shown to be equal to the one of the individual compounds. Various
authors studied sorption of organic compounds from the mixture, containing several molecules, po-
tentially expected to compete for the sorption sites. [Traina and Onken, 1991; Brusseau, 1991]. Traina
and Onken, 1991, studying competitive sorption of aromatic N-heterocycles and pyrene by smectites
revealed additive sorption of organic compounds, i.e. two or more organic compounds sorbed addi-
tionally to each-other. Cumulative, or additive sorption is possible, when the compounds are sorbed to
the different sorption sites and the presence of one compound does not intersect with the presence
of another compound. The values from Table 3.6. demonstrate a decrease of Langmuir parameters
approximately by % in the samples with both compounds in comparison to the individual compounds.
This points out the competitive character of IC and TC sorption and suggests, that imidacloprid and
thiacloprid sorb on the same sorption sites and in a sorbed form don't show an additive effect of sorbed
compounds. The competitive sorption of TC and IC confirms the proposed above size-exclusion effect,

supporting HA sorption on external sorption sites and TC and IC — on the internal sorption sites.

3.4. Sorption mechanism of neonicotinoids on the zeolites

Sorption mechanisms of various pesticides were widely studied and reported in the literature (Goulson
and Kleijn, 2013; Inyang and Dickenson, 2015; Xiao and Pignatello, 2015). The authors have proposed
following mechanisms to explain sorption of pesticides on various substrates: hydrogen bonding, van
der Waals forces, hydrophobic partitioning, p-it and n-it EDA (Electron donor-acceptor) interactions,
cation bridging, coulombic forces and complex formation.

Liu et al., 2002 proposed the following mechanism of imidacloprid sorption: C=N group of the pyridine
ring forms a coordinated bond with the sorbent surface. Therefore, N of pyridine group is expected to
coordinate with exchangeable cations on the zeolite surface or with OH- groups of Si-OH on the zeolite
surface. Coordination between N and exchangeable cations may be a direct bonding between a cation
and N electron pair (demonstrated on N of pyridine ring in Scheme 3.1.a. Moreover, C=N of imidazoli-
dine ring may participate in analogous interactions. Both nitrogen atoms are assumed to have equi-
probable chances of both pathways. Additionally, the pesticide molecules can bind to the exchangeable
cations on the zeolite surface indirectly through the water bridges (Scheme 3.1.b.). Three mechanisms
of cation- pesticide coordination were proposed and described by Rausell-Colom and Serratosa, 1987:
i) direct coordination between cations and pesticide moieties; ii) coordination to the cations through

the water bridges; iii) proton acceptance from the water coordinated around cations.
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Liu et al., 2002 proposed H-bond formation between CI" of imidacloprid and thiacloprid molecule with
hydrogens on the clay surface. Analogously, the bond formation between ClI anions of neonicotinoid
molecule and hydrogens on the zeolite surface is expected. However, in the studied pH range (5-9)
zeolite surface is negatively charged (PZC determined experimentally at <pH 3), thus the density of the

surface hydrogens is not high and the bonding to the exchangeable cations is more probable.
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Scheme 3.1 Possible interactions between neonicotinoid imidacloprid and zeolite surface: a) coordina-
tion of C=N group (of pyridine and imidazolidine ring) with exchangeable cations of zeolites. b) hydrogen
bond formation between Al-O-H, Si-O-H groups of the zeolites and N atoms of IC and TC molecules



3.5. Conclusions

The sorption of both neonicotinoids on FAU type zeolites was significantly faster than on BEA type
zeolites. The comparison of two types of zeolites reveals a significant difference in the pore geometry,
but similar chemical properties (chemical composition, PZC). It was concluded, that due to the smaller
pores and their different orientation along 110 and 010 axes (Chapter 2), the access to the pores for
imidacloprid and thiacloprid is more complicated and takes more time. Assuming pore-filling process
to be a limiting factor for contaminant uptake for infinite bath approach, the diffusion rate for thiaclo-
prid sorption to Y30 and beta360 zeolites was calculated, which resulted in significantly lower values
for the sorption on BEA zeolites. The desorption from BEA zeolites was not fully-reversible. Due to the
sterically hindered position of TC and IC molecules within the pores of BEA, part of the sorbed com-
pound did not desorb.

The experiments with different ionic strength concentrations (0,01 M; 0,1 M; 1 M) demonstrated an
increase in sorption with increasing ionic strength. Applying the Sechenov equation, the salting-out
effect was determined, which explained the decrease in solubility and respectively an increase in sorp-
tion with salt addition. The presence of Ca?* cations at 0,3 M ionic strength did not have a significant
effect on the sorption, whereas at 3 M ionic strength sorption decreased. The possibility of Ca?* ad-
sorption to the zeolite surface, as well as possible complex formation between Ca?* cations and neon-
icotinoid molecules, were considered. An absence of clear effect of Ca?* on the sorption suggested the
necessity of additional experiments: an ion analysis of the samples in the presence of Ca®* cations to
evaluate the presence of Ca?* sorption ; experimentall investigation of Ca?*-IC and Ca?*-TC complexes
formation. Without these results and due to the lack of literature data on Ca%*-IC and Ca?*-TC complexes,
these two hypotheses still need confirmation.

As was expected, pH did not affect the sorption of neonicotinoids. The molecules of IC and TC in the
studied pH range are non-charged; the surface of the zeolite is negatively charged in the studied pH
range. The proposed sorption mechanism (coordinated bonds between the nitrogen of pyridine and
imidazolidine rings) and exchangeable cations on the zeolite sorption seems not to be affected by the
pH change.

Experiments in the presence of organic matter (Suwannee River HA) unexpectedly provided no effect
of HA on IC and TC sorption. Based on the calculated Koc distribution coefficients, a slight increase in
neonicotinoids sorption was expected. Whereas measured distribution coefficients in the presence of
HA were non-elevated, comparing to the samples without HA, it was concluded, that no additional
sorption of IC and TC on HA took place. Thus, zeolites act as effective sorbents of IC and TC in the
environments with HA present. An absence of decrease in IC and TC sorption implies, that there is no
competition between neonicotinoids and HA for the sorption sites. Due to the size exclusion (huge
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difference in the molecule size of neonicotinoids and HA), HA sorbed predominantly on the outer sur-
face of zeolite, whereas IC and TC diffused into the pores and occupied sorption sites, unattainable for
HA. The similar size and structure of TC and IC and their access to the pores of zeolites implies compet-
itive sorption between two pesticides. The sorption of IC and TC in the competitive study decreased in
comparison to the sorption of the single component. Therefore, the presence of the second neonico-
tinoid in the aqueous system can diminish sorption of the studied component by all the equal condi-
tions.

The proposed sorption mechanism of imidacloprid and thiacloprid on zeolites surface is coordination
between N atom of pyridine group with silanol groups on the zeolite surface; or coordination to the
exchangeable cations on the zeolite surface either directly or through the water bridges. Additionally,
hydrogen bond may be formed with Cl atom of imidacloprid and thiacloprid.

In conclusion, zeolites are effective sorbents of neonicotinoids (imidacloprid and thiacloprid), which
productively reduce the concentration of freely-dissolved insecticides. This results in a diminished bio-
availability of the pesticide for the environment and may alter the toxicological effect for the studied
system. Due to the reversibility of the process (for FAU), it is concluded, that no chemical degradation
of the compound in zeolite took place and the contaminant desorbs at the changed equilibrium condi-
tions.

An effect of thiacloprid’s sorption on FAU and BEA zeolites on Chironomus riparius mortality, investi-

gated by Lorenz et al., 2017b is described in chapter 9.
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Chapter 4 Sorption of Neonicotinoids on MCM-48, PMO-silica and Al,O3

4.1. Introduction

This chapter presents the results of the sorption experiments of imidacloprid and thiacloprid on the
three different materials. The sorption materials (mesoporous silica MCM-48, periodic mesoporous
organosilica PMO-silica and amorphous alumina Al,Os particles) were synthesized by Luo, 2018 within
the scope of EXPAND project. The summary of the particle properties, characterized by Luo, 2018 is
presented in Chapter 2, Table 2.1.

One of the main pathways of the pesticides into the environment is transport in the aqueos phase. This
makes an understanding of the physical processes playing role in the pesticide transport a very im-
portant problem. Sorption on the sediments and dispersed particles modifies the distribution of the
pesticides [De Smedt et al., 2015; Derylo-Marczewska et al., 2010] and pesticides’ bioavailability [Sims
et al., 1991]. The objective of the present study is to investigate the sorption of neonicotinoids im-
idacloprid and thiacloprid on MCM-48, PMO-silica and Al,Os, quantify changes in the aqueous concen-
tration of neonicotinoids during sorption and evaluate the effect of environmental parameters on the
process. Analogously to Chapter 3, an effect of pH, ionic strength, presence of Ca?* cations and com-

petitive sorption were investigated.

4.2. Experimental part

The experiment was conducted using batch sorption equilibrium technique with chosen particles and
ICand TC. Every sample was prepared in triplicates, the average of the three measurements were used
as a reported value. Aliquots of neonicotinoids (imidacloprid and thiacloprid) and particles suspensions
(MCM-48, PMO-silica, nonporous Al,03) were mixed in HPLC vials (BCB 1,5 ml, screw). Aliquots of CaCl,,
KCl and NOM [Suwannee River Humic Acid] were added to the samples. pH was adjusted by HCI/NaOH
titration and measured with a pH electrode. Samples were shaken for 24 h on a horizontal shaker, cen-
trifuged, aqueous phase separated from the sedimented particles and pipetted into fresh HPLC vials.
Imidacloprid and thiacloprid were measured with HPLC method (Chapter 2), isocratic method, 60%
MeOH in the mobile phase. NOM concentrations were measured photometrically at the wavelength

364 nm.
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4.2.1. Sorption of imidacloprid and thiacloprid on the mesoporous silica MCM-48

As described in Chapter 2, mesoporous silica is synthesized in a presence of (organic) template which
allows achieving desired inner-pore structure. Due to its physical properties (Table 2.1., Chapter 2),
mesoporous silica is known as an effective sorbent of organic pollutants [Brankovic et al., 2017; Ng et
al., 2017; Benhamou et al., 2009]. Thus, mesoporous silica MCM-48 was chosen for the present study
as a prospectively effective sorbent for thiacloprid and imidacloprid.

The sorption experiment of neonicotinoids imidacloprid and thiacloprid on MCM-48 mesoporous silica
was conducted using two different setups: a) single compounds sorption experiments with IC and TC
and b) sorption experiments with a binary mixture of IC and TC at similar total concentrations (1:1
mixture). Langmuir model parameters were fitted to the experimental data. Figure 4.1. presents sorp-
tion isotherms of single components for experimental setups a) and b) as well as the sum of the two
components for the setup b). Sorption isotherms generally were convexly curved, but at the higher end
of the concentration range studied (aqueous equilibrium concentrations 12-16 mg/|) surface saturation
of the sorbent was not achieved by the end of experiment. Table 4.1. summarizes modelled Langmuir

equation constants of the fitted isotherms.

¢ IC(TC+IC mix)
1750 = |Cindivid
+ |IC+TC (IC+TC mix)

1500 < TC (TC+IC mix)
TC individ
_ 1250
o
X
S
E. 1000
o

750

500

250

0 2 4 6 8 10 12 14 16
Cwlmgl/l]

Figure 4.1 Sorption isotherms of imidacloprid and thiacloprid (individual compounds, mixture [1:1] and
the sum of two compounds in the mixture) [I=0,1 M (KCl), T=20°C (room temperature), pH 7]
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Table 4.1 Summary of Langmuir model constants for the sorption of imidacloprid and thiacloprid on
MCM-48 as individual compounds and from the 1:1 mixture (1=0,1 M (KCl), T=20°C, pH 7)]

Csorb_max [mg/kg] K. [lI/mg]
IC individ 1.060 0,08
IC (IC+TC mix) 659 0,065
TC individ 9.960 0,026
TC (IC+TC mix) 4.853 0,05
IC+TC (from IC+TC mix) 5.993 0,037

As can be seen from Figure 4.1. individual compound sorption of neonicotinoids is much lower on
MCM-48 mesoporous silica than on zeolites [comparison of Csorb_max in Table 4.1 and Table 3.1 in
Chapter 3]. Popat et al., 2012 studied the sorption of imidacloprid on several types of mesoporous silica
nanoparticles with different pore sizes and determined that MCM-48 experiment provides the highest
sorption results.

The MCM-48 particles in the present research contained cetyltrimethylammonium bromide, a tem-

plate used in the synthesis of these mesoporous materials [Luo, 2018].
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Figure 4.2 Chemical structure of cetyltrimethylammonium bromide (CTAB) [ChemDrawProfessional
17.1]

Due to its long C-C chain, cetyltrimethylammonium bromide occupies pore channels of the MCM-48
which may enhance the sorption of IC and TC on the MCM-48 through the interactions with the hydro-
phobic tail of the CTAB molecule.

To test this hypothesis, sorption experiments with calcined MCM-48 particles were performed. Calci-
nation, i.e. heating MCM-48 particles at 540 °C for 4 hours, completely removes the organocationic
templates [Liang and Meixner, 2017]. Sorption isotherms of imidacloprid on MCM-48 and calcined
MCM-48 are presented in Figure 4.3. Sorption on the calcined particles was lower in the absence of
the template. This can be explained by chemical interaction between the template and pesticides mol-
ecule, namely the hydrophobic interactions. Imidacloprid and thiacloprid sorb on non-polar surface
sites of MCM-48. This is also supported by difference in imidacloprid and thiacloprid sorption. Thiaclo-
prid’s higher Kow value and lower water solubility (Table 2.2, Chapter 2) than the values of imidacloprid,

explains its higher sorption capacity on MCM-48. Furthermore, calcination is known to cause shrinkage
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of some pores [Erdem et al., 2015; Johansson, 2010; Lowe and Baker, 2014], making them inaccessible
for the neonicotinoid molecules. The measured sorption after calcination in the absence of CTAB tem-
plate involves a different type of interaction [Kd=50 I/kg for calcined MCM-48], without chemical inter-

action with the surface, and solely involving physical pore-filling.
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Figure 4.3 Sorption isotherms of imidacloprid on MCM-48 and MCM-48 calcined [I=0,1 M (KCl), T=20°C
(room temperature), pH 7]

Effect of competitive sorption of neonicotinoids was already discussed in Chapter 3 (Figure 3.16). The
competitive sorption diminished sorption of imidacloprid and thiacloprid implying sorption of both
compounds on the same sorption sites. In the experiments with mesoporous silica sorption of IC and
TC from the mixture was also lower, than of the individual compound (Figure 4.1.). Summary of
Csorb_max values is presented in Table 4.1. It is obvious that the sorption of imidacloprid on the MCM-
48 is significantly lower than of thiacloprid. The results of the competitive sorption of IC and TC on

PMO-silica shown in Figure 4.5 indicate the difference in TC and IC sorption extent.
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Figure 4.4 Effect of KCl and CaCl, on thiacloprid sorption on MCM-48 [I1=0,1 M (KCl), T=20°C (room tem-
perature), pH 7]

The standardized electrolyte for the most batch sorption experiments is 0,01 M CaCl, M [de Jonge and
de Jonge, 1999]. However, it was proven by multiple researchers, that Ca®* cations may enhance or
reduce sorption of some pesticides in the environment mainly by complex formation [Jonsson, 2007;
Pessagno et al., 2008; Madsen et al., 1978], shielding of the sorbent surface from the pesticide func-
tional groups due to the Ca?* presence [Johnston et al., 2001]. Impact of ionic strength on uncharged
molecules is lower than on the charged ones [Alva and Singh, 1991; Clausen et al., 2001; de Jonge and
de Jonge, 1999]. The experiments in the presence of 0,1 M CaCl,, 0,1 M KCl, 0,3 M KCl were conducted
to investigate the effect of Ca?* cations and ionic strength on the sorption. An example of the Langmuir
isotherms from the experiment of sorption on MCM-48 in the presence of 0,1M CaCl, 0,1M KCl, 0,3M
KCl is shown in Figure 4.4. The Langmuir model fitted to the three sets of data (Langmuir model is

described in Chapter 2). The constants of the Langmuir model are summarized in Table 4.2.

Table 4.2 Comparison of experimentally determined Kd distribution coefficients and Kd* values as a
product of K, *Csorb_max for the linear (low) concentration range (Csorb<<Csorb_max) for thiacloprid
sorption on MCM-48 [I1=0,1 M (KCI, T=20°C (room temperature), pH 7]

Csorb_max Ki [I/mg] Ka" [I/kg] Kq [I/kg]
[mg/kg]

0,1 M CaCl, 5.566 0,061 340 352

0,1 M KCl 9.960 0,026 259 258

0,3 M KCl 5.583 0,069 385 316
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Two sorption experiments at 0,3 M ionic strength calculated by formula I = %Z Ci.ZiZ, where Ci—is the

concentration of the ion, Z; — charge of the ion (0,1 M CaCl; and 0,3 M KCI) resulted in the Langmuir
equation coefficients, deviating from one another by 0,4% and 13% (Csorb_max and K, respectively).
At the constant ionic strength sorption was unaffected by Ca?* ions. Possible explanation of the effect
of Ca?* cations presence on thiacloprid and imidacloprid sorption on zeolites was discussed in the Chap-
ter 3. One of the two possible mechanisms is competition between Ca?* cations and neonicotinoid
molecules for the sorption sites [Clausen et al., 2001]. Ca?* cations, due to their small size can easily
enter the pores of MCM-48 (2,2 nm in diameter, Table 2.1, Chapter 2). As was discussed above, sorption
of imidacloprid and thiacloprid to MCM-48 was mainly due to the interactions with non-polar sites on
MCM-48 surface and pesticide molecule. Thus, even if Ca?* cations diffused into the MCM-48 pores,
but did not bind to the CTAB, neonicotinoid’s sorption would be unaffected by the presence of Ca?
cations. Another mechanism of possible effect of Ca?* on IC/TC sorption, discussed in Chapter 3, is a
complex formation between Ca?* and pesticide molecule [Clausen et al., 2001]. However, the absence
of Ca?* cations effect on imidacloprid and thiacloprid sorption on MCM-48 negates the possibility of
complex-formation. The results of the experiment on MCM-48 can clarify the results of the sorption
experiment on zeolites, indicating that the effect of Ca?* cations on the sorption is not due to the com-
plex formation, but due to the sorption/interaction of Ca?* with zeolite surface and alteration of the
sorption sites of imidacloprid and thiacloprid.

In the 0,1 M KCI, calculated Csorb_max was 79% higher, than in 0,1 M CaCl, and 0,3 M KCI; K. — 58%
lower. Adamczyk et al., 1999; Mandal and Moulik, 1982 discussed an effect of ionic strength on CTAB
and concluded, that increase of ionic strength causes a reduction in the solution surface tension, i.e.
CTAB solubility increases. The altered solubility of CTAB affected its interactions with neonicotinoid
molecule. Therefore, the difference between the sorption of neonicotinoids on MCM-48 at 0,1 M and

0,3 M is caused by changes in surface tension.

4.2.1.a. Conclusions

Sorption of imidacloprid and thiacloprid on MCM-48 is mainly due to the hydrophobic interactions
between CTAB template and neonicotinoid molecule. It was shown that sorption on calcinated MCM-
48 results in significantly lower sorption than on non-calcinated MCM-48 (Kd=50 I/kg for TC on MCM-
48 calcined vs 250 I/kg on MCM-48). The proposed sporption mechanism on calcined MCM-48 is phys-
ical process without chemical interaction with the surface due to the CTAB template removal and pore

shrinkage.
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lonic strength impacts the sorption of neonicotinoids to MCM-48 due to the change in CTAB water
solubility. It may be concluded, that the studied interaction between neonicotinoids and mesoporous
silica may be affected by different salt concentrations and cause changes in the sorption extent. No
effect of Ca%* cations was registered, implying no complex-formation between neonicotinoids and Ca?,
which brings new insights to the interpretation of the sorption experiment results of IC and TC on zeo-
lites (Chapter 3). It implies that the abundance of Ca?* in the environment won’t alter neonicotinoids
sorption and their bioavailability for the target and non-target organisms. Interactions of thiacloprid
and imidacloprid with MCM-48 were similar for both compounds. Thus, the competitive sorption af-

fects the sorption of a single compound and consequently alters its bioavailability in the environment.

4.2.2. Sorption of imidacloprid and thiacloprid on the periodic mesoporous organosilica
PMO-silica (LL-17)

PMO-silica combines advantages of mesoporous silica with its ordered pore system and high specific
surface area and organic fragments, facilitating high binding capacity of organic molecules. PMO-silica
is favourable for the removal of pesticides from the aqueous environments [Ganiyu et al., 2014; Huq
et al., 2001]. The objective of present study is to use PMO-silica, synthesized by Luo, 2018 as sorbent
for imidacloprid and thiacloprid, estimate and quantify the sorption of neonicotinoids on PMO-silica.
This would provide an information, to which extent concentrations of neonicotinoids in water can be
reduced by PMO-silica with the consequent effect on their bioavailability and accessibility for target
and non-target organisms. Whereas competitive sorption was pronounced in the sorption on zeolites
and MCM-48, competitive sorption of imidacloprid and thiacloprid on PMO-silica was investigated.
Since organic matter is abundant in the water systems and may affect the sorption, it was intended to
investigate sorption on PMO-silica in the presence of Suwannee River Humic Acid (HA).

Figure 4.5 presents sorption isotherms of the fitted Langmuir model (Chapter 2, equations (2.4) - (2.10))
to the results of competitive sorption experiment. For both neonicotinoids, sorption isotherms are
convexly curved. Langmuir equation constants obtained for thiacloprid and imidacloprid are presented

in Table 4.3.
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Figure 4.5 Sorption isotherms of thiacloprid and imidacloprid (as individual compounds, mixture (1:1)
and sum of the compounds in mixture) [I=0,1 M (KCl), T=20°C (room temperature), pH 7]

Table 4.3 Comparison of Langmuir model constants for imidacloprid and thiacloprid sorption on PMO-
silica (as individual compounds and from the mixture with similar concentrations) [I=0,1 M (KCl), T=20°C
(room temperature), pH 7]

Csorb_max [mg/kg] K. [lI/mg]
IC individ 7.545 0,04
IC (IC+TC mix) 1.689 0,29
TC individ 9.599 0,12
TC (IC+TC mix) 6.252 0,15
IC+TC (from IC+TC mix) 7.843 0,18

The results presented in Figure 4.1 and Figure 4.5 (Tables 4.1. and 4.3) show that sorption of thiacloprid
on both PMO and MCM-48 is higher than of imidacloprid (comparison of Langmuir equation coeffi-
cients). In the sorption from the mixture, neither of the components reaches Csorb_max of the indi-
vidual compound. Imidacloprid’s Csorb_max in the presence of TC is only 22% of Csorb_max of the
individual IC, whereas thiacloprid’s Csorb_max in a mixture composes 65% of its Csorb_max as an in-
dividual compound. This agrees with the previously observed higher sorption of thiacloprid than im-
idacloprid.

There are two possible explanations of the different IC and TC sorption on PMO-silica. The first hypoth-
esis is that Imidacloprid and thiacloprid are sorbed to the different sorption sites. However, it is con-
tradicted by the reduction of sorption measured in the presence of co-sorbent. The second hypothesis
is that the sorption of imidacloprid and thiacloprid on PMO-silica is driven by hydrophobicity. Imidaclo-

prid’s water solubility is 610 mg/| at room temperature, whereas thiacloprid’s water solubility is three
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times lower — 185 mg/I (Table 2.2, Chapter 2). This leads to greater sorption of thiacloprid than im-
idacloprid from the water solutions on the surface of PMO-silica. The distribution coefficients (Kd) of
imidacloprid, thiacloprid and propiconazole sorption on PMO-silica (propiconazole sorption on PMO-
silica is discussed in Chapter 5) are 8.012 I/kg for propiconazole, 850 I/kg for thiacloprid and 292 I/kg
for imidacloprid. Insofar, increasing hydrophobicity results in the higher sorption of pesticides.

Effect of humic acid (HA). Being an important part of soils and aqueous systems, organic matter is
known to significantly affect sorption of organic pollutants [Schwarzenbach et al., 1993; Karickhoff et
al., 1979; Schwarzenbach and Westfall, 1981] and hence change their distribution and the toxicity in
the environment. Therefore, for the scope of the present study, it was essential to evaluate the effect
of humic acids presence on imidacloprid and thiacloprid sorption on the PMO-silica.

Comparison of distribution coefficients (Kd) for IC_PMO-silica in the presence of different HA concen-

tration is presented in Figure 4.6
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Figure 4.6 Distribution coefficients for IC sorption on the PMO-silica in the presence of various HA con-
centrations [I=0,1M (KCl), T=20°C (room temperature), pH 7, IC_tot=10 mg/|, PMO-silica=1 g/I]. Error
bars represent standard deviation between triplicates

The concentrations of HA were measured photometrically, all the HA in four samples was non-sorbed

and present in the aqueous phase (apart from 20 mg/| total concentration sample, where 10% were

sorbed). The fractions of sorbed and dissolved HA are summarized in Table 4.4.
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Table 4.4 The fractions of sorbed and dissolved HA in different samples [I=0,1 M (KCl), T=20°C (room
temperature), pH 7, IC_tot=10 mg/Il, PMO-silica=1 g/I]

HA_tot concentration [mg/I] fsorb [%] faiss [%]
20 10,2 89,8
50 0 100
100 0 100
200 0 100

Using a similar approach, as was used in Chapter 3 (eq. 3.5), the Koc values for the samples in the

presence of various concentrations of HA were calculated.

Calculated assuming Ky = Kgy values of Kow and Kq values are almost identical.

Table 4.5 Comparison of calculated Koc and experimentally measured Kd values for the sorption of im-
idacloprid on PMO-silica in the presence of various concentrations of HA [I=0,1 M (KCl), T=20°C (room
temperature), pH 7, IC_tot=10 mg/Il, PMO-silica=1 g/I]

HA_tot concentration [mg/I] Koc [I/kg] Kd [I/kg]
20 302 268
50 255 255
100 263 263
200 258 258

Figure 4.7 depicts sorption isotherms of HA on PMO-silica in the presence of imidacloprid and thiaclo-

prid. An average Kd value is 50 I/kg, indicating low sorption.
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Figure 4.7 Sorption isotherms of HA on PMO-silica in the presence of thiacloprid and imidacloprid [1=0,1
M (KCl), T=20°C (room temperature), pH 7]
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A comparison of the distribution coefficients of imidacloprid and Koc values, considering fractions of
sorbed and dissolved organic matter, did not reveal any effect of HA presence on imidacloprid sorption
(Figure 4.6). The conclusions from the experiment of HA effect on IC and TC sorption on zeolites (Chap-
ter 3), proposed the size-exclusion effect, i.e. neonicotinoids and humic acids sorbed to the different
sorption sites of zeolites, not interfering with each other.

Thiacloprid and imidacloprid sorption on the PMO-silica was hydrophobicity-driven, implying an ab-
sence of chemical interaction with the surface. According to the results, depicted in Figure 4.7, PMO-
silica’s surface does not posess sorption sites for the hydrophilic HA, which supports the hydrophobi-

city-driven character of the sorption on PMO-silica.

4.2.2.a. Conclusions

Low sorption rates of the neonecotinoids on both PMO-silica and MCM-48 prompted no need for fur-
ther toxicological studies of the imidacloprid and thiacloprid with these sorbents. The competitive
sorption of imidacloprid and thiacloprid was revealed, implying that in the nature in the presence of
the second pesticide sorption of the thiacloprid (or imidacloprid) would be diminished. An increase in
hydrophobicity in a row imidacloprid < thiacloprid < propiconazole resulted in the increased sorption
(sorption of propiconazole on PMO-silica is discussed in Chapter 5 and Chapter 8). No effect of HA
(Suwannee River Humic acid) on the neonicotinoid sorption on PMO-silica was observed. Therefore,

sorption of IC and TC on PMO-silica in the environment is not expected to be affected by HA presence.

4.2.3. Sorption of imidacloprid and thiacloprid on the alumina Al;03

There are few available studies of imidacloprid or thiacloprid sorption on alumina [Clausen et al., 2001].
Multiple researchers investigated sorption of imidacloprid on soil, containing aluminium oxide [Jeong
and Selim, 2010; Kandil et al., 2015]. Clausen et al., 2001 concluded, that alumina is a poor sorbent for
non-charged pesticides. The motivation to investigate sorption of neonicotinoids on amorphous alu-
minium oxide (synthesized by Luo, 2018, properties are described in Table 2.1, Chapter 2) was caused
by nano-Al,Os interest for the toxicological studies on Chironomus riparius larvae [Lorenz et al., 2017a].
Several papers revealed toxic effects of nano-Al,03 on the aqueous organisms [Oberholster et al., 2011;
Li et al., 2011; Zhu et al., 2009]. It was decided to investigate, how nano-Al,0s; would influence the
mortality of Chironomus riparius through direct effect and interaction with thiacloprid. The sorption of
thiacloprid on the Al,03 was studied to provide information, whether Al,O; decreases bioavailability of

thiacloprid for C. riparius and alters thiacloprid’s toxicological effects. Figure 4.8. depicts sorption
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isotherm of thiacloprid on Al,0; (nano-)particles. In the concentration range 5-8000 pg/l average

sorbed concentration was 0,346 +0,03 pg/| (average of 10 samples).
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Figure 4.8 Sorption isotherm of thiacloprid on Al,Os particles. [I=0,1 M (KCl), T=20°C (room temperature),

pH 8,5]

Table 4.6. summarizes the BET specific surface area, pore size and Csorb_max for thiacloprid sorption

on eight sorbents. Sorption of thiacloprid on Al,Os is very low in comparison to the rest of the sorbents

used in this study. Out of all the sorbents that were applied, Al,Os; has the lowest surface area (9 m?/g),

lowest pore volume (0,015 cm?/g at relative pressure 0,974) (Table 2.2, Chapter 2).

Table 4.6 Comparison of BET, pore size and Csorb_max for thiacloprid sorption on eight sorbents

Sorbent BET spec. surface | Pore size [nm] Csorb_max [mg/kg]
area [m%g]

Al,Os 9 - (nonporous) 1,154

Y12 730 0,74 108.328

Y30 780 0,74 152.846

Y80 780 0,74 55.809

Beta 26 685 0,5-0,6 48.804

Beta 360 620 0,5-0,6 27.206

MCM-48 1.150 2,2 9.960

PMO-silica 1.050 1,9 9.599
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Csorb_max value for thiacloprid decreases in a row:

Y30 >Y12 > Y80 > beta26 > beta360 > MCM-48 > PMO-silica >Al,03

The comparison of the properties of the materials used as sorbents provides the following conclusions
for the observed order of sorption capacity. Very low sorption of imidacloprid and thiacloprid on alu-
mina implies low affinity to the aluminol groups and significantly higher affinity to silanol groups, which
is supported by high sorption on aluminium — deficient zeolites. Clausen [Clausen et al., 2001] sug-
gested that aluminium oxide is a much weaker sorbent for non-charged molecules than silica. In the
present work sorption on zeolites was significantly higher, than on mesoporous silica and periodic or-
ganosilica. Thus, the high specific surface area of the material contributes to the high sorption. However,
MCM-48 and PMO-silica provide lower sorption of thiacloprid than zeolites, although BET of zeolites is
lower than that of MCM-48 and PMO-silica. Preliminary experiments conducted with FAU zeolite with
SiO,/Al,0;3 ratio of 1,5 (the results are not discussed in the present work) have shown very low sorption
of both IC and TC, therefore, the high SiO,/Al,Os ratio was important for thiacloprid and imidacloprid
sorption. On the contrary, sorption on beta360 (SiO,/Al,0s; = 360) was lower, than on Y30 (SiO,/Al,03 =
30). It is suggested, that the limiting factor for the proposed order of the sorbents was the pore size.
The sorption on the zeolites, controlled by pore-filling process, is discussed in Chapter 3. Thus, IC and
TC molecules diffuse into the pores of zeolites (BEA: 0,5-0,6 nm; FAU: 0,74 nm), whereas MCM-48 and
PMO-silica possess larger pores (2,2 and 1,9 nm respectively), which results in weaker bonding and
respectively lower sorption. The studied alumina is a nonporous material, with no diffusion possible,

which results in a very low sorption of thiacloprid.

4.2.3.a. Conclusions

The sorption of thiacloprid on Al,Os is very low: 0,346 +0,03 ug/l (average of 10 samples within the
total thiacloprid concentration range 5-8000 pg/l). The comparison of the sorption extent of thiacloprid
on eight sorbents brings the conclusion, that the sorption of noncharged molecules of thiacloprid (and
imidacloprid) depends on the chemical composition of the sorbent, namely TC and IC have higher af-
finity to silanol groups, than to aluminol groups. The high SiO»/Al,0s ratio is determined by the lower
number of aluminol groups and results in higher sorption than on alumina-rich zeolites. The sorption
is typically high on the materials with the high specific surface area. The pore geometry and size are
very important for the sorption of IC and TC. Thus, the sorption on the materials with pore size close

to the molecule size of the contaminant (here: IC and TC) results in sorption, limited by the pore-filling
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process, and higher sorption in comparison to the materials with pores much bigger, than the contam-
inant molecules. The sorption on PMO-silica, MCM-48 was mainly due to the hydrophobic interactions
with no chemical interaction with the surface. Due to the significantly larger pores than the size of IC
and TC molecules, the “trapping” of neonicotinoids in the pores of the material was not considered.
The low sorption of thiacloprid on nonporous alumina suggests, that the bioavailability of the studied
compound in the environment would not be lowered through sorption on alumina and the possible
changes in thiacloprid toxicity for target and non-target compounds should be referred to the alterna-
tive effects, and not to the sorption.

The discussion of the toxicological effects of thiacloprid and alumina is provided in Chapter 9.
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Chapter 5 Sorption of Propiconazole on PMO-silica (LL-17)

5.1. Introduction

Propiconazole is a broad-spectrum fungicide, used against fungal diseases of different plants. Propicon-
azole inhibits the steroid demethylation, disrupting the biosynthesis of ergosterol [Garrison et al., 2011].
Hexaconazole is another azole fungicide with a similar mode of action. Hexaconazole is not used any-
more in EU countries due to possible harmful effects even at the approved application levels [Entschei-
dung 2006/797/EG der Kommission, 2006]. However, it is still used in some Asian countries against
fungal decease of rice [Zhang et al., 2015] and oil palm trees [Muhamad et al., 2012]. Description of
propiconazole and hexaconazole properties and their mode of action is given in Chapter 2 (2.2 Pesti-
cides).

Due to the wide use of propiconazole and its stability, different researchers found increased concen-
trations of this compound in different aqueous systems [Kahle et al., 2008; Kreuger, 1998; Kronvang et
al., 2003]. These often occurences of elevated concentrations of propiconazole in aqueous environ-
ments can not be explained by the typical pathway mechanisms because of its moderately low water
solubility (100 mg/l). Wu et al., 2003 proposed, that the mobility of propiconazole is explained by its
sorption on the small particles (<2 um), which are carried with the water flow into the water basins.
An objective of the present study was to acquire a deep understanding of the sorption of propiconazole
and hexaconazole on the periodic mesoporous silica (PMO-silica, particle size: 360 nm) and propose a
sorption mechanism. The PMO-silica sorbent is described in Chapters 2 and 4. In addition, an effect of
glucose on the sorption of propiconazole was studied as relevant to toxicological studies.
Environmental factors, such as pH, ionic strength, the presence of co-sorbents is known to alter the
sorption of some compounds [Pusino et al., 2003; de Jonge and de Jonge, 1999; Clausen et al., 2001].
As discussed in Chapter 3, the sorption of the non-charged molecules is stronger influenced by the
ionic strength and pH, than the sorption of the non-charged molecules [Alva and Singh, 1991].
Copper cations (Cu?*) are known to affect sorption of some pesticides through complexation or com-
petitive sorption [Dousset et al., 2007; Martell and Motekaitis, 1988; Subramanian and Hoggard, 1988].
The common sources of Cu?* cations in water include Cu-containing waste, such as sewage sludge,
swine and poultry manure [Fjallborg and Dave, 2003; Lv et al., 2018] and application of Cu-based fun-
gicides on the vineyards against fungal diseases of grapes, such as mildew [Arias et al., 2006].

To evaluate the possible effects of the environmental factors on sorption of propiconazole, the experi-
ments were conducted using different concentrations of KCl, Cu?* cations, co-sorbent (hexaconazole)

and different pHs.
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As a part of the EXPAND project, this study evaluated effectiveness of PMO-silica as a sorbent of pro-
piconazole, the potential to decrease the bioavailability of propiconazole in the aqueous systems, and

applicability to toxicological studies.

5.2. Experimental part

The batch equilibrium method was used for the sorption experiments. The pH of pesticide solution and
PMO-silica suspension were adjusted by titration (HCI/NaOH) without buffers. The aliquots of pesti-
cides (propiconazole and hexaconazole solutions) and PMO-silica suspension were mixed in LC-MS vials.
Aliquots of CuCl,, KCl were added to the samples. The samples were prepared in LC-MS glass vials
(Fisherbrand), were shaken for 24 h on the horizontal shaker, centrifuged and pipetted into fresh LC-
MS screw vials. Samples were prepared in triplicates. Concentrations of propiconazole and hexacona-

zole were measured with LC-MS method (method description is provided in Chapter 2).

5.3. Results and discussion

Sorption isotherms of propiconazole on mesoporous PMO-silica particles were determined and the
Langmuir model parameters were fitted to the experimental data. The Langmuir model is described in
Chapter 3. To comply with the toxicological studies (on Laccaria bicolor, Amanita muscaria, Genococ-
cum geophilum) conducted by Friih [Doctoral thesis, in preparation] sorption isotherms were also de-
termined in MMN medium [Marx, 1969] with two glucose concentrations [5 g/I; 10 g/I]. All three sorp-
tion isotherms were determined at pH 5,8 to meet the conditions of the toxicological study. Figure 5.1
shows fitted sorption isotherms for three settings.

Sorption of propiconazole on PMO-silica did not vary significantly with the glucose concentration,
which suggests that it has no significant effect on the sorption. Thus, the further sorption experiments
with propiconazole and PMO were conducted in aqueous suspensions and the results were referred to

the conditions of the toxicological experiments.
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Figure 5.1 Sorption isotherms of propiconazole on PMO-silica particles suspended in MMN medium with
varying concentrations of glucose (5g/l, and 10 g/I glucose; [I=0,05 M (KCl); T=20°C, pH 5,8]

Kinetics of the propiconazole sorption on PMO was monitored over 36 hours (Figure 5.2). Significant
concentration changes occurred within the first thirty minutes of the reaction, with slight fluctuations

(within standard deviation range) during the whole experiment.
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Figure 5.2 Kinetics of the propiconazole sorption on PMO- silica particles [I=0,05 M (KCl), T=20°C (room
temperature), pH 7]. Error bars present the standard deviation between triplicates
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To assess the effect of changing envoronmental conditions on the interactions between propiconazole
and PMO-silica, the sorption was carried under conditions of different pHs and ionic strength. Sorption

experiments were conducted at three different pH values (5,8; 7,8; 9,2) with a) no background electro-
lyte. The calculated ionic strength (I = %Z Ci.ZiZ) was [1=0,1- 0,15 mM (added HCl and NaOH). In the

setup b) 50 mM KCl were used as a background electrolyte.

Figure 5.3. depicts the comparison of Kd values of propiconazole sorption on PMO-silica at 3 different
pHs (5,8; 7,8; 9,2) and different ionic strengths: 0,1-0,15 mM — blue bars and 50 mM — orange bars. The
Kd values were determined for propiconazole equilibrium concentration Cw=4 mg/I. The sorption iso-
therm depicted in Figure 5.1. shows, that at Cw=4 mg/| sorption isotherm is linear and is not concen-
tration-dependent. Inthe presence of 50 mM KCl the Kd values at all the three pH values are 4864+297
I/kg, whereas in the system with no electrolyte (1=0,1-0,15 mM) increase in pH results in lower Kd val-
ues (Figure 5.3). Thus, the increase of the pH from pH 5,8 to 7,8 resulted in Kd decrease by 8%, from
pH 7,8 to 9,5 — Kd decrease by 22%. Sorption of propiconazole in the presence of background electro-

lyte was lower compared to the lower ionic strength (0,1-0,15 mM).

5,8 7,8 9,2

pH
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Figure 5.3 Comparison of the distribution coefficients of propiconazole sorption on PMO at pH 5,8; 7,8;
9,2 without background electrolyte (I1=0,1-0,15 mM) and with 50 mM KCl [T=20°C (room temperature),
Cw=4 mg/l, 0,1 g/| PMO-silica]. Error bars present the standard deviation between triplicates

The point of zero charge of PMO-silica was measured on Malvern Zetasizer below pH 3 [Griinhage,
2017]. With increasing pH, the particles surface is getting more negative. As propiconazole is uncharged
its sorption should not be affected by electrostatic interactions. For an uncharged molecule, an effect
of electrolyte concentration may be explained by salt-effects.

The most common way to account for the salt-effects (salting-in or salting-out) is Sechenov equation

(eq.5.1)
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In (%) =kgy,.y 5.1
Zg and Zjg solubilities of component B in an electrolyte and in pure water respectively;
y —salt composition
For Zs" and Zs the equilibrium concentrations were used, for y — ionic strength.
The Sechenov parameters ks, for three pH values are summarized in Table 5.1. All the calculated values
are negative, implying salting-in effect [Hefter and Tomkins, 2003], i.e. at higher salt concentration (50

mM KCl) solubility of propiconazole increased, resulting in lower sorption.

Table 5.1 Summary of Sechenov parameters for propiconazole sorption on PMO-silica at three pHs [I=50
mM KCl] (eq. 5.1)

pH 5,8 pH 7,8 pH9,2

ksyz [|/m0|] '4,6 ‘4,7 '1,2

The salting-in effect at pH 5,8 and pH 7,8 was more pronounced than at pH 9,2. For the non-charged
molecule of propiconazole and PMO-silica with PZC below 3, pH was not expected to alter the sorption.
The possible explanation of a decrease in Kd values at higher pH is the salting-in effect. To adjust pH of
propiconazole and PMO-silica to higher pH (pH 9,2) more titrant (NaOH) was used, resulting in higher
ionic strength. Therefore, ionic strength without BG electrolyte is different at three pHs. With increas-
ing ionic strength, the solubility of propiconazole increases and it results in lower sorption at pH 9,2.
Thus, the measured salting-in effect at pH 9,2 is lower, than at pHs 5,8 and 7,8, where the difference in
ionic strengths is higher than at pH 9,2. The stability of silica particles was also considered. The solubil-
ity of amorphous silica (glass) in NaOH at high pH (or high NaOH concentrations) increases significantly
[Eikenberg, 1990; Nibori et al., 2000]. Above pH 10,5 silica dissolves, resulting in dimers, trimers and
tetramers formation. However, at pH below pH 10 polymerization is insignificant [Eikenberg, 1990].
Pham et al., 2012 investigated the stability of mesoporous silica and concluded the relatively high sol-
ubility (30-42%) of various mesoporous silica types in the pH range 7-9,2. The solubility of PMO-silica,
used in our study was not investigated, thus slight dissolution should not be totally neglected, espe-
cially assuming, that over-titration took place. The dissolution of the PMO-silica surface would decrease
the number of sorption sites for propiconazole and consequently, result in the lower sorption.

Effect of Cu?* cations on sorption. Copper-based fungicides are widely used against various fungal dis-
eases in agriculture and poultry [Arias et al., 2006; Ewing et al., 1998; Berenstein et al., 2017; Wang et
al., 2018; Pose-Juan et al., 2009]. This results in high concentrations of Cu?* cations in the environment,
including aqueous systems. The presence of Cu?* may influence the sorption of studied compounds

[Arias et al., 2006]. To study how Cu? would affect propiconazole sorption on PMO-silica and

85



propiconazole’s bioavailability, sorption experiments of propiconazole on PMO-silica were conducted

in the presence of 17 mM CacCl,.

Cw_eq [mg/I]
w IS

N

[EnY

Control no salt 50 mM KClI 17 mM CucCI2

Samples [-]

Figure 5.4 Comparison of the equilibrium concentrations of propiconazole sorption on PMO [pH 5,8;
T=20°C (room temperature), 5,18 mg/I propiconazole (control); 0,1 g/| PMO-silica; a) with no BG elec-
trolyte (1=0,1-0,15 mM); b) 50 mM KCl; ¢) 17 mM CuCl;]. Error bars present the standard deviation be-
tween triplicates

Figure 5.4. depicts the equilibrium concentrations (Cw_eq) of propiconazole sorption on PMO-silica.
The results indicate highly increased Kd values in the presence of copper. Aqueous concentration of
propiconazole in the presence of 17 mM CaCl, was slightly below LOQ but above the LOD. Therefore

c lim OKd = 0, since Kg = Cs0Tbgq/CWeq. Increase in Kd values may be explained through the
w_eq—

complex formation between Cu?* ions and propiconazole. Complex formation between triazole fungi-
cides and copper is well documented in the literature [Arias et al., 2006; Dytrtova et al., 2011]. A for-
mation of the Cu-propiconazole complex goes by tetrahedral coordination around Cu-core with two
triazole and two chloride ligands bonding [Evans et al., 2010]. Therefore, complexation takes place be-

tween 2 molecules of propiconazole and one cation of copper (Figure 5.5).
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Figure 5.5 Schematic view of the complex between 1 Cu®* cation and 2 propiconazole molecules
[ChemDrawProfessional 17.1]

Several authors investigated sorption of Cu®* cations on mesoporous silica and periodic mesoporous
organosilica and have concluded the high Cu?* adsorption on different types of silica [Knight et al., 2018;
Oravec et al., 2014; Lee et al., 2015; Northcott et al., 2010]. Sheals [Sheals et al., 2003; Sheals et al.,
2001] and Maqueda [Maqueda et al., 2002] described the complexation of glyphosate by Cu?* on the
water-mineral surface. Assuming the possibility of propiconazole complexation by Cu?* sorbed to the
surface of PMO-silica would explain the significant decrease of freely-dissolved concentration of pro-
piconazole. 17 mmol/l dissolved Cu?* cations could bind up to 34 mmol/l propiconazole (roughly
11.642mg/| propiconazole). Calculated value exceeds the initial concentration of propiconazole by four
orders of magnitude, which explains almost complete removal of propiconazole from the dissolved
state. To approve the hypothesis of propiconazole-Cu?* complexation on the water-particles surface it
is necessary to implement ion analysis of the solution and quantify the freely-dissolved and sorbed
Cu?* concentration.

Sorption of hexaconazole on PMO-silica. All the above-described experiments were also conducted
for hexaconazole. In general, the results for hexaconazole were very similar to the sorption of pro-
piconazole at all conditions studied. Figure 5.6 depicts the sorption isotherms of hexaconazole and

propiconazole on PMO-silica. The Langmuir equation parameters are summarized in Table 5.2.
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Figure 5.6 Comparison of sorption isotherms of propiconazole and hexaconazole on PMO-silica [I=0,05
M (KCl), T=20°C (room temperature), pH 5,8, 0,1 g/| PMO-silica]

Table 5.2 Comparison of the Langmuir equation coefficients of hexaconazole and propiconazole sorp-
tion on PMO-silica [I=0,05 M (KCl), T=20°C (room temperature), pH 5,8]

Csorb_max [mg/kg] K. [I/kg]
Hexaconazole 187.330 0,054
Propiconazole 83.494 0,11

The maximum sorption capacity Csorb_max) of hexaconazole is significantly higher, than Csorb_max of
propiconazole. The higher sorption of hexaconazole on PMO-silica may be explained by the difference
in hydrophobicity. The hydrophobicity effect of pesticides sorption on PMO-silica was discussed in
Chapter 4.

It was proposed, that the sorption decrease in the row: propiconazole-thiacloprid-imidacloprid is due
to the increasing water solubility and Kow value decrease (Table 2.2, Chapter 2). Hexaconazole’s water
solubility is 18 mg/I, Kow is higher, than of propiconazole (Table 2.2, Chapter 2). The hypothesis of in-
creasing sorption with higher hydrophobicity explains significantly higher sorption of hexaconazole on

PMO-silica, compared with propiconazole sorption.

88



5.5. Sorption mechanism of azole fungicides on PMO-silica

Being hydrophobic both hexaconazole and propiconazole incline to participate in hydrophobic inter-
actions. Chemical structures of propiconazole, hexaconazole and periodic mesoporous organosilica

(PMO) fragment are presented in Figure 5.7.

H5;CH,CO OCH,CH3
Hy H;
H;CH,CO——Si——C —C —Si——OCH,CH3
H;CH,CO OCH,CH3
HO OH
HO H, H, OH
\ O—Si—C —C —Si—O0 |
O
Si—__ O/Sll—O'
O o
OH
cl
N—n
2 /
N
o]
cl
N
)
- 5

Propiconazole Hexaconazole

Figure 5.7 Example of periodic mesoporous silica (PMO-silica) fragment structure [Luo, 2018]; Pro-
piconazole; Hexaconazole

Point of zero charge of PMO-silica was measured using potentiometric titration method and estimated
below pH 3 [Griinhage, 2017]. Therefore, in the entire studied pH range surface of PMO-silica was neg-
atively charged due to the dissociation of surface functional groups [Villegas et al., 2017; Otero et al.,
2013; Schwarz et al., 1984]. Several sorption mechanisms are possible, considering the surface proper-
ties of PMO-silica and propiconazole molecule properties. As was discussed in Chapter 4 and 5, the
sorption of the pesticides (imidacloprid, thiacloprid, propiconazole, hexaconazole) on PMO-silica is in-
creasing with the decreasing water solubility and increasing Kow constant. Thus, the present work sug-

gests, that the pesticides sorption on PMO-surface is mainly determined by hydrophobicity. The Cl-

89



substituents possess strong electron-accepting properties, which decreases electron density of the ar-
omatic rings and make them to strong electron-acceptors [Li and Flood, 2008]. Thus, the aryl rings may
participate in m-1t EDA interactions with PMO (for example, with non-polar functional groups of PMO-

silica and aromatic ring).

PMO-silica

PMO-silica

Figure 5.8 Possible interactions between azole compounds (on the example of propiconazole) with
PMO surface (represented schematically with functional groups). Blue dotted lines represent hydro-
gen bonds. Dashed red lines represent EDA interactions. Green dotted lines — complexation with sur-
face Cu?

The properties of triazoles were described by Juricek et al., 2011. Being nitrogen-rich, triazole is a
strongly electron-deficient heterocycle. Triazole can serve as a metal coordinator [cation-N(triazole),
being a ligand or cation receptor], participate in hydrogen bond formation ([hydrogen-N(triazole), an-
ion-N(triazole)] [Crowley et al., 2010; Camponovo et al., 2009; Li et al., 2007]. There are several pub-
lished works, which describe extensively hydrogen-N(triazole) and anion-N(triazole) interactions [Li
and Flood, 2008; Hua and Flood, 2010]. Russell et al., 1968 studied sorption of 3-aminotriazole on
montmorillonite clay and concluded that 3-aminotriazole may be adsorbed as a triazolium cation,
formed under the effect of highly-polarized interlamellar water. PMO surface does not possess ex-
changeable cations, thus mainly hydrogen-N(triazole) and anion-N(triazole) interactions are expected

between triazole moiety and PMO surface. The hydrogen-N(triazole) bond is expected between azole
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molecules and the surface of PMO-silica through the water bridges (Figure 5.8) [Li et al., 2007]. In the
presence of CaCl, or CuCly, the triazole moiety may coordinate with the divalent cation, sorbed on the
PMO-surface (green dotted lines in Figure 5.8). The complex between the propiconazole and Cu?* cat-

ions, sorbed on the surface of PMO-silica was proposed in Figure 5.5.

5.6. Conclusions

The sorption of propiconazole and hexaconazole on PMO-silica was high. The sorption increased in a
row: imidacloprid<thiacloprid<propiconazole<hexaconazole, implying significant effect of hydropho-
bicity on sorption on PMO-silica. The proposed sorption mechanism of azole fungicides on PMO-silica
involved hydrogen-N(triazole) and anion-N(triazole) bond formation. Additionally, aryl-ring was sug-
gested for anion-mt EDA interactions. The Cu-propiconazole complex-formation on the surface water-
PMO-silica was proposed. l.e. it was suggested, that Cu?* sorbs to the PMO-silica and through com-
plex-formation facilitates propiconazole sorption. The proposed complex involves 1 atom of Cu?*and
two molecules of propiconazole, Cu?* coordinated two Clatoms and two N atoms of triazoles. An in-
crease in ionic strength results in the salting-in effect (calculated with Sechenov equation), i.e. the
solubility of propiconazole increased and sorption decreased. The decrease in sorption at high pH (pH
9,2) in comparison to the lower pH (pH 5,8 and 7,8) in the absence of BG electrolyte can be explained
through ionic strength increase, which diminishes the sorption. The pH increases in the presence of
BG electrolyte does not have a significant effect on sorption. Thus, it may be concluded, that both
presence of Cu?* cations and ionic strength impact the sorption of propiconazole on PMO-silica,
changing fungicide’s bioavailability and toxicological effect for the environment, namely for target and
non-target organisms in aqueous systems. Overall, PMO-silica is an effective sorbent of propiconazole
and hexaconazole and may be used for the toxicological studies.

Additionally, sorption of propiconazole in MMN medium in presence of glucose was studied and no
measured effect of glucose presence on sorption was determined. Therefore, implementation of toxi-
cological studies in MMN medium should not affect the effectiveness of PMO-silica as a sorbent of

propiconazole.
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Chapter 6 Sorption of Glyphosate on Alumina (Al.O3) Particles

6.1. Introduction

Glyphosate is one of the most widespread herbicides. Due to its popularity and recently raised con-
cerns of potential health impacts, glyphosate was intensively studied in the recent years. Its environ-
mental fate was investigated by various researchers [Schuette, 1998; Aparicio et al., 2013; Manassero
et al., 2010; Wang et al., 2016; Rueppel et al., 1977]. One of the research questions, addressed in the
studies is sorption of glyphosate on various substrates [Ololade et al., 2013; Hance, 1976; Wang et al.,
2005; Munira and Farenhorst, 2017; de Jonge and de Jonge, 1999; Glass, 1987]. In most of the studies,
sorption experiments were conducted on different types of soils or clay minerals. Some authors have
emphasized the high relevance of iron oxides [Miles and Moye, 1988; Rampazzo et al., 2013; Ololade
etal., 2013; Sheals, 2002] and aluminium oxides [Morillo et al., 2000] as soil constituents for glyphosate
adsorption.

Several papers describe the mechanism of glyphosate interaction with metal oxides (mostly, goethite
and hematite). Barja and dos Santos Afonso, 1998; Sheals et al., 2002; Gimsing et al., 2004 conclude
that the interaction with the oxide surface involves phosphonate group of glyphosate. Additionally,
amine and carboxylic groups may form outer sphere complexes. Dideriksen and Stipp (2003) demon-
strated the interaction of hydroxyls of phosphonate group with the mineral surface. They proposed
that carboxyl can form mono- and bidentate bounds, additionally fixing glyphosate molecule on the
oxide surface [Dideriksen and Stipp, 2003]

The motivation of the present study is to investigate the interactions of glyphosate with the mineral
species abundant in the soil. The sorption experiments were designed to be conducted on the material
with high sorption capacity of glyphosate and determine the impact of environmental factors on
glyphosate sorption. Amorphous aluminium oxide particles were chosen as a sorbent of glyphosate
due to their high binding capacity of glyphosate, determined in the preliminary experiments. So far,
sorption of glyphosate on amorphous alumina of (nano-)size has not been studied explicitly. However,
some works indicated a positive effect of alumina presence in soils on glyphosate sorption [Morillo et
al., 2000; Orcelli et al., 2018].

In the present study, alumina was chosen as a sorption material as an important constituent of soils
and sediments. pH was expected to affect glyphosate sorption due to the glyphosate’s speciation
(Scheme 6.1). Various ions such as Cu?* and Ca?* were expected to affect glyphosate’s sorption through
the complexation [Maqueda et al., 2002; Martell and Motekaitis, 1988; Subramanian and Hoggard,

1988; Dousset et al., 2007; Barret and McBride, 2006]. Phosphate and glyphosate are known to
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compete for the same sorption sites [Borggaard and Gimsing, 2008], building strong Al-O-P bonds;
therefore, the addition of phosphate was targeted to reveal competitive sorption. To reveal the signif-
icance of the molecule charge and structure on the sorption, sorption of glufosinate ammonium and

the main metabolite of glyphosate — AMPA were studied.
6.2. Experimental setup

Experiments were designed and conducted in a batch equilibrium method. Every sample including con-
trols was prepared in triplicates; the reported values are the average of the three measurements. Ali-
quots of glyphosate and alumina were mixed in Eppendorf tubes (2 ml). Solutions of CaCl,, CuCl,, KCI
and K;HPO4 were added to the samples at different concentrations. pH adjustment was done by titra-
tion with HCI/NaOH in the absence of buffers. In the earlier experiments, pH was measured using pH
strips (Merck, Darmstadt, DE) to prevent any contact of glyphosate with glass surfaces and possible
loss due to sorption of the pesticide. After it was proven, that the sorption of glyphosate on the pH
electrode is negligibly low in comparison to the total glyphosate concentration, pH was measured with
a pH electrode, providing higher precision. Samples were shaken on the horizontal shaker for 24 hours
to reach equilibrium conditions. Subsequently, Eppendorf tubes were centrifuged and decanted into
polypropylene vials. Glyphosate, as well as phosphate concentrations were measured by capillary elec-

trophoresis coupled to mass spectrometry (experimental conditions are described in Chapter 2).

6.3. Results and Discussion

Langmuir sorption model was fitted to the experimentally obtained data.

To evaluate the impact of the pH on the sorption, sorption isotherms of glyphosate on alumina were
obtained at three different pH levels [pH 5; pH 7; pH 8,5]. The resulted isotherms are presented on
Figure 6.1. Impact of pH was studied without the addition of background electrolyte; therefore, an

ionic strength was determined by the amount of added NaOH/HCI during the pH adjustment. The ionic
strength was calculated using formula I = %Z Cl-.Zl-z, where C; — is the concentration of the ion, Zi —

charge of the ion. The amount of added HCl and NaOH varied slightly from experiment to experiment,
resulting in 0,04 — 0,1 mM ionic strength. At pH 7 sorption isotherm has the steepest slope and the
higher sorbed concentrations were reached at lower equilibrium concentrations; at pH 5 sorption iso-
therm is more gradual, however, reaches the higher sorbed concentrations; the lowest and slowest
sorption was observed at pH 8,5, at which both the slope and maximum sorbed concentration are

lower than at pH 5 and pH 7. Langmuir equation coefficients are summarized in Table 6.1.
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Figure 6.1 Sorption isotherm of glyphosate on Al;Os particles [1=0,04-0,1 mM, T=20°C (room tempera-
ture), pH 5; 7; 8,5]

Table 6.1 Langmuir equation parameters (Csorb_max and K;) of the sorption of glyphosate to Al,O; at
pH 5, pH 7, pH 8,5 [I1=0,04-0,1 mM, T=20°C (room temperature)]

Langmuir parameters | pH 5 pH 7 pH 8,5
Csorb_max [mg/kg] 114.984 55.456 48.738
K. [I/mg] 2,80 91,9 7,14

The point of zero charge (PZC) of the aluminium oxide was at pH = 9 as determined by Guluzada and
Grlinhage [Appendix, Figure_I; Griinhage, 2017]. These values correlated well with the ones estimated
by Sposito, 2008. Therefore, in the pH range pH 5 — 8,5 the positive charge of the Al,O3 particles de-
creases to zero. The pH increase results in deprotonation of glyphosate. Its third pKas is 5,4 [Scheme
6.1, Goodwin et al., 2003]. Therefore, during increasing pH from 5 to 7, glyphosate changes its anionic
charge from z = -1 to -2. Thus, at the pH 7, the maximum sorbed concentration is reached at the lower
equilibrium concentrations. The surface charge of alumina decreases with pH and at pH 8,5 it is close
to zero, i.e. the surface is uncharged. At pH 7 alumina’s surface charge is lower, than at pH 5, implying
weaker electrostatic interactions, which results in the lower sorption at higher pH. However, even at
pH 8,5 the sorption of glyphosate on alumina is relatively high (Csorb_max=48.738 mg/kg). Thus, sorp-
tion of glyphosate on alumina is determined not only by electrostatic interactions. Jonsson, 2007 ex-
plained it by the covalent bonding between the glyphosate molecule (through phosphonate group) and
functional groups of the alumina surface. Mui et al., 2016 studied the adsorption of the humic acids
(negatively charged above the pH 4) and made similar conclusions to the ones presented in the current

work. According to Mui et al., 2016, at pH 5 adsorption of humic acids (HA) to the alumina surface is
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favourable for the electrostatic interactions. However, at the pH>PZC the electrostatic barrier between

the negatively charged alumina and HA inhibited the sorption of HA on the aluminium oxide surface.
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Scheme 6.1 pKa values and species of glyphosate [Goodwin et al., 2003]

Borggaard and Gimsing (2008) determined a decrease of glyphosate sorption on aluminium and iron
oxides at higher pHs, which was explained by the negative charge of both the sorbent and sorbate.
Gimsing et al., 2004 measured two-times higher sorption of glyphosate at pH 6 in comparison to pH 8
and explained It by the change in the surface charge of the sorbent.

Effect of ionic strength. To estimate an effect of ionic strength on the sorption of glyphosate, experi-
mental isotherms were constructed for the cases of 0,5; 5 and 50 mM KCl presence. The comparison
of the Langmuir equation coefficients at different electrolyte concentrations (Table 6.2) and (Table 6.1)
reveals a decrease in Csorb_max with increasing ionic strength. K* and CI build the electric double-
layer on the mineral’s surface. The higher ionic strength causes a steeper decrease of the potential and
thus a lower zeta potential [Vindvogel, 1992]. For the negatively charged molecule of glyphosate higher
zeta potential determines higher electrostatic interactions and thus more favorable conditions for the
sorption.

Alumina particles are positively charged at pH 5. Figure_I in the Appendix depicts PZC of aluminium
oxide in MilliQ water, in a solution of 5 mM KCl or 1,7 mM CaCl,. The point of zero charge in 5 mM KCI
solution is slightly lower than in MilliQ water. The comparison of the values summarized in Table 6.2.
demonstrates, that Csorb_max decreased by 39 % from 0,5 mM to 5 mM KCl and by only 19 % when
increasing the KCl concentration from 5 mM to 50 mM, which is explained by partial dissociation of the
electrolyte at higher concentrations. Orcelli et al., 2018 observed decrease of the PZC of goethite with
increasing sodium chloride concentration. In the same work there was suggested an interaction
between CI ions and positively charged sites on the sorbent surface, whcih reduced the zeta potential
of the material.

The decrease in zeta potential results in the lower positive charge of the surface and lower sorption of

negatively charged glyphosate [Orcelli et al., 2018]. Johnson and Pytkowicz (1979) and Degreve and da
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Silva (2000) proposed, that at high concentration [0,7 M NaCl] of sodium chloride approximately 10%
of the salt are present undissociated as ion pairs. Therefore, the high decrease in the PZC charge is not

expected at higher concentrations of electrolyte.
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Figure 6.2 Sorption isotherms of glyphosate on Al,O3 particles [KCl as BG electrolyte; T=20°C (room
temperature), pH 5]

Table 6.2 Langmuir equation parameters (Csorb_max and K,) of the glyphosate sorption on Al,O3 at
different KCl concentrations

KCl concentration [mM] | 0,5 5 50
Csorb_max [mg/kg] 54.597 33.919 27.453
K. [1/mg] 33,52 25,27 11,54

Moreover, an increase in the ionic strength of the solution causes the compression of the diffused layer
around the alumina particles. This results in a lower zeta-potential of the surface, which decreases the
repulsion between the particles and facilitates their aggregation [Mui et al., 2016]. Therefore, at the
higher ionic strength, the number of the surface sites on the alumina surface is lower due to the ag-
gregation, which inhibits the sorption of glyphosate.

However, there is no univocal explanation in the literature of the ionic strength effect on glyphosate
sorption. De Jonge and de Jonge, 1999 studying sorption of glyphosate to the sandy loam soil, meas-
ured an increase in the sorption with increasing ionic strength (applying CaCl,, NH4Cl and KCl as elec-
trolytes). They explained it by the slight pH decrease with the addition of electrolytes. Gimsing and
Borggaard, 2001 did not measure a significant effect of ionic strength (0,01 M CaCl,, 0,1M KCl and 0,01
M KCI). Orcelli et al., 2018 determined a decrease with increasing ionic strength, concluding that
glyphosate sorbs to goethite through the phosphonate groups forming outer-sphere complexes. Miles

and Moye, 1988 reported enhanced desorption of glyphosate from different sorbents (silica, alumina,
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clay minerals, soils) with increasing pH and ionic strength, which correlates with the results of the pre-
sent research. They proposed, that in the presence of the electrolyte, negatively charged ions compete
with glyphosate for the sorption sites.
Therefore, the negative effect of ionic strength on the glyphosate sorption on alumina in the present
study is explained by the several factors:
a) Competition between Cl" anions and glyphosate molecule (z=-1) for the positive sorption sites;
b) The decrease of the zeta potential of alumina surface with the addition of electrolyte resulting
in the lower electrostatic interactions between alumina and glyphosate;
c) The lower zeta potential of the aluminium oxide surface results in the lower repulsion forces
and aggregation of alumina into bigger particles, reducing the total amount of accessible sorp-

tion sites.

Effect of Ca?* and Cu?* cations. To investigate the effect of the divalent ions on glyphosate sorption,
experiments were conducted in the presence of CaCl, and CuCl; [1,7 mM] at pH 5 and the results were
compared with the sorption in the presence of 5 mM KCl at the similar pH values. The choice of ions
was justified by the common occurrence in the environment. The most abundant cations in water are
calcium (Ca?*), magnesium (Mg?*), sodium (Na*) and potassium (K*). Calcium ions are often present in
nature as a constituent of limestone rocks; e.g. seawater contains 0,15% calcium chloride. Copper ions
are often present in the high concentrations from such sources as application of fertilizers, mildew
removal sprays in the vineyards, sewage sludge and other Cu-containing waste [Fjallborg and Dave,
2003; Arias et al., 2006; Lv et al., 2018]. Moreover, multiple researchers described complex formation
between glyphosate and Ca?* and Cu?* cations. Thus, it was expected, that Cu?* and Ca?* can affect the
sorption of glyphosate, as well as its bioavailability.

The sorption isotherms in the presence of CaCl, and CuCl, are depicted in Figure 6.3 (a, b); a summary

of the Langmuir parameters is presented in Table 6.3.
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Figure 6.3 Sorption isotherm of glyphosate on Al;Os particles [a) 1,7 mM CaCl,, 1,7 mM CuCl,, 5 mM
KCl; b) 1,7 mM CaCl,, T=20°C (room temperature), pH 5]

Table 6.3 Langmuir equation parameters (Csorb_max and K,) of the sorption of glyphosate on Al,Os in
the presence of different cations [I=5 mM, T=20°C (room temperature), pH 5]

I=5 mM K* Ca* cu?*
Csorb_max [mg/kg] 33.919 84.027 84.048
K. [I/mg] 25,27 12,18 0,52

The presence of Ca** and Cu?* produced similar adsorption capacities (Csorb_max) as the result of the
experiment. Martell and Motekaitis (1988) and Subramanian and Hoggard (1988) demonstrated
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strong coordination bonds of glyphosate with metal ions and concluded the strong chelating behavior
of glyphosate. Dousset et al., 2007 studied the effect of copper on glyphosate’s mobility in soils and
suggested that in the presence of copper ions glyphosate may build complexes in aqueous
environments. Barret and McBride also observed a higher mobility of glyphosate because of complex
formation with Cu [Barret and McBride, 2006].

High hydration enthalpy for copper and its ionic size promotes coordination of glyphosate, which ef-
fectively decreases the concentration of free glyphosate in solution. However, Maqueda et al., 2002
proposed that sorption of the glyphosate-copper complex occurs which increases glyphosate’s overall
sorption in comparison to free glyphosate. Mattos et al., 2017 investigated the sorption of glyphosate
on clay, treated with various ions (Na*, Ca®*, Zn?*, Cu®* and AI**), and concluded, that the binding in-
creased with the increase in cation charge. Sheals et al., 2003 demonstrated the direct formation of
glyphosate-Cu?* ternary surface complexes at the water-goethite interface at pH 4. According to ATR-
FTIR and EXAFS results, Sheals et al., 2003 proposed that the phosphonate group of glyphosate forms
inner-sphere monodentate bonds with the mineral surface, whereas the carboxylate and amine group
coordinate Cu?*, forming a 5-membered chelate ring. Similar results were provided by Jonsson, 2007
who studied complexation of glyphosate with Cd?* cations and proposed the formation of two five-
membered chelate rings between glyphosate and Cd?* (1:1 complex). Sheals et al., 2001 studied
glyphosate-copper complexes in the aqueous solutions and concluded the formation of 1:1 complexes,
suggesting copper(ll) to be at the center of a Jahn-Teller octahedron with all three functional groups
(amine, carboxylate and phosphonate) being involved in the coordination sphere in two five-mem-
bered chelate rings. Thus, Cu?* ions coordinate glyphosate both on the surface of the mineral and in
the aqueous solution. Madsen et al., 1985 determined the complex formation constants (Kw.) of
glyphosate with divalent cations by potentiometric titration. The reported log Km. values as 11,92 and
3,25 for Cu(ll) and Ca(ll) 1:1 complexes with glyphosate respectively [Madsen et al., 1978]. Pessagno
et al., 2008 demonstrated, that the strength of the complexes increases in a row mono-<di-<tri-valent
ions. They suggested that Cu?* forms a stronger complex with glyphosate than Ca?*. Similar conclusion
was made by Glass, 1984 who measured an increase in glyphosate complexation by the ions in the row
Na*<Ca?*<Mg*<Cu®<Fe?, In general, the presence of both Ca?* and Cu?* ions in the present work sig-
nificantly affected the Csorb_max values [Table 6.3], decreasing the concentration of freely-dissolved
glyphosate. The modelled maximum sorbed concentrations in the presence of both cations are close
to each other [Table 6.3]. However, Csorb_max is reached faster in the presence of Ca?* ions than in
the presence of Cu?* ions [K_ in the presence of Ca?* and Cu?* are 12,18 and 0,52 |/mg respectively]. To
explain the deviation between two values further investigations are required which would determine

experimentally the complex formation constants by potentiometric titrations.
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To learn more about the effects of the sorbate’s charge and structure on the adsorption mechanisms,
adsorption experiments with glufosinate and AMPA were carried out. Glufosinate’s sorption on Al,Os
was negligibly low (approximately 2-6% of initial concentration were sorbed, which are in the error

range of the method) in comparison to the glyphosate sorption.
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Scheme 6.2 Speciation scheme of glufosinate [from Li et al., 2018]

Li et al., 2018 determined the protonation constants of glufosinate in aqueous solutions using NMR
spectroscopy and direct calorimetry. Scheme 6.2. depicts this speciation. Thus, at pH 5 glufosinate has
2 negative charges (on phosphinic and carboxylic groups) and one positive charge on the primary amine.
In the present study, glufosinate ammonium was used (Figure 6.4)
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Figure 6.4 Chemical structure of glyphosate ammonium molecule at pH 5 [ChemDrawProfessional 17.1]

As it has been discussed above and proved by various scientists, glyphosate’s binding to the mineral
surface primarily involves the phosphonate group. The presence of the phosphinate group in the
glufosinate molecule and not a phosphonate group seems to inhibit the sorption of glufosinate.
McBride (1989), explaining sorption mechanism of glyphosate on goethite, suggested relocation of the
proton from amino-group to the phosphonate group with the further H-bond formation between the
glyphosate and goethite surface. In glufosinate molecule, such relocation of the proton is not expected,
due to the presence of primary amine group and its spatial isolation from the phosphinate group. The
low sorption of glufosinate on alumina, observed in the present study, can be explained by specific type

of interaction between the phosphonate group of glyphosate through the hydrogen bonding to the
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mineral surface, described previously by McBride (1989). Additionally, glufosinate possesses much
higher aqueous solubility (500 g/| for glufosinate and 10 g/| for glyphosate, Table 2.2, Chapter 2), which
emphasizes difficulties in glufosinate attenuation by adsorption from aqueous solution. Laitinen et al.,
2008 investigated glufosinate-ammonium sorption on soils and measured 4 times higher sorption of
glyphosate in comparison to glufosinate, mentioning high mobility and low sorption of glufosinate.

The main metabolite of glyphosate AMPA sorbed to alumina particles to a significantly higher extent

than glufosinate. AMPA’s sorption isotherm is depicted in Figure 6.5.
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Figure 6.5 Sorption isotherm of AMPA on Al;Os [0,5 mM KCI, T=20°C (room temperature), pH 5].
Csorb_max=59.171 mg/kg; Ki=1,29 I/mg]

The high sorbed concentration for AMPA is reached at higher equilibrium aqueous concentrations than

for glyphosate (Ki(glyphosate)>>K (AMPA)) [Table 6.2. and Figure 6.5.].
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Scheme 6.3 pKa values and species of AMPA [from Goodwin et al., 2003]

pKa values of AMPA [Scheme 6.3] demonstarte, that at pH 5 AMPA molecule carries one negative

charge (phosphonate group), which is compensated by protonated amine-group, resulting in total zero
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charge of the molecule. At the same pH, glyphosate has total z=-1 charge (2 negative and 1 positive
charge). It is expected that both AMPA and glyphosate molecules form monodentate complexes
between the phosphonate group and alumina surface (the structure is described in detail in Chapter
7). As was suggested by McBride, 1989 and discussed above, the proton from the amino-group may
migrate to the phosphonate group and promote the H-bonding which is missing in the glufosinate
binding mechanism. Moreover, glyphosate can form outer-sphere complexes using the negative charge
of the carboxylic group (Scheme 7.4, Chapter 7). Csorb_max values for both molecules are in the same
order of magnitude: 59.171 mg/kg and 54.597 mg/kg for AMPA and glyphosate, respectively. However,
K. values differ significantly: 1,29 and 33,52 I/mg for AMPA and glyphosate [Figure 6.5., Table 6.2]. Thus,
the structure of the glyphosate molecule conduces the maximum sorbed concentration to be reached

already at lower aqueous equilibrium concentrations.

The sorption results on alumina nanoparticles show increased sorption of the components in the row:
glufosinate<AMPA<glyphosate. This emphasizes the importance of the chemical structure of
glyphosate for the interactions with alumina surface and supports the sorption mechanism of

glyphosate through the phosphonate group.

Competitive adsorption of glyphosate and phosphate. Numerous researchers have investigated the
competitive sorption of phosphate and glyphosate. Gimsing et al., 2004 and Gimsing and Borggaard,
2001 concluded that phosphate and glyphosate compete for the same sorption sites (the study was
done on soils and goethite), proposing that the phosphonate group of the glyphosate is involved in the
interaction. They determined glyphosate-soil complexes to be monodentate, whereas phosphate-soil
complexes were characterized as bidentate, which explained the almost two-times higher sorption of
glyphosate, however stronger sorption of phosphate due to the higher affinity of phosphate to the soil
components [Gimsing et al., 2007]. The authors also determined the competitive character of glypho-
sate and phosphate sorption, emphasizing phosphate’s ability to replace adsorbed glyphosate. Zheng
et al., 2012 visualized phosphate inner sphere complexes with gamma-alumina at pH 4 and pH 9 using
ATR-FTIR.

In the present study, 3 different concentrations of phosphate in the form of K;HPO,4 [10, 50 and 100 nM]
were added to the aqueous solution of glyphosate (23,66 uM). The objective of the present experiment
was to verify whether glyphosate’s adsorption on alumina involves the phosphonate functional group
and whether both compounds compete for the same sorption sites. To revise whether phosphate can
cause glyphosate’s desorption or vice versa, two setups, differing in the order of components addition,
were tested: a) Glyphosate was added to alumina; thereafter phosphate was added to the glyphosate-
alumina suspension; b) Phosphate was added to alumina; thereafter glyphosate was added to the

glyphosate-alumina suspension.
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Figure 6.6 Comparison of the Kd values of glyphosate sorption on Al,Os with different phosphate con-
centrations. Initial glyphosate concentration in all the samples was 23,66 uM (4 mg/|) — linear range of
the sorption isotherm (Figure 6.1) [1=0,04 - 0,1 mM; T=20°C (room temperature), pH 5]. Error bars pre-
sent standard deviation between triplicates

The concentration of phosphate (measured with CE) in all the samples, after equilibrium was reached,
was below LOQ, indicating almost quantitative adsorption of phosphate to Al,Os. A negligible response
of the glyphosate distribution coefficient on the phosphate presence (Figure 6.6.) may be explained by
the significantly lower concentrations of phosphate in comparison to glyphosate. In literature, compet-
itive sorption between phosphate and glyphosate was studied with equal or similar concentrations of
both compounds. For the present study phosphate concentration was chosen based on environmental
relevance, representing concentrations frequently observed in nature. However, such a pronounced
difference in concentrations of glyphosate and phosphate did not provide data on phosphate effect on
glyphosate’s sorption.

To compare calculated maximum sorbed concentration Csorb_max at pH 5 (Table 6.1) with the cumu-
lative concentrations of glyphosate and phosphate in the competitive sorption experiments and to re-
veal how far the total sorption capacity was reached, concentrations of the sorbed glyphosate and
sorbed phosphate in mmol/l were calculated. Considering monodentate glyphosate_alumina binding
and bidentate phosphate_alumina binding (i.e. phosphate occupies two sorption sites) the calculated
concentrations were summarized and compared with Csorb_max in mmol/kg. The results are summa-

rized in Table 6.4.
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Table 6.4 Comparison of the total sorbed concentration of glyphosate and phosphate and calculated
Csorb_max at pH 5 and 1=0,04-0,1 mM. Cw_tot_glyphosate=23,66 uM, Cw_tot_phosphate: 0,01 uM;
0,05 uM; 0,1 uM. After equilibration, the concentration of phosphate in the samples was below LOQ.

a) 1. Glyphosate; 2. Phosphate were added to alumina; b) 1. Phosphate; 2. Glyphosate were added to

alumina.
a)
Concentration of | Csorb_glypho- | Csorb_phosphate | Csorb_glypho- Csorb_max
added phosphate | sate [mmol/kg] | [mmol/kg] sate+2-Csorb_phos- [mmol/kg]
[umol/1] phate [mmol/kg] *
0 232,24 - 232,24 680
0,01 232,16 0,056 232,28
0,05 232,57 0,281 233,13
0,1 232,41 0,562 233,53
b)
Concentration of | Csorb_glypho- Csorb_phos- Csorb_glypho- Csorb_max
added phosphate | sate [mmol/kg] phate sate+2-Csorb_phos- [mmol/kg]
[umol/1] [mmol/kg] phate [mmol/kg]
0 232,93 - 232,93 680
0,01 232,8 0,056 232,9
0,05 232,66 0,281 233,2
0,1 232,08 0,562 233,2

* phosphate is counted twice due to the formation of bidentate complexes and occupation of two sorp-
tion sites by one molecule

The total sorbed concentration of phosphate and glyphosate in all the experiments is 233+0,5 mmol/I,
which is three times lower than calculated Csorb_max in the sorption isotherm experiments at pH 5
(680 mmol/kg).

Overall, no effect of phosphate on glyphosate sorption was observed. This result contradicts literature
findings (see above), however can be explained by the fact that the concentration of the added phos-
phate composed <0,2% of the total added glyphosate. Secondarily, the added concentration of glypho-
sate was in the linear range of the sorption isotherm (Figure 6.1), thus, saturation had not yet been
reached. Therefore, no competition of phosphate and glyphosate for the sorption sites could be regis-

tered.

Similar sorption experiments conducted by Griinhage, 2017 showed lower sorption of glyphosate on

alumina than described so far. Additionally, the pH effect on the glyphosate sorption deviated from the
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one shown in Figure 6.1, reaching the highest sorption at pH 8,5 [Figure 6.7]. Moreover, Griinhage
(2017) conducted experiments in the presence of background electrolyte (0,5 mM KCI), whereas initial
experiments (Figure 6.1) were carried out without electrolyte, therefore ionic strength was determined

after pretreatment of the components with HCl and NaOH (1=0,04-0,1 mM).
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Figure 6.7 Sorption isotherm of glyphosate on Al,Os particles [I=0,5 mM KCI; T=20°C (room tempera-
ture), pH 5; 7; 8,5]. The experiment was conducted by Griinhage, 2017

The effect of ionic strength on the sorption has been depicted and described above [Figure 6.2, Table
6.2]. A decrease in pH causes an increase in the alumina’s zeta potential, not changing the position of
the shear plane. pH affects the surface charge and thus the zeta potential but also the formation of the
Helmholtz double layer by KCI on the aluminium oxide nanoparticles. Even though there is a discrep-
ancy in explanation of ionic strength on glyphosate sorption, the works of various authors [Sposito,
2008; Jonsson, 2007; Borggaard and Gimsing, 2008; Gimsing et al., 2004; Orcelli et al., 2018] come to
the same understanding of the pH effect on glyphosate sorption on metal (Al and Fe) oxides. These
works demonstrated a decrease in sorption with increasing pH, which agrees with the pattern obtained
in our experiment (Figure 6.1). Jonsson (2007) discussed strong covalent bonding between glyphosate
and alumina, which explains the sorption of glyphosate to alumina at higher pH (8,5-9). Nevertheless,
Jonsson also reported higher sorption at lower pHs due to the electrostatic interactions. Significantly,
all the above -mentioned studies were conducted in the presence of BG electrolytes (0,01 M - 0,1 M
KCI, NaCl or CaCly). The deviation of the results in Figure 6.7. from the published data was not fully

clarified.
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The detailed discussion of the possible parameters that could cause a strong deviation between the
two experiments is presented by Griinhage, 2017. pH effect, agglomeration of the particles, human
factor, different laboratory ware material, water filters, chemicals batches were thoroughly discussed
and controlled to exclude an error. None of the above-mentioned parameters could cause such pro-
nounced difference. Initial concentrations in the samples were controlled by using samples without
adsorbent. Even though the results obtained by different human operators vary, the discrepancy is not
large enough to explain the deviation from the published data. Amorphous alumina is an unstable ma-
terial, changing its surface properties depending on the ultrasonication time, hydration time and un-
dergoes mechanical transformations [Luo, 2018]. The samples in Griinhage’s, 2017 experiments were
left on the horizontal-shaker for 12 hours, whereas the samples in the present were shaken for 24 hours
on the overhead-shaker. Thus, it is possible that in the experiments, discussed in the present work, a
higher amount of A** ions were released into the solution. Jonsson, 2007 studied the formation of Al3*-
Gly complexes in aqueous solutions and proposed several types of complexes (AIHGly*; AlGly; AIHGly,?*;
AlGly,*) depending on pH [Jonsson, 2007]. Jonsson, 2007 concluded, that Al-Gly complexes contain a
maximum of two coordinated glyphosate ligands. Therefore, the presence of Al**in the solution could
potentially increase the complexation of glyphosate and decrease its equilibrium concentration in a
freely-dissolved form. Moreover, Jonsson discussed the dissolution of Al3* from the alumina surface
under acidic conditions. In the pH range investigated here, the solubility of the mineral should not be
significant (log Sa<10® M) [Jonsson, 2007]. However, the possible excessive titration in some experi-

ments could cause increased dissolution of the mineral.

6.4. Conclusions

Study of glyphosate sorption on alumina nanoparticles revealed high sorption of the herbicide. The
high affinity of glyphosate to aluminol groups was expected and reported in works of different authors
[Martell and Motekaitis, 1988; Glass, 1984; Orcelli et al., 2018].
An increase in ionic strength caused a decrease in glyphosate sorption on alumina. Several reasons for
this behavior were found:
a) Competition between CI anions and glyphosate molecule (z=-1) for the positive sorption sites;
b) The decrease of zeta potential of alumina surface with the addition of electrolyte resulting in
the lower electrostatic interactions between alumina and glyphosate;
c) The lower zeta potential of the aluminium oxide surface results in the lower repulsion forces
and aggregation of alumina into bigger particles, reducing the total amount of accessible sorp-

tion sites.
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To clarify how bivalent cations [Ca?* and Cu?*] affect the sorption of glyphosate, 1,7 mM CaCl; and 1,7
mM CuCl, were added to glyphosate_alumina. It was expected that complexation would increase with
the increase in cation charge [Mattos et al., 2017], thus Csorb_max values for glyphosate sorption on
alumina were expected to increase in the presence of K*<Ca**~Cu?. It was concluded, that both Ca?
and Cu?* cations form complexes with glyphosate which decreases freely dissolved concentration of
glyphosate, causing significantly higher Csorb_max values [Table 6.3]. Strong coordination bonds of
glyphosate with metal ions were reported in the literature [Martell and Motekaitis, 1988; Glass, 1984;
Subramanian and Hoggard, 1988]. Glass, (1984) reported an increase in glyphosate complexation in a
row Na*<Ca**<Mg*<Cu?*<Fe®. The results of the present study correlated with the published data,
emphasizing the significance of the cations’ charge for the complex formation. However, complex for-
mation was assumed relying on the published data and solely on the glyphosate concentration meas-
urements. To estimate the complex-formation in the described experiment it is suggested to measure
complex formation experimentally, determining complex formation constants. Additionally, the surface
charge of alumina after addition of glyphosate in the presence of Ca?* and Cu?*should be monitored in
the future experiments.

As was expected, the pH effect was pronounced for the glyphosate sorption due to the glyphosate’s
speciation change at different pH values. However, since experiments at different pH values were con-
ducted in the absence of background electrolyte, the pretreatment of Al,O3 and glyphosate, i.e. titra-
tion with HCl and NaOH determined the ionic strength of the mixture. Since ionic strength strongly
affected the Csorb_max, an effect of pH in the presence of background electrolyte caused more com-
plicated dependence of the sorption on the pH. As was demonstrated by Griinhage, 2017 the initial
anion population of the alumina surface altered the pH dependence of the glyphosate sorption. To
prove proposed explanation of the pH effect in the presence of background electrolyte, the following
experiments must be conducted: groups on the alumina surface at different pHs in the presence and
absence of electrolyte should be experimentally distinguished. Additionally, sorption at different pHs
in the presence of higher KCI concentration (50 mM) should be studied to verify proposed explanation.
To study how the charge of the sorbate impacts adsorption mechanism, sorption of glufosinate ammo-
nium and AMPA were investigated. Presence of phosphinate group in the glufosinate molecule instead
of phosphonate group in the glyphosate and AMPA is responsible for the different sorption mechanism
in glufosinate and glyphosate. McBride (1989) discussed a possibility of proton migration from amino-
group to the phosphonate group and formation of H-bonds between glyphosate and goethite surface.
Glufosinate ammonium sorption was very low, which correlated with the published data. Laitinen et
al., 2008 reported four times lower sorption of glufosinate ammonium on the soils in comparison with
glyphosate. They suggested that glufosinate ammonium sorption follows a different pathway than

glyphosate and takes place on the cation exchange sites of the soils. Applying the mechanism suggested

107



by McBride (1989) to the present study and not expecting such migration in the glufosinate molecule
may explain the high difference between glyphosate’s and glufosinate’s sorption. AMPA molecule at
pH 5 demonstrated significant sorption, the mechanism of the sorption is expected to be like the
glyphosate’s, involving the phosphonate group. A missing carboxylic group suggests that only one
bound between AMPA molecule and alumina is formed, whereas glyphosate additionally to phospho-
nate bond can form outer-sphere complexes involving the carboxylic group. These results emphasized
the importance of electrostatic interactions between negatively charged glyphosate and positively
charged alumina surface, as well as the significance of phosphonate group, responsible for the coordi-
nated bond formation, for the glyphosate adsorption.

Expected sorption mechanism of glyphosate on alumina was through the phosphonic group like the
sorption mechanism of phosphate. Thus, the competitive sorption of glyphosate and phosphate was
investigated. Quantitative adsorption of added phosphate was measured [0,01 uM, 0,05 uM, 0,5 uM].
Sorbed concentration of glyphosate in all the samples was 232,48+0,3 mmol/kg, which was lower than
the calculated Csorb_max [608 mmol/kg] and the chosen glyphosate concentration [23,66 uM or 4
mg/I] was in the linear range of the sorption isotherm. To study whether phosphate or glyphosate sorbs
predominantly and whether desorption of one compound by another is possible, both components
were added in two different orders: glyphosate + phosphate and phosphate + glyphosate. Due to the
high difference between introduced phosphate and glyphosate concentrations (phosphate composed
~0,2% of glyphosate total concentration), it is difficult to make any conclusions concerning the mutual
influence of both compounds. The extensive investigation of the phosphate effect on the glyphosate
sorption on alumina is needed. It is reasonable to choose comparably similar phosphate and glyphosate
concentrations and conduct an experiment in the concentration range reaching sorption saturation
and not only in a linear range of the sorption isotherm.

To clarify the deviation of the results, obtained by Griinhage, 2017, from the published data, it is sug-
gested to conduct sorption experiments at three pHs in the presence of three various electrolyte con-
centrations.

It was concluded, that glyphosate’s aqueous concentration decreases significantly in the presence of
amorphous aluminium oxide nanoparticles. Different environmental factors influence the sorption,
however measured sorption in all the experiments indicates effectiveness of alumina as a sorbent of
glyphosate, which affects glyphosate’s distribution in the environment and its availability for the target

and nontarget organisms.
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Chapter 7 ATR-FTIR Analysis of Glyphosate Sorption on Al,O3

To explain mechanism of glyphosate sorption on aluminium oxide, FTIR spectra of glyphosate at differ-
ent pHs were obtained. The peaks were identified and correlated with the appropriate functional
groups. The results were compared and correlated with the literature [Barja and Dos Santos Afonso,
1998; Piccolo and Celano, 1993]. Figure 7.1 depicts spectra of glyphosate at four pH values with the
corresponding functional groups. Every pH value represents different speciation form of glyphosate

(Scheme 6.1, Chapter 6).
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Figure 7.1 FTIR spectra of glyphosate at 4 pH values, representing different speciation forms [scan num-
ber: 400, 2000-800 cm?, glyphosate concentration 7g/l, 50 mM KCI; BG: MilliQ water with 50 mM KCI]

Table 7.1 Peaks [wavenumber, cm™] corresponding to the functional groups in glyphosate molecule
[data is taken from Barja and dos Santos Afonso, 1998][A-bending, v-stretching]

Functional group Wavenumber [cm™]
v(C=0) 1.736
A(NH3)+0a5ym(CO0) 1.616

Lsym(COO0) 1.403

v(R-P) 1.320

o(P-OH) 1.190

0(P-O)sym 1.093

0(P-O)asym 979
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At pH 13 slight shift in v(P-O)sm vibrational stretching to the lower wavenumber is observed. Similar
shifts in the phosphonate peaks with increasing pH were reported in the literature [Xu et al., 2016,
Sheals et al., 2002]. Sheals et al., 2002 related shift of the P-O to the lower wavenumber to the full
deprotonation of the phosphonate group. The work also described hydrogen bonding between the
amino group and the phosphonate group. Thus, at the pH values below the pKa, value (10,2) P-O" may
still interact with hydrogen of the amino-group, however above pH 10,2 molecule is fully deprotonated,
and a slight shift of the peaks takes place.

The results of the glyphosate spectra at different scan numbers indicate an optimum at scan number
400. Scan number 32 gives poor peak intensity (broad bands), whereas a further increase in scan num-
ber (above 400) does not provide much higher intensity, however, requires a longer time for each meas-

urement. Figure 7.2. depicts exemplary glyphosate spectra at pH 2,07 at four different scan numbers.
0,04
0,035
0,03
0,025
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0,015

Absorbance units

0,01
0,005

0

1.900 1.700 1.500 1.300 1.100 900
-0,005
Wavenumber [1/cm]

=32 scans 128 scans 400 scans 1200 scans

Figure 7.2 FTIR spectra of glyphosate at pH 2,07 [scan number: 32; 128; 400; 1200; 2000-800 cm,
glyphosate concentration 7 g/l, 50 mM KCl; BG: MilliQ water with 50 mM KCl]

Spectra of different glyphosate concentrations were obtained to define the lowest concentration, at
which all the peaks are distinguishable (LOD). As it may be seen in Figure 7.3, both 3 g/l and 2 g/I
concentrations may still be referred to glyphosate with the most functional groups still distinguishable.
However, the resolution and the intensity of the peaks is much poorer, some peaks (P-OH) are lost.

Thus, 2 g/l is the lowest acceptable concentration for reliable glyphosate characterization.
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Figure 7.3 FTIR spectra of glyphosate at pH 5,2 [scan number: 400, 2000-800 cm™, glyphosate concen-
trations: 2, 3, 6 g/I, 50 mM KCl, BG: MilliQ water with 50 mM KCl]

Sorption experiment of glyphosate on Al,03; was conducted in ATR cell and spectra of glyphosate were
taken at different times. Figure 7.4 performs six spectra, including BG water, spectrum of 7g/I glypho-
sate at pH 9,2 (BG: H,0O with KCl), spectrum of 7g/I glyphosate after 80 minutes in contact with Al,O3
(BG: H,0 with KCl on Al,0s), as well as spectra of 70 mg/| glyphosate on Al,O3 and as a reference com-
pound. Most of the peaks stay unchanged, however, peak at 1093 cm™ corresponding to the symmet-
rical stretching of POs? group is getting broader at the concentration 70 mg/| after 1,5 h contact with
Al,Os. This implies, that sorption of glyphosate on alumina involves phosphonate group. The most prob-
able is an inner-sphere complex formation. Zheng et al., 2012 studied sorption of phosphate on alu-
mina and suggested the formation of either nonprotonated monodentate complex or nonprotonated
bidentate binuclear complex at higher pH levels (pH 9). For the glyphosate sorption on alumina, similar
complexes are expected to be formed (Scheme 7.1). The monodentate complex is sterically preferable
since free rotation around single Al-O bond facilitates hydrogen bonding interactions. The higher prob-

ability of the monodentate complex formation was also suggested by Sheals et al., 2002 who
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demonstrated intra-molecular hydrogen bond formation between phosphonate oxygen and amino
group hydrogen.

0,04
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——H20 —— 7g/I pH 9,2 80min
———70mg/I pH 9,2 —— H20 rinse after the experiment
—— Glyphosate 7 g/I ——— Glyphosate 70mg/I

Figure 7.4 FTIR spectra of the glyphosate sorption on Al,Os [scan number: 400, 2000-800 cm™, pH 9,2,
glyphosate concentrations: 7 g/l and 70 mg/I, 50 mM KCl, BG: MilliQ water with 50 mM KCl on Al,O3
surface]
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Scheme 7.1 Possible structure of inner-sphere complex between alumina and glyphosate at pH 9
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Zheng et al., 2012 studied phosphate sorption to alumina surface and proposed hydrogen bonding of
phosphate to an inner-sphere complex. They concluded, that at pH 9 nonprotonated or monoproto-
nated surface complex between phosphate and aluminium is expected, suggesting hydrogen bonding
to the HPO4* anion.

At pH 9 the surface of the formed complex is non-protonated, implying the negative charge of the
surface. Therefore, electrostatic interactions between glyphosate and alumina are not favoured. Even
though the sorption of glyphosate above pH 8,5 is lower than at pH 5 and pH 7 (Figure 6.1, Chapter 6),
it is still high which is explained through the specific interactions. McBride et al., 1989 studied the
complexation of glyphosate with iron Fe(lll) and suggested, that the complex of Fe3* with glyphosate
(z=-2 with a proton on the amine group) is unstable. It may cause the migration of the proton from the
amino group to the phosphonate group and result in the terdentate Fe-Glyphosate complex, in which
Fe is bridged with phosphonate group through the hydrogen bridges.

Therefore, at pH 9 the binding of glyphosate to alumina according to McBride is depicted in Scheme
7.1. This correlates with Sheals et al., 2002 who discusses the mobility of the proton from amino-group
at higher pH.

Damonte et al., 2007 suggested that glyphosate’s interaction with alumina involves phosphonate and
carboxylic moieties.

Additionally, an absorbance peak at 1240 cm™ in the spectra of glyphosate with aluminium oxide may
be seen, which is missing in the spectrum of glyphosate without alumina. This peak was assigned to
the C-O stretch of carboxylic group. From the Figure 7.1 it is evident, that such peak is present only in
a spectrum of glyphosate at pH 2,07 since only at that pH -COOH group is protonated and this induces
a C-0 bond stretching. The appearance of the same peak during an interaction of glyphosate with alu-
mina implies a possibility of interaction between -C-O" and the surface of alumina. According to Sheals
[Sheals et al., 2002], glyphosate may form intra-molecular hydrogen bonds. At the studied pH, the C-
O group could bind to the H* proton from NH,* group (Scheme 7.2) since at higher pH, protons of

amino-group are getting mobile.
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Scheme 7.2 Possible glyphosate intra-molecular hydrogen bond formation between COO and NH,*
groups

A missing peak at 1240 cm™ in glyphosate spectrum without alumina suggests, that intra-molecular
hydrogen bond formation between functional groups of glyphosate is caused by the specific geometry
of the molecule in the presence of aluminium oxide particles. It is reasonable to expect glyphosate to
have not a linear configuration, but the bent one instead. At such geometry O ion is expected to inter-
act either with the alumina positively-charged surface sites, or hydrogen from the amino group. Both
interactions would cause C-O stretching, observed at 1240 cm™. Since no significant change in the peak
at 1616 cm™ corresponding to the amino group bending was detected, interaction of COO™ with Al,Os3
is @ more probable explanation for the peak emergence. Alternatively, carboxyl-group may stabilize
glyphosate-alumina complex through the outer-sphere bond formation with the other alumina parti-
cles (Scheme 7.3). Damonte et al., 2007 studying sorption of glyphosate on montmorillonite, proposed
complexation of glyphosate with the metal cations on the clay surface through water bridges as the
dominant adsorption mechanism. Both carboxyl- group and alumina surface at pH 9 are negatively
charged. The expected interactions between both groups involve water bridges, promoting binding of

negatively charged carboxyl group on the negatively charged alumina.
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Scheme 7.3 Formation of the complex between glyphosate and aluminium oxide surface a) inner-sphere
complex formation through phosphonate group; b) outer-sphere complex formation through the water-
bridges

Based on the ATR-FTIR results and the previous studies it was concluded, that glyphosate sorbs to the
alumina nanoparticles primarily through the phosphonate group forming either nonprotonated mono-
dentate complex or nonprotonated bidentate binuclear complex. According to McBride (1989), it is
expected, that proton from amino group migrates to the phosphonate group, decreasing repulsion be-
tween deprotonated glyphosate and negatively charged alumina and promoting adsorption. Second-
arily, peak at 1240 cm™, corresponding to the C-O stretching, implies the carboxyl group interaction
with the aluminium oxide surface through the water bridges, which correlates with data, published in

the literature [Damonte et al., 2007].
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Chapter 8 ATR-FTIR Analysis of Neonicotinoids and Triazole Fungicides

ATR-FTIR analysis was used to provide an in-depth explanation of neonicotinoids and azole fungicides
sorption. The primary goal was to make peak assignment of the pesticide’s spectra. The ATR-FTIR tech-
nique was applied to revealing intensity changes in the peaks assigned to the functional groups, result-

ing from the interaction between the sorbent surface and studied pesticides.

8.1. Peak assignment of ATR-FTIR spectra

Unlike for glyphosate, there is not much literature available on ATR-FTIR analysis of the aqueous solu-
tions of the chosen neonicotinoids or triazoles. The probable reason is moderate to low water solubility
of these compounds. To obtain significant spectral features, reference spectra in methanol solution
were recorded (Figure 8.1). Literature data on imidacloprid FTIR analysis in polar protic solvents are
available and peaks in the present work were referenced using these spectra [Quintas et al., 2004;
Aregahegn, 2017]. No published data was found on FTIR analysis of thiacloprid. Figure 8.1 demon-
strates similarity in some peaks of IC and TC spectra (bands at 1108 cm™, 1461 cm®, 1572 cm’?, peak
assignment is given in Table 8.1), which are assigned to the common moieties of imidacloprid and thi-
acloprid molecules. Specific functional groups, characteristic for only one of these two neonicotinoid

compounds were also assigned (Figure 8.1, Table 8.1).
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Figure 8.1 FTIR spectra of methanolic imidacloprid and thiacloprid solutions [22°C, 400 scan number, IC,
TC concentrations: 7 g/I; BG: MeOH HPLC grade]

Table 8.1 Peak assignment [wavenumber, cm™] of functional groups of neonicotinoids imidacloprid and
thiacloprid [data was taken from Quintas et al., 2004] [A-bending, v-stretching]

Functional group Wavenumber [cm™]
L(CN triple bond) (TC) 2.196

A(>C=N) 1.662

0(CH- of pyridine group), v(C=C), v(N=C), 1.572

A(Ar-CH) 1.461; 1.386

0 (NO2)sym (IC) 1.286

v(aryl-Cl) 1.108

The detection limit was determined as 0,5 g/| for imidacloprid, using spectra of imidacloprid different

concentrations in MeOH. Using a saturated solution of imidacloprid in water (0,62 g/l), aqueous FTIR

spectra of imidacloprid was obtained (Figure 8.2). A clear difference in spectra at 128 and 400 scan

numbers is seen. However, an increase of the scan number to 1200 did not provide a further improve-

ment of peak intensity and resolution. Therefore, scan number 400 was used for further experiments

with imidacloprid. Nonetheless, even at high scan numbers peaks corresponding to the functional
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groups show relatively low intensity, only slightly higher than the noise. Though the comparison of
Figures 8.1 and 8.2 proves correct peak assignment in Figure 8.2, such a low peak intensity may com-

plicate the statistical significance of the results.

v(CH), - 0,008
u(C=C),
0(N=C),  A(Ar-CH) ArCl
A(NOZ)Sym D( r- ) L 0,006
- 0,004 -
=
=}
h 3
- 0,002 S
2
o
3
AN | ‘ 0 <
Wo 1.400 1.200 1.000
- -0,002
- -0,004
scan number 400 ——scan number 128 scan number 1200

wavenumber [1/cm]

Figure 8.2 FTIR Spectra of a saturated aqueous solution of imidacloprid [22°C, 128, 400, 1200 scan
number, IC concentration: 0,62 g/I BG: MilliQ water]

However, because of the sorption it was expected to obtain significantly higher IC concentrations in
the ATR-cell, than 0,62 g/l and subsequently, higher intensity.

Thus, for the sorption on beta26 (sorption isotherm, Figure 3.10, Chapter 3) the sorbed concentration
in equilibrium (use Csorb_max) would be 44 g/kg (Table 3.1., Chapter 3). Using equation 8.1. the bulk
density of zeolites (average value) was calculated pp,,;,=0,945 kg/l; sorbed concentration of imidaclo-

prid — 37,8 g/I.
Poue = (1 —n).p 8.1

Ppuik — bulk density [E . i] )
¢ 1 "cm3]’

p — density; 2,0 — 2,16 [E,i ;
1 "cm3

n —porosity; 0,55 [-]
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Therefore, the total concentration of imidacloprid in the ATR cell was expected to be equal to 38,42 g/I,
which would be enough to obtain peaks with high enough intensities to interpret which functional

groups were involved in the sorption mechanism.

8.2. Peak assignment of ATR-FTIR spectra of azole fungicides

Spectra of hexaconazole and propiconazole in methanol (HPLC grade) were recorded (Figure 8.3). Mul-
tiple peaks were distinguished. The bands were assigned to the functional groups according to litera-
ture data [Aziz et al., 2014; Best et al., 2014]. Figure 8.3 depicts spectra of hexaconazole and propicon-
azole in MeOH. Peak assignment is summarized in Table 8.2.

Unexpectedly high peak intensities were obtained for the spectra of propiconazole in water (oversatu-
rated solutions of propiconazole in water (<0,5 g/I) were used). Oversaturated solutions were prepared
because of the low water solubility of propiconazole. Higher than required mass of propiconazole was
deliberately added to water and the sample was ultrasonicated. The excessive propiconazole droplets
were expected to precipitate and the solution was used for the ATR measurements. Figure 8.4. depicts
spectra of propiconazole in water and 10 g/| propiconazole solution in MeOH. Similar magnitude of the
peaks’ intensities for propiconazole aqueous concentration <0,5 g/l and solution in methanol 10 g/I
implies the presence of non-dissolved propiconazole droplets in the ATR cell. While propiconazole is
soluble in methanol, its water solubility is only ~ 100 mg/I. Therefore, presence of non-dissolved pro-
piconazole droplets (propiconazole at room temperature is a viscous liquid) enhances peak perfor-
mance and makes them comparable with significantly higher concentrations of the methanol solution.
To obtain the spectrum of pure propiconazole, viscous liquid (propiconazole) was placed into ATR cell.
The obtained spectrum is presented in Figure 8.3. a. Alignment of the peak-intensities in the pure com-
pound and in the solution confirms that the oversaturated aqueous solution contained pure propicon-
azole droplets, resulting in the high intensity of the peaks and their correlation with the literature val-

ues [Aziz et al., 2014].
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Figure 8.3 a) The spectrum of pure liquid propiconazole; b) spectra of hexaconazole and propiconazole
standards in MeOH [22°C, 400 scan number, Hex: 7 g/, Prop: 10 g/I; BG: MeOH HPLC grade]
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Both compounds have similar peaks regarding the identical groups.

Table 8.2 Peak assignment [wavenumber, cm™] of functional groups of propiconazole [data was taken
from Aziz et al., 2014] [A-bending, v-stretching]

Functional group Wavenumber [cm™]
v(C=Caryl) 1.589

ANH, v(C=N), v(N=N) 1.570-1.515

A(CH) 1.465

u(C-N aryl) 1.351

A(CH in a plane) 1.276

v(aryl-Cl) 1.105

v(C-0) 1.260-1.000

Ring disruption 970; 1.025

1.336 1.236 1.136

0,01

0,008

0,006

0,004

0,002

-0,002

-0,004

in MeOH

in H20

Figure 8.4 Spectra of propiconazole in water and methanol [22°C, 400 scan number, propiconazole con-
centration in H,0: <0,5 g/I; in MeOH: 10g/I]
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8.3. Formation of mineral layers at the ATR cell to determine sorption kinetics

After pesticides’ spectra were assigned and characterized, the target was to characterize an interaction
between the sorbent surface and pesticide. To conduct real-time measurements of pesticide interac-
tions with mineral surface, the layer of the sorbent particles on the ATR crystal should be prepared.
The number of beam reflections within the Bio-ATR Il cell is 9-12, the effective beam pathway 5,7 - 7,7
um, which was calculated using penetration depth equation (eq. 2.1, Chapter 2), multiplied by reflec-
tions number. The effective volume, which would be penetrated by evanescent beam was calculated
using equation 2.2 (Chapter 2). The value was used to estimate the thickness of the layer, using density
of the particles (for zeolites: 0,945 g/cm? with the porosity 0,55). Thus, the layer of the particles should
be minimum 0,64 um thick to achieve the spectrum of the compound on the particles.

The suspension of the sorbent particles was injected into ATR measuring-spot (20 ul). After the liquid
evaporated, pesticide solution was injected into the injection pipe (using flow-through set-up) [Xue,
2018]. The obtained spectrum of pesticide was expected to provide an information on the interactions

between the particles surface and pesticide’s functional groups.

Image 8.1 Bio-ATR Il cell. The layer of the particles is prepared in the ATR measuring spot (silicon crystal).
The lid of the ATR cell is fixed using screws. The solution (1. Blank and 2. Pesticide is injected through
the injection pipe
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Both PMO-silica particles and several zeolites used for the sorption experiments of azole fungicides and

neonicotinoids had a small particle size (ensure the possibility of the uptake by the studied organisms

for the toxicological studies), high specific surface area, high porosity and consequently low bulk den-

sity (Table 2.1, Chapter 2). Due to the low bulk density and small particle size, it was difficult to obtain

a stable layer for the analysis.

The main difficulty, that arose during layer preparation for the ATR-FTIR sorption mechanism analysis

was the instability of the particles layer.

A summary of all the modifications for layer preparation is given below.

[particles= PMO-silica, zeolites (f and Y type)]

a)

b)

g)

particles at pH 3 (close to the pzc of both PMO and zeolites), pH 5, pH 7, pH 9 without back-

ground electrolyte;

particles mixed with alumina (50:50%; 30:70%; 10:90%) at pH 9 (close to the pzc of Al,03), at

pH 3 (close to the pzc of both PMO-silica and zeolites), at pH 5 without KCI. Motivation: Al,Os;

layer was successfully obtained for the glyphosate experiments and alumina has acted as a

weak adsorbent for neonicotinoids and azole fungicides, and thus, would not interfere with

sorption on PMO-silica and zeolites;

a) and b) in the presence of 50 mM KCl; 1,7 mM CaCly;

addition of montmorillonite and hectorite clays as fixators (10, 30, 50%);

addition of PVA was regarded ineffective since vinyl acetate monomer (diameter of the mole-

cule; 0,47 nm) might access pores of zeolites (pore diameter: 0,74 nm) and of PMO (pore di-

ameter: 1,9 nm) and hence compete for sorption sites with pesticides;

suspensions of the particles in methanol were prepared. Due to the low surface tension of

methanol, evaporation of methanol distributed particles beyond the ATR-crystal and did not

form a homogeneous layer (Image 8.2);

addition of gelatin was unsuccessful since pesticide molecules interacted with proteins of gel-

atin, the concentration of the pesticide was reduced, and it was impossible to distinquish re-

duction through interaction with proteins from sorption on the particles;

an addition of agaritine instead of gelatin, didn’t result in interaction with pesticide molecules

due to agaritin’s composition, containing sugars and no peptides. However, an addition of agar-

agar to the particles produced faulty results:

- 0,18% Agar-agar: congelation happened around separate nuclei, what caused inhomoge-
neous congelation and appearance of the faults on the dry layer;

- 1,8% Agar-agar: after drying out layer was solid, without faults. However, material shrank

with dehydration; as a result, obtained layer covered only 75% of the ATR-crystal surface;
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- Attempt to measure sorption mechanism over wet agar particles composite (to avoid
shrinkage after drying) resulted in non-fully congealed agar fractures, concentrated around
the particles. Thus, the surface of the composite on the ATR-crystal was inhomogeneous
and was partially washed out by water injection in the flow-through mode. Applying
steady-state mode resulted in some material loss through wiping water with paper tissues
and destroyed the layer solidity. It is concluded, that agar-particles composites had weak

contact with the ATR-crystal.

All the above-mentioned experiments did not provide a durable solid layer of the particles to record
distinguishable spectra of the pesticides and consequently, did not provide practical support to theo-
retically expected sorption mechanism. Problems with the layer could be separated into two groups:
I The appearance of the faults in the process of dehydration (Image 8.3)
Il. Removal of the particles through the injection of the water due to the loose character

of the particles (Image 8.4).

Image 8.2 Layer Y30 in methanol, pH 6. Methanol evaporation distributed particles unevenly, not
providing solid layer
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Image 8.3 Layer Y30_AI203 (50%:50%) (exemplary), pH 6. The layer obtained faults after drying out

Image 8.4 Layer Y12:AI203 (50%:50%) (exemplary), pH 9. The layer was damaged through imidacloprid
injection
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In conclusion, all the attempts to get a stable layer of the particle, applicable for the “in-situ” ATR anal-
ysis of imidacloprid sorption on zeolites, as well as sorption of propiconazole on PMO-silica were not
effective. Whereas particles layers were not obtained, no ATR-FTIR data was achieved to support the
proposed sorption mechanisms (Chapter 3 and Chapter 5). For the future research, it is recommended
to establish a method, which would allow getting experimental data to interpret the sorption mecha-

nisms of propiconazole and imidacloprid on the chosen sorbents.

126



Chapter 9 Toxicological Significance of the Sorption of Thiacloprid_Y30,
Thiacloprid_Al>03 and Propiconazole_LL-17

9.1. Introduction

The current chapter presents the results of an interdisciplinary study (EXPAND) and reveals the signifi-
cance of sorption experiments for the objectives of the project. The experiments described here were
conducted by several researchers [Lorenz, 2017, Friih, in preparation, Wicht, 2018, Guluzada, present
work]. The results of the sorption experiments [Guluzada] of thiacloprid on alumina and zeolites were
used for the toxicological studies on Chironomus riparius larvae [Lorenz, 2017]. Alumina and zeolites
were chosen as examples of very low and very high thiacloprid sorption, to investigate how these two
conditions affect the insecticide bioavailability and toxicological effects for C. riparius larvae.

The results of propiconazole sorption experiments on PMO-silica [Guluzada] were applied to the toxi-
cological studies on three fungi: Laccaria bicolor, Amanita muscaria, Cenococcum geophilum [Friih, in
preparation]. Due to the high sorption of propiconazole on PMO-silica (Chapter 5), it was expected to
observe modified bioavailability of propiconazole in the presence of PMO-silica and consequently, the
change in toxicology for the studied species. The analysis of biotransformation products was conducted

by Wicht, 2018.

9.2. The significance of the thiacloprid_Al,03 sorption experiment for the toxicological effect

on the midge Chironomus riparius

It was intended to clarify, whether Al,O3 affects thiacloprid uptake by non-target organisms, namely
Chironomus riparius larvae [Lorenz et al., 2017a]. Sorption of thiacloprid on Al,03; was studied in the
presence of Chironomus riparius larvae. The results were compared with the experiments in the ab-
sence of larvae (Figure 9.1). The detailed description of sample preparation and toxicological study

procedure is given in Lorenz et al., 2017a.
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Figure 9.1 Comparison of the thiacloprid equilibrium aqueous concentrations (Cw_eq) in the systems
with and without larvae. Sample: 5ug/Il with 1g/l Al>0s; Control — TC in H,O without particles) [T=20°C
(room temperature), pH 8,6. The red line presents TC concentration in controls. Error bars present stand-
ard deviation between triplicates

No effect of the larva presence on the sorption was determined, excluding the binding of thiacloprid
to the organic tissues of the larvae.

Sorption experiments were conducted on untreated Al,O3 and alumina nanoparticles, excreted from
the larvae. Very low sorption of thiacloprid on alumina was discussed in Chapter 4. It was concluded,
that due to the low specific surface area, the non-porous character of the material and low affinity of
thiacloprid to aluminol groups (reported in the literature, Clausen et al., 2001), Al,Os is ineffective
sorbent of thiacloprid and does not change the bioavailability of thiacloprid in the environment
through sorption. The sorption of thiacloprid on the alumina nanoparticles excreted from C. riparius
larvae was low (100% of TC initial concentration were detected in the aqueous phase), demonstrating

unchanged sorption properties of the particles past digestion tract of the larva (Figure 9.2).

128



2,5

1,5

Cw_eq [ug/1]

=

0,5

M defecated AlI203  m untreated Al203

Figure 9.2 Comparison of the thiacloprid equilibrium concentration (Cw_eq) in the sorption experiments
with untreated and defecated alumina. Al,O; were swallowed by C. riparius, excreted into filtered and
dechlorinated water within 24 hours after swallowing. Sample: 2 ug/I with 1 g/l Al,0s; Control — TC in
H,0 without particles) [T=20°C (room temperature), pH 8,6]. Error bars present standard deviation be-
tween triplicates

Addition of thiacloprid in the absence of alumina and in mixture with 300 mg/l and 1000 mg/I Al,Os
nanoparticles to the C. riparius larva revealed the decrease in thiacloprid concentration in larval tissues
[Lorenz et al., 2017a].

Lorenz et al., 2017 demonstrated, that the mortality of C. riparius significantly decreased with the Al,O;
introduction to the system.

Mortality of larva was not affected by the presence of alumina without thiacloprid.

A decrease in the mortality rate of C. riparius with increasing alumina concentration in thiaclo-
prid_Al,Os mixture, to which larva were exposed implies a protective effect of alumina particles [Lorenz
et al., 2017a). Multiple published works explained such effect by a reduction in bioavailability of the
pesticide, namely by sorption [Nowack and Bucheli, 2007; Baun et al., 2008]. In the present work sorp-
tion of thiacloprid on alumina, untreated and defecated, was very low (Figure 9.1 and 9.2). It was ex-
plained by the effect of Al,O3; on the physical-chemical properties of the digestive tract of the larva, or
formation of physical barrier, protecting intrinsic organs from the direct contact with thiacloprid [Lo-
renz et al., 2017a].

Lorenz et al., 2017a concluded, that the bioavailabilty of the pesticide (thiacloprid) and its toxicological
effects for the target and non-target species may be impacted by different interaction mechanisms
between particles and pesticides. Even though thiacloprid’s sorption on alumina was very low, alumin-
ium oxide particles diminished the mortality of studied organisms through the physical barrier for-

mation and alteration of thiacloprid’s bioavailability for these organisms [Lorenz et al., 2017a].
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9.3. The significance of the thiacloprid_zeolites sorption experiments for the toxicological ef-
fect on the midge Chironomus riparius

In Chapter 3 high sorption extent of thiacloprid on zeolites was demonstrated (Figure 3.9, Table 3.1). It
was suggested, that due to the high sorption of thiacloprid, zeolites are the effective sorbents of thia-
cloprid and may affect its bioavailability and toxicity for the aqueous organisms. Additionally, due to
the small particle size, zeolites with the sorbed thiacloprid are expected to be consumed (swallowed)
by the organisms.

Lorenz et al., 2017b investigated the environmental significance of thiacloprid sorption on zeolites (Y30
and beta26).

Using equation (9.1) [Schwarzenbach et al., 2005], three different concentrations of zeolites, needed

for the sorption of 97%, 60%, 30% of thiacloprid concentrations, were calculated.

Tow = (9.1)

Tsyw —adsorbent concentration [mass of the sorbent per ageous phase volume]
fw —fraction of adsorbate in the aqueous phase

K, —distribution coefficient between solid and aqueous phases

The Kd values were determined experimentally (Table 3.2, Chapter 3). Ingestion of the zeolites by C.
riparius larva was confirmed by LA-ICP-MS technique [Lorenz et al., 2017b]. Being sediment dwelling
and detritus-feeding larva, C. riparius could ingest zeolites deposited on the substratum [Lorenz et al.,
2017b]. Both beta26 and Y30 zeolites applied solely did not have any significant effect on larval mor-
tality.

This can be explained by the relatively high particle size of both zeolites (Table 2.1, Chapter 2, Table_|,
Appendix). The primary beta26 particle size (Image | B., Appendix) was determined to be less than 100
nm, however, beta26 particles tend to form very stable agglomerates in the micrometre range, which
made the cell uptake less probable and neutralized the possible negative effect of particles for the
organisms. Lehman and Larsen, 2014 investigated the safety of larger size zeolites to water remediation
and reported their non-toxic character for the organisms.

Lorenz et al., 2017b measured a pronounced negative effect on behaviour and life length of the larva.
As has already been discussed in part 9.1 of the present chapter, thiacloprid, as an agonist of the ace-

tylcholine receptor, affects the central nervous system of Chironomus riparius [Elbert et al., 2008].
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Thiacloprid increased mortality and caused convulsions of organisms [Lorenz et al., 201743, b.]. The
presence of three concentrations of zeolites diminished mortality of C. riparius larvae [Lorenz et al.,
2017b]. As was expected, high sorption of thiacloprid on zeolites changed its bioavailability and re-
duced the toxicity for non-targed organisms (C. riparius).

Thus, two different mechanisms of the effect of thiacloprid toxicity for C. riparius were determined. No
sorption of thiacloprid on alumina nanoparticles was measured. However, the presence of Al,Os in the
system decreased the toxicity of thiacloprid, probably due to the physical barrier formation in the di-
gestive tract of C. riparius larvae, which prevented it from the direct contact with thiacloprid. The pres-
ence of zeolites diminished toxicity of thiacloprid, which was caused by a decrease in insecticide’s bio-

availability through adsorption [Lorenz et al., 2017b].

9.4. The significance of the propiconazole sorption on PMO-silica for the toxicological effect

on the ectomycorrhizal fungi (Laccaria bicolor, Amanita muscaria, Cenococcum geophilum)

The effect of PMO-silica LL-17 nanoparticles, propiconazole and propiconazole with PMO-silica on the
ectomycorrhizal fungi was studied [Friih, in preparation]. Chapter 5 discusses the sorption of propicon-
azole on PMO-silica in water and liquid MMN medium. High sorption of propiconazole both in water
and medium was determined (Figure 5.1, Chapter 5). The analysis of the samples prepared by Frih (in
preparation) with and without fungi revealed a significant effect of the fungi on the propiconazole con-
centration (Figure 9.3). All the samples inoculated with ectomycorrhizal fungi (A. muscaria) inde-
pendently from the nanoparticles (NP) concentration did not contain propiconazole after 7 days con-
tact time. In the systems without fungi propiconazole attenuation was proportional to the NPs concen-
trations. The propiconazole concentration did not change with time (samples were taken at days 0 and

7) (Figure 9.3).
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Figure 9.3 Propiconazole concentration in the systems with and without ectomycorrhizal fungi (Amanita
muscaria) and different PMO-silica NPs concentrations (NP 1=0,032 g/I; NP II= 0,129 g/I; NP Ill = 0,519
g/l). Concentrations in the presence of fungi were below LOD of the method. Samples prepared by Friih
[Doctoral thesis, in preparation]. The error bars present the standard deviation between triplicates

The total attenuation of propiconazole in the samples containing fungi (concentrations in samples were
below the LOD of the method) should be referred to the fungal effect on propiconazole. Friih (in prep-
aration) confirmed propiconazole attenuation in the presence of three ectomycorrhizal fungi (Laccaria
bicolor, Amanita muscaria, Cenococcum geophilum) (Figure 9.4).

Several researchers investigated the possibility of bioremediation and biotransformation of azole com-
pounds by fungi. Woo et al., 2010 studied remediation of tebuconazole and propiconazole impregnated
in wood by Trametes versicolor and Fomitopsis. Woo measured the attenuation of 53% and 54 % tebu-
conazole (0,771 kg/m3) by T. versicolor and F. palustris respectively after 21 days of fungal growth.
Trametes versicolor attenuated 75% of propiconazole (1,39 kg/m3), whereas F. palustris did not affect
propiconazole abundance significantly [Woo et al., 2010]. Kim et al., 2002 distinguished the following
degradation products of propiconazole: 1-[[2(2,4-dichlorophenyl)-2-(1,2,4-triazole -1-yl) ketone (DP-1),
1-(2,4-dichlorophenyl)-2-(1,2,4-triazole-1- yl) ethanol (DP-2) and 1-[[2(2,4-dichlorophenyl)-4-hydroxy-
propyl-1,3-dioxolane-2-ylimethyl]1H-1,2,4-triazole (DP-3 and DP-4). To explain significant depletion in
propiconazole concentration in the samples in the presence of ectomycorrhizal fungi (Figure 9.3 and
9.4) Wicht, 2018 analyzed the samples for the presence of propiconazole metabolites with HPLC-MS.

Her work revealed the presence of the following propiconazole biotransformation products: BTP 2.1,
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BTP 2.2, BTP 2.3, BTP 3, BTP 4 [Konwick et al., 2006; Rosch et al., 2016], [from Vialaton et al., 2001]),
[Wicht, 2018].
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Figure 9.4 Propiconazole concentration in the presence of three ectomycorrhizal fungi (Laccaria bicolor,
Amanita muscaria, Cenococcum geophilum) without PMO-silica. Concentration in controls depicts ini-
tial concentration of propiconazole in samples. Concentrations in the presence of fungi C. geophilum
and A. muscaria after 7 days were below LOD of the method. Samples prepared by Friih [Doctoral thesis,
in preparation]. Standard deviation is calculated from triplicates

The rate and extent of biotransformation reported by Woo et al., 2010 and in the present work differ
significantly: F. palustris did not transform propiconazole after 21 days, T. versicolor — 75% of propicon-
azole after 21 days; in the present work C. geophilum and A. muscaria caused biotransformation of
~100% of propiconazole already after 7 days, L. bicolor — 72 % of propiconazole after 7 days [Woo et
al., 2010]. The reported difference can be explained by the different bioactivity of the applied fungi,
different experimental setups and conditions, which affected the fungi.

Moreover, Friih (in preparation) revealed an impact of propiconazole sorption on fungal growth. Friih,
(in preparation) determined a positive effect of the increase in the particle-associated propiconazole
and decrease in free propiconazole induced by PMO-silica addition on fungi growth on agar plates.
Thus, the fungus diameter on agar was obviously larger in the presence of sorbed propiconazole in-
stead of freely-dissolved propiconazole. However, the results in the liquid MMN medium were not
strongly pronounced and reproducibility was low [Frih, in preparation].

Conclusively, collaborative work revealed a significant effect of particle-associated propiconazole for
the non-target ectomycorrhizal fungi [Friih, in preparation; Wicht, 2018; Guluzada, present work]. The
work proved the formation of propiconazole degradation products (biotransformation, but not photo-
transformation) in the presence of fungi [Wicht, 2018]. The sorption of propiconazole on PMO-silica
decreased pesticide’s toxicity through the lower bioavailability, which caused an increase in the fungal

growth.
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Chapter 10 Conclusions and Outlook

The objectives of the present work were:

a) Toinvestigate the sorption of the pesticides on the model particles and estimate the impact of

environmental conditions on the sorption process;
b) To suggest the sorption mechanisms;
c) As a part of interdisciplinary project EXPAND, to evaluate the effect of the pesticides’ adsorp-
tion on their bioavailability and toxicological effects for the target and non-target organisms.

The present work demonstrated, that the sorption mechanisms of non-charged and ionizable organic
molecules in their pKa range differ significantly and involve different processes.
The comparison of the infrared spectra (IR) of glyphosate without particles and in the presence of Al,03
particles at pH 9 revealed broadening of the peak at 1093 cm™, referred to the symmetrical stretching
of POs* group [Barja and dos Santos Afonso, 1998]. Based on ATR-FTIR experimental data it was pro-
posed, that the sorption of glyphosate involves phosphonate group and results in either nonprotonated
monodentate complex or nonprotonated bidentate binuclear complex. Alteration of the peak at 1240
cm? suggests outer-sphere coordination of carboxylic oxygen with alumina surface through water
bridges.
The sorption of neonicotinoids on the zeolites is limited by pore-filling process. The pore size and pore
geometry were demonstrated as important factors for imidacloprid and thiacloprid sorption. The sorp-
tion of TC and IC on zeolites (with pore diameter 0,5-0,74nm) was significantly higher than on MCM-
48 and periodic mesoporous organosilica (PMO-silica) (pore diameter 2,2 nm and 1,9 nm respectively).
Hence, it was proposed, that the pores, which are slightly larger than the molecule, facilitated the pore-
filling with subsequent “trapping” of organic molecules in the pores. The presence of organic functional
groups on the surface of PMO-silica and in MCM-48 (CTAB template) indicated, that sorption on these
surfaces was hydrophobicity driven. This was supported by the comparison with the propiconazole and
hexaconazole sorption on PMO-silica. It was also discussed, that the shape of the pores affects the
sorption of organic molecules. Thus, the kinetics experiments of thiacloprid and imidacloprid sorption
on FAU and BEA zeolites demonstrated the faster sorption on FAU zeolites with a spherical form of the
pores (0,74 nm in diameter), than on BEA type zeolite with deformed spherical shape and smaller di-
ameter (0,5 - 0,65 nm).
According to Liu et al., 2002, sorption mechanism of imidacloprid on the silica surface involves C=N
(from pyridine group) coordination with the surface silanol groups. It was proposed that the sorption
mechanism of thiacloprid and imidacloprid on zeolites involves coordination of C=N group (imidazoli-

dine and pyridine rings) with exchangeable cations of zeolites; hydrogen bond formation between
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silanol groups of the zeolites and N atoms of IC and TC molecules; hydrogen bonding between Cl- of
the neonicotinoid molecule and the hydrogens on zeolite surface.

An interpretation of the sorption mechanism of non-charged neonicotinoids (IC and TC) on zeolites was
done without experimental data from ATR-FTIR. No data concerning the sorption mechanism was ob-
tained, since no stable particles layer, necessary for the “In-situ” analysis in the ATR cell, was obtained.
The instability of the particles layer was explained by high porosity, low density and small particle size
of the studied zeolites.

The sorption of propiconazole and hexaconazole on PMO-silica was primarily explained by low solubil-
ity and high Kow values of these compounds. The sorption of pesticides increased in a row: imidacloprid
< thiacloprid < propiconazole < hexaconazole. The aryl ring may participate in -t EDA interactions with
PMO-silica. Multiple studies show, that sorption of triazole-containing compounds involves N of tria-
zoles and enforces the interaction of strongly electron-deficient heterocycles with the sorbent, result-
ing in metal coordination (cation-N(triazole)) or H-bond formation (anion-N(triazole) and hydrogen-
N(triazole)) [Crowley et al., 2010, Camponovo et al., 2009, Li et al., 2007]. Dioxolane moiety of pro-
piconazole could participate in EDA interactions with the PMO-silica surface. Due to the high porosity,
low density and small particle size, no effective layer for ATR-FTIR analysis was achieved. Therefore, the
proposed sorption mechanism was not experimentally proven.

The variation of environmental parameters revealed several important effects on the sorption. The
presence of Ca?* and Cu?* affected the sorption of both non-ionogenic and ionizable pesticides. An
increase in sorption of both propiconazole and glyphosate as examples of a non-charged and negatively
charged molecule at the studied conditions suggested the complex-formation with the cations on the
surface of the sorbent, i.e. sorption of the cations on the surface of PMO-silica and alumina was pro-
posed. Glyphosate complexes with Ca?* and Cu?* were extensively described in literature [Maqueda et
al., 2002; Mattos et al., 2017], including the direct formation of glyphosate-Cu?* ternary surface com-
plexes on the mineral (goethite) surface [Sheals et al., 2003] There is scarce information available on
surface complexation of propiconazole with cations. Evans et al., 2010 described the complexes of
tebuconazole and propiconazole with divalent cations (Zn?*, Cu?*) in the aqueous phase.

In the present dissertation, the complex-formation of propiconazole with Cu?* on the PMO-silica sur-
face was proposed, which explains an increased adsorption in the presence of CuCl, under assumption
of Cu?* adsorption on the PMO-silica. To support this hypothesis, in the future experiments it is needed
to quantitatively determine concentration of sorbed and freely-dissolved Cu?* cations.

The presence of Ca?* cations diminished imidacloprid and thiacloprid sorption. It was suggested, that
Ca?* could occupy some sorption sites, or replace the exchangeable cations on the zeolites surface and
hence, reduce the number of sorption sites of imidacloprid and thiacloprid. The hypothesis of complex

formation between Ca?* and imidacloprid (thiacloprid) was rejected due to missing effect of Ca?
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cations on imidacloprid (and thiacloprid) sorption on MCM-48. Sorption of imidacloprid and thiacloprid
was mainly due to the hydrophobic interactions with the surface, therefore presence of Ca?*, even
considering its sorption, did not affect the sorption mechanism of imidacloprid and thiacloprid. The
complex formation, if there was any in the sorption on zeolites, should also take place in the sorption
experiments on MCM-48. Because of no effect of Ca?* cations on the sorption of imidacloprid and thi-
acloprid on MCM-48, it was concluded, that no complex-formation between the studied neonicotinoids
and Ca* takes place. This is supported by the lack of published literature describing such complex-
formation.
The pH variation in the pH range 5-9 affected the sorption of ionizable pesticide, whereas sorption of
non-charged molecules was not affected by the pH in the studied pH range. The lowest sorption of
glyphosate on alumina was measured at the highest studied pH (8,5), close to the point of zero charge
of alumina. It was proposed, that at this pH the interaction between negatively charged glyphosate
molecule (z=-2) and partially negative alumina surface cause unfavourable electrostatic conditions. A
similar conclusion was made by Borggaard and Gimsing, 2008 who observed the lowest sorption of
glyphosate on aluminium and iron oxides at the highest pH (pH 8) and explained it through the repul-
sion between a mineral surface and pesticide molecule.
In this study, the presence of phosphate did not diminish the glyphosate sorption. The proposed sorp-
tion mechanism of glyphosate on alumina involves the phosphonate group and it was expected to ob-
serve the competition between glyphosate and phosphate for the same sorption sites [Gimsing et al.,
2004; Gimsing and Borggaard, 2001]. It was proposed, that the missing qualitative effect of the phos-
phate on glyphosate sorption was due to the large difference in the chosen concentrations (glypho-
sate’s concentration was three orders of magnitude higher than the concentration of phosphate) and
additionally, studied glyphosate concentration was in the linear range of the sorption isotherm.
The competitive nature of imidacloprid and thiacloprid sorption suggested their sorption to involve
similar mechanisms and proposed the sorption on the same sorption sites.
Whereas humic acid (Suwannee River Humic Acid) did not alter the sorption of imidacloprid and thia-
cloprid, it was proposed, that the sorption of neonicotinoid molecules on zeolites were not affected
due to the size-exclusion effect. Because of their small molecule size, imidacloprid and thiacloprid mol-
ecules were able to diffuse into the pores of zeolites, whereas humic acids sorbed mainly on the outer
surface.
Summarizing the results of the effects of all above-mentioned environmental factors, it is concluded,
that:

a) Sorption of both ionizable and non-ionogenic pesticides on the minerals in the environment is

affected by various environmental factors;
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b) The mechanism of the sorption of charged and non-charged molecules involves different

c)

mechanisms. For charged molecules, electrostatic interactions significantly affect the sorption,
whereas for the non-charged molecules -t EDA interaction is more probably involved in the
bond formation. Sorption of neonicotinoids on the zeolites was limited by pore-filling process.
Sorption of four non-charged molecules (neonicotinoids and azole fungicides) on the PMO-
silica and MCM-48 was hydrophobicity driven. Sorption of ionizable molecules is strongly af-
fected by the pH change in their pKa range.

The sorption of the pesticides on chosen particles was high even under the limiting conditions.

The recent conclusion lead to the following implications:

An interaction between the zeolites and neonicotinoids reduces the concentration of freely-
dissolved pesticides, which affects their bioavailability for the aquatic organisms and modifies
the toxicity of the systems. This was demonstrated by Lorenz et al., 2017 b, who investigated
an effect of thiacloprid sorption on Chironomus riparius and reported a decrease in thiaclo-
prid’s toxicity for Chironomus riparius through its sorption on the zeolites.

Sorption of propiconazole and hexaconazole on PMO-silica results in lower aqueous concen-
trations and changes the toxic effects and bioavailability. This was studied and confirmed by
the work of Friith (Doctoral thesis, in preparation), who observed a decreased toxicity of pro-
piconazole for ectomycorrhizal fungi Laccaria bicolor, Amanita muscaria, Cenococcum geophi-
lum due to propiconazole sorption on the PMO-silica.

Sorption of glyphosate on alumina decreases its freely-dissolved concentration and affects the

bioavailability of glyphosate and its effects on the aqueous organisms.

For future research, which will further investigate the impact of the pesticides’ sorption on natural or

synthetic (nano-)particles the following suggestions were done:

1.

The sorption mechanism of neonicotinoids and azole fungicides on the chosen sorbents should
be determined experimentally, using, for example, ATR-FTIR. To avoid the problems with the
particles layer formation, like in the present work, the sorbents with similar properties, but
with the higher density or larger particle size should be chosen.

Investigating an effect of di- and trivalent cations on the sorption and expecting the complex-
formation between the pesticide molecule and the added cation, it is recommended to deter-
mine complex formation experimentally and estimate the complex formation constants. Addi-
tionally, the aqueous complexes should be distinguished from the complexes on the water-

sorbent surface.
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3. To evaluate the effect of phosphate on glyphosate sorption, it is necessary to conduct the ex-
periment at the comparably equal concentrations of both compounds and in the saturation

range of the isotherm.
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Appendix

Table_ | Zeolites’ particle size measurements [Mastersizer Hydro 2000]. Provided values are d(90)*.

*d(90) — 90% of all the particles have size lower or equal to the provided value.

Particle size [um]
Zeolite Original Dry milling Wet milling at | Wet milling at | After sedimen-
pH 4 pH 8 tation
Y12 8,906 6,476 3,811 3,695 0,545
Y30 5,838 4,401 1,198 1,20 0,691
Y80 31,17 6,487 1,224 1,204 0,596
Beta 360 - 1,16 1,15 1,141 0,581
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Figure_ | Point of zero charge of Al,Os. Measrements conducted on Malvern Zetasizer Hydro 2000
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Image I. SEM images of: A) Y30 zeolite (after milling and settling); B) calcined beta26 (H-Beta(OH)-III.

7; E) Al;0s [Luo, 2018]

8, D)LL-1

-4

TEM images of C) MCM
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