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DANKWOORD

Het laatste wat ik hier nu neerpen zal het eerste (en misschien wel het enige) zijn wat gelezen
wordt. Daarom wil ik mijn brein nog een laatste keer pijnigen om alles uit de kast te halen.

Toen ik in 2005 aan de opleiding industrieel ingenieur begon zou ik eens goed hebben
gelachen als iemand me zou zeggen dat ik ooit nog zou doctoreren. De voorbeeldige studente
bleek dan ook niet in mij te zitten. Toch werd in mijn laatste jaar mijn aandacht getrokken
voor de verschillende milieuaspecten. Of was het eerder de schrik om te gaan werken? De
schrik om volwassen te worden en mijn studentenleven achter me te laten? Wat de echte
reden ook mag geweest zijn, de roeping om voor bio-ingenieur te studeren kon ik niet
negeren. Twee super jaren werden dit, waarbij ik opnieuw heel veel toffe mensen heb mogen
leren kennen. Tot slot heb ik dan ook alles van de academische wereld mogen ervaren. Na de
hogeschool en de universiteit kwam het mailtje van mijn toenmalige promotor met de vraag
of ik al toekomstplannen had. DOCTOREREN!!! Wat een kans toch?

Beginnen doe ik dan ook graag met mijn promotor, die mij deze unieke kans heeft aangeboden
en reeds van in het begin in mij geloofd heeft. Pieter, of beter Prof. dr. ir. Pieter Spanoghe,
een oprechte dank u voor uw steun en vertrouwen. Zonder u had ik deze ervaring niet kunnen
beleven.

Ook een speciaal woord van dank aan de voorzitter en leden van de examencommissie voor
het kritisch nalezen van dit manuscript. Prof. Nico boon, Prof. Guy Smagghe, Prof. Sven
Mangelinckx, Prof. Dany Bylemans en Prof. Van Der Voort, dankzij jullie bijdrage zijn we erin
geslaagd om dit werk tot een hoger niveau te tillen. Bedankt voor jullie tijd en nuttige
suggesties.

A very big thanks to all the partners of the ECOZEO project. It has been a real pleasure meeting
all of you and learning from your knowledge and expertise. When you visit Belgium, we will
definitely pass the bar ‘Dulle Griet’ again to taste some lovely Belgian beers.

Natuurlijk zouden deze 3.5 jaar maar eenzaam geweest zijn moest ik dit alleen hebben moeten
beleven. Daarom wil ik mijn bureaucollega’s oprecht bedanken voor het lachen en gieren. De
babbels, mopjes, dansjes en stoten zullen me altijd bijblijven. Davina en Kim, bedankt voor
deze toffe momenten en toch ook wel voor de soms serieuze momenten, waarbij ik op jullie
steun kon rekenen. Davina, wij hebben het begin en einde van ons doctoraat samen kunnen
beleven. Bedankt voor de vele steun en hulp gedurende al die jaren.
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DANKWOORD

Onze bureauburen, Michael en David, die ik toch wel vaak heb lastiggevallen met mijn vele
vragen en verhalen mag ik dan zeker ook niet vergeten. Michael, bedankt voor de altijd
opnieuw oppeppende babbel en de vele nuttige tips (vaak samen met een hapje en drankje).

Tevens wil ik alle andere collega’s en ex-collega’s aan het labo Fytofarmacie hartelijk
bedanken; niet alleen voor de dagelijkse steun, maar ook voor de vele leuke en gezellige
koffiepauzes. Claudine en Lilian, heel erg bedankt voor jullie hulp en steun in het labo. Bjorn,
Elvina, Shirley, Seblework, Wumbei, Chachra, Edelbis, llse en Jean Pierre, bedankt voor alle
mooie momenten waar jullie allemaal hebben toe bijgedragen. Tot slot wil ik ook graag Veerle
bedanken voor haar ontzettend goede hulp met mijn Tuta’s.

Niet te vergeten zijn mijn vrienden die me door deze jaren volop gesteund hebben. Mijn
trouwe ‘Hellestraatse gang’ staat hierbij toch op nummer 1 ©. Jullie zijn vrienden voor het
leven en hebben altijd 100% rekening met mij gehouden. Ik kan me voorstellen dat ook jullie
mijn labo-verhalen na al die jaren toch wel al eens beu waren, maar toch heb ik altijd op jullie
steun en vele lieve woorden kunnen rekenen. Mijn middelbare vrienden Stephanie, Jorien,
Laurens en Kristof, bedankt om deel uit te maken van mijn leven. Ook jullie hebben me hier
altijd in gesteund, wat ik toch echt wel heel erg apprecieer. Industrieel ingenieurs Hannelore,
Liesbet en Lotje, wat ben ik jullie zo dankbaar voor de zalige momenten die we tijdens onze
studies beleefd hebben. Wat hebben wij toch wat afgelachen en jawel ook geweend ©. Mijn
bio-ingenieursmeisjes mag ik toch ook wel niet vergeten. Al snel werd ik in jullie groepje
opgenomen, waarvoor ik jullie tot op vandaag heel dankbaar ben. Dankzij jullie heb ik vele
mooie herinneringen aan deze toch wel korte periode en daar zullen we zeker nog een goede
karmeliet op drinken. Joeri, jij bent een apart geval vermits jij mij al vanaf onze opleiding
industrieel ingenieur bent gevolgd (of omgekeerd ©). Daarom wil ik u aan u toch wel een apart
dankwoordje richten aangezien jij mij echt op elk moment super hebt bijgestaan. Ik zal je
hiervoor speciaal komen bezoeken in Singapore met een extra valies ‘met je weet wel wat’.
Badmintonners, merci voor al de zalige en ontspannende momenten (al dan niet afhankelijk
of ik moet enkelen).

Het moet toch wel gezegd worden dat dit doctoraat er nooit was gekomen zonder de vele
steun van het thuisfront. Woorden schieten te kort om mijn dankbaarheid te kunnen uiten.
De afgelopen jaren waren met vallen en opstaan. We hebben de meest dierbare mensen in
ons leven moeten laten gaan. Maar samen staan we sterk en kunnen wij alles aan. Ook daar
ben ik jullie zo dankbaar voor. Ik heb geen nonkels en geen tantes, geen neefjes en geen
nichtjes, maar wel een pracht van een broer die iedereen vervangt. Mijn grote broer, waar ik
zo naar opkijk, bedankt voor het nalezen en verbeteren van dit werk. Het is eindelijk zover,
we kunnen naar Engeland gaan om samen over het gras te lopen ©.
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Kjell, mijn engeltje, wat ben ik u toch ook zo dankbaar. In al die jaren heb jij naar mij geluisterd,
heb jij mij gesteund en verdragen in al mijn stressmomenten. Weekends heb jij mij

meegeholpen in het labo. Eveneens mocht je alle klusje opknappen waar ik op het einde geen
tijd meer voor had. Ook zonder u had ik hier vandaag niet gestaan. Ik zie u zo graag ® !!!

Tot slot wil ik graag mijn ervaringen van de afgelopen maanden met jullie delen:

EVERYTHING 1
WANT TO SAY 1S

FROM MY BRAN TO
TWS COMPUTER,

WRITING: TWE MoST
IMPOSSIBLE SHORT
DISTANCE IN THE

HISTORY OF HUMANITY.

TORGE CAM © 2013







SAMENVATTING

Gewasbeschermingsmiddelen (GBM) hebben enerzijds nut voor de maatschappij, aangezien
ze de mogelijkheid bieden om insecten, onkruid en ziekten te bestrijden en zo
gewasopbrengsten aanzienlijk te verhogen. Dankzij het gebruik van GBM is de
landbouwproductie de voorbije 30 jaar met 82% gestegen, waardoor de sterk toegenomen
wereldbevolking van voedsel kon worden voorzien. Anderzijds kunnen GBM schadelijk zijn
voor mens, dier en natuur omwille van hun (eco)toxiciteit, hun mogelijke bioaccumulerende
eigenschappen en hun mogelijks hormoonverstorende effecten. Daarbij komt nog dat de
verblijftijd van gewasbeschermingsmiddelen (persistentie) in het milieu kan variéren van
enkele dagen tot meerdere jaren.

Het is dus belangrijk om het verbruik van conventionele chemische GBM te verminderen en
meer uit te kijken naar alternatieve oplossingen met een lagere impact op mens en milieu.
Om dit in praktijk te realiseren, werden reeds een aantal richtlijnen opgesteld door de
Europese Gemeenschap. De EU richtlijn 91/414/EEC, betreffende het op de markt brengen
van GBM, zorgde ervoor dat veel schadelijke werkzame stoffen van de markt verdwenen. De
nieuwe EU richtlijn 2009/128/EC, ter verwezenlijking van een duurzaam gebruik van GBM,
stelt dat niet-chemische methoden van gewasbescherming prioriteit moeten krijgen ten
opzichte van chemische middelen.

Een mogelijk alternatief voor de conventionele chemische GBM is het gebruik van zeolieten.
Zeolieten zijn microporeuze kristallijne mineralen die vanwege hun unieke poreuze
eigenschappen een groot aantal toepassingen kennen. Ook in de landbouw worden ze al
toegepast, namelijk als bodemverbeteraar, meststof, additief in veevoeder, dragermateriaal
voor GBM en voor het verwijderen van geuren uit stallucht. De nadruk van dit onderzoek ligt
meer op het gebruik van zeolieten tegen plantenziekten en insectenplagen. Aangezien
zeolieten nog niet gebruikt worden voor dit doeleinde, wordt in Hoofdstuk 1 een algemeen
overzicht gegeven van de verschillende eigenschappen van zeolieten en waarom ze toegepast
kunnen worden tegen ziekten en plagen.

Er zijn heel wat zeolieten op de markt, waaronder natuurlijke en synthetische zeolieten. Het
is dan ook heel belangrijk om een doordachte keuze te maken welke zeoliet het meest
geschikt is voor deze toepassing. In Hoofdstuk 2 wordt zowel een theoretische als
experimentele selectie van zeolieten beschreven.
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De theoretische selectie was vooral gebaseerd op de eigenschappen van zeolieten. Met het
oog op het gebruik van zeolieten in de landbouw werd vooral gekeken naar natuurlijke types.
Ook de samenstelling is hierbij van groot belang. Enkel zeolieten die gebalanceerd werden
met uitwisselbare kationen essentieel voor de plant, werden geselecteerd. Andere
eigenschappen, waaronder adsorptievermogen van water, carrier vermogen van GBM of
andere stoffen, werden ook in rekening gebracht. Hiervoor is het vooral belangrijk dat de
zeolieten beschikken over grote (6A < 0 < 9A) tot extra grote (B > 9A) porién. Ook de
hydrofobiciteit is van belang. Deze kan worden bepaald op basis van de Si/Al verhouding
waarover de zeolieten beschikken. Hoe hoger deze waarden, des te hydrofober de zeoliet en
des te beter de kans tot sorptie van materialen uit waterige oplossingen. Tot slot werd bij de
finale theoretische selectie ook de toxiciteit en de beschikbaarheid op de markt in rekening
gebracht. Op basis van deze selectie kwamen 6 natuurlijke zeoliet types in aanmerking om
verder getest te worden, namelijk de zeolieten gecodeerd als BEA, CHA, FAU, HEU, MFI en
MOR.

Het tweede deel van Hoofdstuk 2 beschrijft de experimentele selectie van de uit de
theoretische selectie gevonden zeolieten. De beperkte beschikbaarheid van sommige
natuurlijke zeolieten leidde er toe om voor die zeolieten een synthetische tegenhanger te
kiezen. Eerst en vooral werd gekeken naar de mogelijkheid van de zeolieten om verschillende
GBM en water te adsorberen. Slechts 2 types zeolieten, BEA en FAU, vertoonden goede
resultaten. Vervolgens werden deze twee types zeolieten verder gescreend op vlak van
fytotoxiciteit. Uiteindelijk werd van elk type slechts 1 zeoliet geselecteerd, die verder in het
onderzoek gebruikt werden. Alle resultaten werden vergeleken met de zeoliet gebruikt in het
ECO-ZEO project, zeoliet 4A (LTA), en de natuurlijke equivalent kaolin, in de
gewasbescherming beter bekend als commercieel formuleringsproduct ‘Surround WP’.

Tot slot werd in dit hoofdstuk een case-study uitgewerkt waarbij de adsorptie eigenschappen
van zeolieten vergeleken werden met die van andere adsorbents, waaronder metal organic
frameworks (mofs), actieve kool en harsen. Ondanks de goede resultaten voor de zeolieten,
is actief kool nog steeds het meest aangewezen materiaal om bestrijdingsmiddelen te
sorberen.

Om de geselecteerde producten te kunnen toepassen, dienen ze eerst geformuleerd te
worden. In Hoofdstuk 3 wordt de zoektocht naar een goede formulering beschreven aan de
hand van verschillende fysico-chemische testen. Drie formuleringstypen werden getest,
waaronder een olie dispersie, een suspensieconcentraat en een spuitpoeder. De resultaten
van de experimenten toonden aan dat de olie dispersie en het spuitpoeder de beste
eigenschappen vertoonden. Na afwegen van een aantal voor- en nadelen werd geopteerd de
geselecteerde zeolieten als spuitpoeder in formulering te brengen.
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In de volgende hoofdstukken wordt het effect van de zeolieten op plantenziekten,
insectenplagen getest, alsook de gunstige effecten van zeolieten voor de planten zelf.

In Belgié zijn de appeloogst en tomatenteelt heel belangrijk. Daarom werd er voor geopteerd
het effect van zeolieten te testen op de belangrijkste ziekten en plagen die hierop voorkomen.
Hoofdstuk 4 beschrijft die effecten op de plantenziekten Venturia inaequalis (appel) en
Botrytis cinerea (tomaat). Het effect op groei-inhibitie werd zowel nagegaan op agarplaten als
op de planten zelf. De test uitgevoerd op agarplaten resulteerde in een grotere groei-inhibitie
in vergelijking met de test uitgevoerd op planten. Uit de bekomen resultaten kon ook afgeleid
worden dat de schimmelgroei op de agarplaten voornamelijk werd geinhibiteerd door de
geformuleerde zeolieten. Dit effect werd niet waargenomen bij de test uitgevoerd op de
planten. Toch leidde deze conclusie tot de vraag of het wel degelijk de zeolieten zelf waren
die voor het effect zorgden, of eerder de hulpstoffen aanwezig in de formulering.

Hulpstoffen zijn stoffen die meestal inactief zijn op zich, maar die de werking van de werkzame
stof verbeteren door de fysische en chemische eigenschappen van het GBM mengsel te
modificeren. Toch bleken de hulpstoffen, aanwezig in de geteste formuleringen, een actieve
rol te spelen. Om dit aan te tonen, werd het effect van de verschillende hulpstoffen op groei-
inhibitie nagegaan op agarplaten. Hieruit kon duidelijk worden besloten dat een aantal
hulpstoffen effect hadden. Vervolgens werd een bacteriéle genprofileringsassay uitgevoerd.
Deze test bestond uit 14 transgene E. coli stammen, waarvan 13 stammen single copy
chromosomale inserties bezaten van verschillende promotor::lacZ fusies. De promotors
behoorden tot verschillende toxicologische responsmechanismen, zoals DNA schade,
membraanschade, oxidatieve stress, osmotische stress en proteine verstoring. Het lacZ gen
dat hier als reportergen werd gebruikt, codeerde voor [3-galactosidase en kon op een
eenvoudige en snelle manier colorimetrisch worden gedetecteerd. Na het uitvoeren van deze
test was het overduidelijk dat elke formulering over één of meerdere hulpstoffen beschikte
die de werking van de zeoliet ten goede beinvloedde. In een normale formulering van een
GBM is dit effect van hulpstoffen op de werking niet opvallend. De hoge toepassingsdosis van
de zeolieten, tot 20000 mg.I%, versterkte dit effect en verklaart deze observatie.

Hoofdstuk 5 behandelt het effect van zeolieten op insectenplagen, waaronder Tuta absoluta
en Leptinotarsa decemlineata. Toxiciteitstesten werden op de eitjes van T. absoluta en op de
larven van beide insecten uitgevoerd, alsook keuzetesten voor T. absoluta. De resultaten
vertoonden weinig tot geen effect van de zeolieten. Enigszins werd toch groei-inhibitie
opgemerkt bij L. decemlineata.

Verder werd nagegaan of de zeolieten positieve effecten uitoefenden op de behandelde plant
zelf. Hoofdstuk 6 beschrijft de mogelijke invloed van de zeolieten op de plantengroei,
drooggewicht, wateropname en fotosynthese. Ondanks het feit dat weinig tot geen effecten
waargenomen werden voor plantengroei, drooggewicht en wateropname, sprong de
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fotosynthese er wel bovenuit. Dit was hoofdzakelijk het geval bij de behandelde appelbomen,
waarbij een duidelijke trend waargenomen kon worden. Na de behandeling van de
appelbomen met de zeolieten werd een stijging in fotosynthese waargenomen die na twee
weken terug begon af te nemen.

Als besluit kan gesteld worden dat de zeolieten toch een aantal positieve kenmerken
vertoonden. Vooral op vlak van adsorptie, schimmelbestrijding en fotosynthese. Deze
vaststellingen worden uitgebreid besproken in Hoofdstuk 7, alsook enkele voor- en nadelen
van het gebruik van zeolieten in de landbouw, gecombineerd met enkele suggesties voor
verder onderzoek.
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SUMMARY

Plant protection products (PPPs) appear to have beneficial effects for the society, since they
offer the ability to control insects, weeds and diseases, and as such induced a significant
increase in crop yield. Due to PPPs, agricultural production has been increased by 82% over
the past 30 years, which allowed foreseeing enough food for the highly increased world
population. However, PPPs can be harmful to human, animal and the environment due to
their (eco)toxicity and their bioaccumulative and hormone disrupting properties. In addition,
the residence time of PPPs (persistence) in the environment varies from a few days to several
years.

Therefore, it becomes really important to reduce the use of conventional chemical PPPs and
to look for alternative solutions having a lower impact on humans and the environment. In
order to achieve this, some guidelines have been drawn up by the European Community. The
EU directive 91/414/EEC, concerning the availability of PPPs on the market, has resulted in the
withdrawal of many harmful active substances from the market. The new EU directive
2009/128/EC, to achieve a sustainable use of PPPs, states that non-chemical methods of plant
protection should be given priority over chemical agents.

A possible alternative to conventional chemical PPPs is the use of zeolites. Zeolites are
microporous, crystalline minerals and are used for a great number of applications due to their
unique porous properties. Zeolites are already used in agriculture, e.g. as a soil improver,
fertilizer, animal feed additive, carrier material for PPPs and for the removal of bad odours in
animal stables. The focus of this research is more on the use of zeolites against plant diseases
and insect pests. Since zeolites are not used for this purpose yet, Chapter 1 presents a general
overview of the different properties of zeolites and why they can be used against diseases and
pests.

There are many zeolites on the market, including natural and synthetic zeolites. It is therefore
very important to determine which zeolite is the most suitable for this application. Chapter 2
describes both a theoretical and experimental selection of zeolites.

The theoretical selection was based on the properties of zeolites. Considering the use of
zeolites in agriculture, natural zeolite types were considered as the main focus. Next to that,
the composition is of great importance. Only zeolites were selected that have been balanced
by exchangeable cations essential to plants. Other properties, such as the adsorption of water,
carrier effect for PPPs or other substances, were also taken into account. Therefore, zeolites
having large (6A < 8 < 9A) to extra-large (8 = 9A) pores were considered. The hydrophobicity
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of zeolites is also important. This property can be determined based on the Si/Al ratio of the
zeolites. Higher Si/Al ratio provides more hydrophobic zeolites with improved probability to
adsorb materials from aqueous solutions. Finally, the toxicity and the availability of zeolites
on the market were also taken into account in the theoretical selection. Based on this
selection, six natural zeolite types were considered for further testing, i.e. the zeolites coded
as BEA, CHA, FAU, HEU, MFIl and MOR.

The second part of Chapter 2 describes the experimental selection of the theoretically
selected zeolites. However, the limited availability of some natural zeolites eventually led to
the selection of their synthetic counterpart. As primary experimental selection criterion, the
capability of zeolites to adsorb different PPPs and water was considered. Only two types of
zeolites, i.e. BEA and FAU, showed good adsorption results. Next, these two types of zeolites
were further evaluated with respect to their phytotoxicity. Eventually, only one zeolite of each
zeolite type was selected and used during this study. All results were compared with the
zeolite used in the ECO-ZEO project, zeolite 4A (LTA), and the natural equivalent kaolin, better
known as the commercial plant protection product 'Surround WP'.

The final part of Chapter 2 describes a case study comparing the adsorption properties of
zeolites with those of other adsorbents, including metal organic frameworks (MOFs),
activated carbon and resins. Despite the good results of the zeolites, activated carbon is still
found to be the most preferred PPP adsorbing material.

In order to apply the selected zeolites, they firstly need to be formulated. Chapter 3 describes
the exploration for a suitable formulation by means of different physicochemical tests. Three
formulation types were tested, i.e. an oil dispersion, a suspension concentrate and a wettable
powder. As a result of these tests, the oil dispersion and the wettable powder formulations
provided the best characteristics. After consideration of advantages and disadvantages, a
wettable powder formulation of the selected zeolites was used.

In the following chapters, the effect of zeolites on plant diseases and insect pests were tested,
as well as the beneficial effects of zeolites for the plants themselves.

In Belgium, the apple and tomato harvest are very important. Therefore, it was decided to
test the effect of zeolites on the main pests and diseases of these crops. Chapter 4 describes
the effects on the plant diseases Venturia inaequalis (apple) and Botrytis cinerea (tomato).
The effect on growth inhibition was examined on agar plates as well as on the plants
themselves. A higher growth inhibition was noticed for the test on agar plates compared to
the test on the plants. Also, it could be deduced that the fungal growth on the agar plates was
mainly inhibited by the formulated zeolites. This effect however was not observed in the test
carried out on the plants.
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Considering the obtained results, one could question whether the effect was caused by the
zeolites themselves, or by the adjuvants present in the formulation. Adjuvants are usually
considered to be inactive as PPP, but improve the activity of the active substance by modifying
the physical and chemical properties of the PPP mixture. However, the adjuvants present in
the tested formulations did seem to play an active role. In order to verify this, the effect of
these adjuvants on the growth inhibition was examined on agar plates, from which it became
clear that some of them showed an effect. Subsequently, a bacterial gene profiling assay was
performed using 14 transgenic E. coli strains, including 13 strains with single copy
chromosomal inserts of different promoter::LacZ fusions. These promoters belonged to
different toxicological response mechanisms, e.g. DNA damage, membrane damage, oxidative
stress, osmotic stress and protein denaturation. The lacZ gene, used as a reporter gene,
encoded a B-galactosidase and could be easily and fastly detected using a colorimetric assay.
The results of this test illustrated clearly that each formulation contained one or more
adjuvants influencing the activity of the zeolite. In a typical formulation of a PPP, this effect of
adjuvants is not noticeable. The high application dose of the zeolites in this study, i.e. up to
20000 mg.I", enhanced this effect and explains this observation.

Chapter 5 deals with the effect of zeolites on insect pests, including Tuta absoluta and
Leptinotarsa decemlineata. Toxicity tests were performed on the eggs of T. absoluta and on
the larvae of both insects, as well as choice tests for T. absoluta. The results showed little or
no effect of the zeolites. Nevertheless, some growth inhibition was noted for L. decemlineata.

Subsequently, tests were performed to investigate potential beneficial effects of zeolites on
the treated plant itself. Chapter 6 describes the possible effect of zeolites on plant growth,
dry weight, water uptake and photosynthesis. Despite the fact that little or no effects were
observed for plant growth, water uptake and dry weight, some effects were noticed for the
photosynthesis. A clear trend could mainly be observed for the treated apple trees, i.e. an
increase of photosynthesis was observed after treating the apple trees with the zeolites,
followed by a decrease after two weeks.

As conclusion, zeolites did show some positive properties, in particular with respect to
adsorption, fungicides and photosynthesis. These findings are discussed in Chapter 7, as well
as some advantages and disadvantages of the use of zeolites in agriculture, combined with
some suggestions for further research.
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GENERAL INTRODUCTION AND THESIS OUTLINE

This general introduction describes the framework in which this doctoral dissertation was
conducted. It provides background information about the needs and the solutions in
agriculture and how the ECO-ZEO project aimed to progress beyond the state-of-the art.

1 RATIONALE

Plant protection products (PPPs) are applied to manage and prevent diseases, pests, weeds,
etc. Due to PPPs, agricultural production has been increased by 82% over the past 30 years
(UNFPA, 2007). However, the use of PPPs have caused numerous unforeseen problems, e.g.
poisoning of applicators, farmworkers and consumers, animal mortality, disruption of natural
biological control and pollination, groundwater contamination and development of resistance
of pests to PPPs (Isman, 2006).

To improve the sustainability of agriculture and to avoid resistance development against the
receding number of active ingredients remaining on the market, alternatives are needed. This
research is based on the use of zeolites as possible alternative.

Zeolites represent a broad range of microporous, crystalline aluminosilicates of natural or
synthetic origin. Generally, their structure can be considered as an inorganic polymer built
from [SiO4]* and [AlO4]* tetrahedra (primary building units, PBUs) linked by the sharing of all
oxygen atoms. A pure silica (SiO2) solid framework is uncharged. When some of the Si** in the
silica framework is replaced by Al**, the +3 charge on the aluminium makes the framework
negatively charged, which is compensated by the presence of extra-framework cations
(counterions), located together with water, to keep the overall framework neutral (Payra and
Dutta, 2003). Connecting small units of several tetrahedral (up to 16) provides the formation
of secondary building units (SBUs), i.e. chain- or layer-like units. Subsequently, more complex
building units can be formed, i.e. characteristic subunits and cages/cavities that recur in
several framework types.

2 PROBLEM STATEMENT

The world population is continuously increasing. Since 1950 till 2000, there has been an
increase from 2.5 billion to 6.1 billion and it is expected that by the year 2050, the world
population will be about 9.1 billion. Presently, the world population is rising with an annual
rate of 1.2%, i.e. 77 million people per year (Carvalho, 2006). However, this global population
daily needs food to survive. A significant progress has been made since 1960 towards
improving the nutrition and securing the food for human beings. The world gross agricultural
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production has grown more rapidly than the world population, with an average positive
increase in the production of food per capita (Klassen, 1995).

Agriculture is not only crucial for food but also for fodder, fibre, fuel and pharmaceutical
production. Half of the EU's land area is devoted to farming activities. As a result, the
agricultural sector is responsible for a large share of pollution and natural resource depletion.
Recent regulations at European level stress the necessity to improve the efficiency in water
consumption, reduce the threat of pests/diseases and fertiliser leachates, prevent the
increase in soil salinity and support agrobiodiversity. A bundle of policies, regulations and
initiatives are being promoted in order to upgrade the sustainability and safety standards. Due
to pressure coming from consumers and legislation, European farmers will also have to
become more eco-efficient, reduce the negative impact on the environment and deliver
healthier agricultural products. Considering all the above, there is a strong necessity for new,
environmentally friendly and efficient products and systems that play a leading role in the
current environmental, economic and societal context, but also in mitigation strategies for
Climate Change/Anthropogenic Global Warming (CC/AGW) scenarios (ECOZEO, 2012).

3 THE soLuTION (ECO-ZEO PROJECT)

The acronym ECO-ZEO stands for developing a pool of novel and eco-efficient applications of
zeolites for the agricultural sector. The ECO-ZEO project started in March 2012 and ended in
March 2016. It was supported by the Seventh Framework Programme of the European
Commission and aimed at the development of a new pool of green PPPs (efficient,
environmentally friendly and sustainable). Such green products deliver a wide range of
beneficial effects in terms of water efficiency, control of pests and diseases, reduction in PPP
use, increase of crop yield and tolerance to abiotic stress. The novel compositions will be
applied as a suspension on the surface of the leaves and fruits, thus forming a coating that will
trigger physiological mechanisms in the plant as well as effects against the stressors, and as
such leading to the claimed benefits.

The multidisciplinary consortium (Figure 1) of ECO-ZEO was composed of 10 partners from 8
different countries (European Union and associated countries). An alliance was made between
4 research organizations, 4 small and medium sized agro-biotech enterprises (SMEs), PPP
industry and the important contribution of end users represented by an association of fruits
and vegetables producers.
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Figure 1. Geographic view of the ECO-ZEO consortium.

4  THESIS OBJECTIVES AND THESIS OUTLINE

According to the European directive 2009/128/EC, which establishes a framework to achieve
a sustainable use of PPPs, farmers must reduce the risks and impacts of PPP use on the
environment and human health. This directive promotes the use of integrated pest
management and different techniques such as non-chemical alternatives.

Nowadays, growers use kaolin to help control damage to fruits and vegetables from insects,
mites, fungi, bacteria, and to protect against sunburn and heat stress. This naturally occurring
clay has been used for many years in foods, cosmetics, and other materials. Based on
widespread usage and extensive toxicity studies, kaolin is considered safe for humans and the
environment.

Zeolites are just like clay minerals composed of aluminosilicate, but differ in their crystal
structure. Therefore, zeolites may also play a beneficial role in agricultural applications. This
leads to the overall question of this study: “Can zeolites be used as potential plant protection
agents?” In order to narrow down this main research question, different hypotheses (H) and
research questions (RQ) were formulated.
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l. Literature review

The research started from hypothesis 1 (H1): “Zeolites exhibit certain properties that can be
useful in crop protection”. In order to check H1, Chapter 1 investigates the available literature
with the aim to answer following research questions (RQ):

RQ1.1: Are zeolites already used in agriculture?
RQ1.2: Can zeolites be used as plant protection agents for controlling pests and diseases?
RQ1.3: What are the possible effects after using zeolites as a coating polymer?
RQ1.3.1: on plants
RQ1.3.2: on pathogen/insect behaviour
RQ1.3.3: on soils
RQ1.4: Can zeolites be used as carriers?
RQ1.4.1: of plant protection products
RQ1.4.2: of semiochemicals or plant extracts
RQ1.4.3: of microorganisms
RQ1.5: Is there a risk of toxicity due to the use of zeolites as a coating polymer?
RQ1.5.1: to plants
RQ1.5.2: to the environment
RQ1.5.3: to humans

Il. Product selection

The ECO-ZEO project focuses on the use of Zeolite 4A, the synthetic counterpart of kaolin.
However, there are many different zeolites on the market. At present, there are 231 zeolite
frameworks identified and 46 naturally occurring zeolite frameworks are known. As a result
of the large number of zeolites, it can be hypothesized (H2) that: “Next to Zeolite 4A, there
are more zeolites on the market that can be used in plant protection”. Chapter 2 verifies this
hypothesis by first answering following research question:

RQ2.1: What structural features are required in order to use zeolites in agriculture?

Part A of Chapter 2, answering this question, focuses on the theoretical selection of natural
zeolites that can be used in agriculture, taking into account different properties like their
extra-framework cations, pore size, hydrophilic character and toxicity.

After a first selection of zeolite structures in Part A of Chapter 2, new research questions were
put forward as beneficial to plant protection:

RQ2.2: Can these zeolites be used as carrier of active ingredients?
RQ2.3: What is the water sorption capacity of these zeolites?
RQ2.4: What is the risk that these zeolites are phytotoxic?
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Part B of Chapter 2 gives an answer on these research questions based on experimental
results. The performed tests take into account the adsorption and water holding capacity of
the zeolites, as well as their phytotoxicity.

Finally, in addition to this, a case study was performed in order to compare the adsorption
properties of zeolites to those of other adsorbents, based on:

RQ2.5: Are zeolites better adsorbents in comparison with other adsorbents such as activated
carbon, metal organic frameworks (MOFs) and resins?

I1l. Product development

In order to confirm the theoretical insights acquired for zeolites and to further increase our
understanding of the role of these zeolites in agriculture, the necessity for experimental
validation arose. Because a crop protection product is rarely used or applied in its pure form,
the technical grade compound was formulated. This hypothesis (H3): “Zeolites cannot be used
in their pure form in agriculture”, led to the first research question:

RQ3.1: Which formulation type exhibits the best physicochemical properties?

Galenika Fitofarmacije, an industrial partner in the ECO-ZEO project, was in charge of the
product development. This company developed three different types of formulations of
Zeolite 4A in function of the project, i.e. oil dispersion, suspension concentrate and wettable
powder.

Based on a few relevant physicochemical properties, i.e. evaporation, surface tension,
spreading, deposition and rainfastness, the most appropriate formulation for this research
was selected in Chapter 3. Based on this outcome, Galenika Fitofarmacije also developed
formulations of the zeolites selected in Chapter 2.

IV. Product application

Chapter 4, Chapter 5 and Chapter 6 focus entirely on the biological effects of the selected
zeolites (Chapter 2) and their formulations (Chapter 3) against fungi, pests and plants,
respectively. The selection of target crops in this research (apple and tomato) was based on
their water demand, vulnerability to pests, higher added value and extensive production. The
selected pests and diseases, identified in the project, were Venturia inaequalis and Cydia
pomonella for apple trees and, Botrytis cinerea and Tuta absoluta for tomato plants. In order
to compare the observed results from this PhD study with the ECO-ZEO project results, it was
decided to test the same diseases and pests.
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In Chapter 4, hypothesis 4 (H4) was tested: “The selected zeolites have fungicidal activity”. An
answer is presented on the following research question in Part A of Chapter 4:

RQA4.1: Do zeolites exhibit similar fungicidal activity on agar plates and plants?

In order to answer this question, inhibition tests together with disease incidence and severity
assessments of Venturia inaequalis (Apple) and Botrytis cinerea (Tomato) were carried out.
These results, however, have led to a new research question, which is discussed in Part B of
Chapter 4:

RQ4.2: Was the observed antifungal activity caused by the zeolites themselves, or by the
adjuvants present in the formulation?

This question was answered by comparing test results of two different tests. First, inhibition
tests against Venturia inaequalis (Apple) and Botrytis cinerea (Tomato) were performed. This
consisted of the same tests as carried out for the zeolites, but now testing the different
adjuvants that were present in the zeolite formulations. Additionally, a bacterial gene profiling
assay was performed in order to evaluate these adjuvants at the toxic mode of action level,
i.e. DNA damage, oxidative stress, membrane damage and general cell lesions.

Additionally, it can be hypothesized that zeolites also have other biological effects. In
Chapter 5, hypothesis (H5) was tested: “The selected zeolites have insecticidal activity”.

Perhaps the most widely recognized type of insect damage to plants is chewing insect
damage. Chewing damage is caused by insects with mouth parts consisting of two opposing
mandibles. Insects with chewing mouth parts are responsible for ragged leaves, foliage
consumption, and mining in leaves, stems and trunks of plants.

In order to verify this hypothesis, toxicity tests were carried out against Tuta absoluta
(Tomato). Since the cultivation of Cydia pomonella (Apple) failed, a small bioassay on
Leptinotarsa decemlineata was provided. These chewing insects led to the following research
questions:

RQ5.1: Do these zeolites desiccate Tuta absoluta eggs?
RQ5.2: Do these zeolites repel Tuta absoluta females?
RQ5.3: Do these zeolites irritate Leptinotarsa decemlineata larvae?
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Subsequently, Chapter 6 evaluates the effect of zeolites on apple trees and tomato plants.
The hypothesis (H6): “The selected zeolites have beneficial effects on plants” led to following
research questions:

RQ6.1: Do these zeolites have an effect on plant growth?

RQ6.2: Do these zeolites have an effect on plant biomass production?
RQ6.3: Do these zeolites have an effect on water use of plants?
RQ6.4: Do these zeolites have an effect on plant photosynthesis?

All these research questions were answered by performing experiments on apple trees and
tomato plants.

Conclusions

Finally, in Chapter 7, general conclusions and future perspectives are provided based on the
results obtained in this study. A graphical overview of the different research chapters is
presented in Figure 2.
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Chapter 1

LITERATURE REVIEW

In the following chapter, an overview is presented of the basic properties of zeolites and their
potential role in control of agricultural insect pests and plant diseases.

1 INTRODUCTION

The usage of PPPs to manage diseases, pests, weeds, etc., has become a common practice
around the world (Mogul et al., 1996; Ravier et al., 2005; Chevillard et al., 2012).
Environmental pollution and ecological issues, however, make it necessary to look for
alternatives, such as other organic agrochemicals or the controlled release of PPPs, including
a reduction in the amount of active ingredients.

Current research is based on the use of nanoparticles and their potential role in agriculture to
reduce the negative impacts of environmental stresses on crop plants, to suppress diseases
and to protect crops from insect pests (Kahn and Damicone, 2008). This approach has been
applied by making use of dust applications. However, such material has some drawbacks - see
the discussion of kaolin-based particle films used on plant surfaces in Section 2.

1.1 BASIC CHARACTERISTICS OF ZEOLITES

Zeolites are crystalline solid structures made of silicon, aluminium and oxygen that form a
framework with cavities and channels. The zeolite structure may be represented by the
formula:

Mi/n [(AIO2)x(Si02)y] . wH20

where M is an alkali or alkaline-earth cation (Na, K, Li and/or Ca, Mg, Ba, Sr), n is the cation
charge, w is the number of water molecules per unit cell, x and y are the total number of
tetrahedra per unit cell and the ratio y/x usually has values ranging from 1 to e (Payra and
Dutta, 2003; Georgiev et al., 2009).

Every zeolite material is classified by the framework type to which it belongs. The framework
type does not take into account the elements present in the zeolite structure, just the
connectivity (topology) of the framework. It defines the size and shape of the pore openings,
the dimensionality of the channel system, the volume and arrangement of the cages and the
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CHAPTER 1

types of cation site available (McCusker and Baerlocher, 2001, 2007). The chemical formulas
and structure types of some important natural and synthetic zeolites are presented in Table
1-1 and Figure 1-1 (Ibrahim, 2004; Baerlocher et al., 2007; Wang et al., 2009). More detailed
information on the framework structure of zeolites is provided in Chapter 2.

Table 1-1. Chemical formula and structure of some important zeolites (Baerlocher et al., 2007).

Zeolite Chemical formula Structure Channel Volume Symmetry
type dimensions (R3)

Natural zeolites

Chabazite? | (K,Na,Cao.5)a(H20)12| [Als SigO24] CHA 3D 2391.59  Rhombohedral
Clinoptilolite  |(K,Na,Cao.5)s(H20)20]| [Als Sizo O72] HEU 2D 2054.84  Monoclinic
Mordenite | Naz,Ca,K2)a(H20)28| [AlsSia0096] MOR 1D 2827.26 Orthorhombic

Synthetic zeolites

Zeolite A® |Na12 (H20)27] 8 [Al12Si12 Oasgls LTA 3D 1693.24 Cubic
Zeolite L | KsNa3z (H20)21]| [AlsSiz7 O72] LTL 1D 2153.11 Hexagonal
Zeolite Y | (Ca,MgNaz)2o (H20)240| [AlssSizze Ossa]  FAU 3D 14428.77  Cubic

2The scanning electron micrograph and framework are shown in Figure 1-1.

Figure 1-1. Scanning electron micrographs and frameworks of (A) natural zeolite ‘chabazite’ and (B)
synthetic zeolite ‘zeolite A’ (Ibrahim, 2004; Baerlocher et al., 2007; Wang et al., 2009).

1.2 APPLICATIONS OF ZEOLITES

Owing to their unique physical and chemical properties, zeolites are used for a great number
of applications in different domains. In industry, zeolites are well known and commercially
used as separation agents, ion exchangers, adsorbents, as fillers in paints, paper and plastics,
etc. (Al-Dwairi and Al-Rawajfeh, 2012). Also, the use of zeolites for environmental applications
is attracting new research interest, mainly owing to their properties and significant worldwide
occurrence. Application of natural zeolites for water and wastewater treatment, focused on
ammonium and heavy metal removal, has been realised and is still a promising technique in
environmental cleaning processes (Caputo and Pepe, 2007; Wang and Peng, 2010). In addition
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to these applications, zeolites also have their medical applications, for example as detoxicants,
vaccines and agents in haemodialysis, bone formation, etc. (Pavelic and Hadzija, 2003).

Furthermore, zeolites have been widely used in agriculture for the removal of bad odours in
animal stables and for their soil-improving properties (e.g. increase in water-holding capacity
and nutrient adsorption, and decrease in levels of heavy metals or radionuclides in
contaminated soils). Studies have verified that phytoremediation processes can be performed
with the aid of zeolites. In a mixture with compost, zeolites have been shown to promote plant
species growth and to increase, at the same time, the accumulation of metals in the aerial part
of the plant. When composted together with poultry manure, zeolites become ammoniated
and enhance the soil microbial population (Leggo et al., 2006; Ramesh et al., 2010; Lai et al.,
2012; Tulod et al., 2012). In combination with fertilisers, zeolites may help to buffer soil pH
levels. After a few years of zeolite action in the soil, the zeolite increases crop yields and is
used as fertiliser itself (Ramesh et al., 2010).

Natural zeolites can also be added as dietary additives to animal food in order to neutralise
the negative effects of mycotoxins. Controlled release of inputs is being employed extensively
in agriculture to deliver active substances such as PPPs and fertilisers. Zeolites are attractive
candidates as carriers to immobilise these crop protection products and nutrients first, before
slow release can take place (see Section 2.5) (Mumpton, 1999; Mravec et al., 2005; Ramesh
et al,, 2010).

Note that the aforementioned list of applications is not exhaustive, and that zeolites can also
be used for applications in other domains as well. However, the main emphasis of this review
is on the use of zeolites in agriculture, and more specifically on the use of zeolites as PPPs
against pests and diseases.

In the following sections, an overview is presented of the different properties of zeolites for
their usage in crop protection. These properties will demonstrate that zeolites are also able
to form a good particle film for controlling pests and diseases. The most important
characteristics for an effective particle film on plant tissues, summarised in Table 1-2, are
taken into account (Glenn and Puterka, 2005).
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Table 1-2. Characteristics of the effectiveness of particle film technology on plant tissues (Glenn and
Puterka, 2005).

Characteristics

1. The formulation contains chemically inert mineral particles

2. The particle diameter < 2um

3. The formulation spreads well and creates a uniform film

4. The porous film does not interfere with gas exchange from the leaf

5. The technology alters insect/pathogen behaviour on the plant

6. The particle film is easy removable from harvested commodities

7. Ultraviolet (UV) and infrared (IF) radiation is excluded, while it transmits

photosynthetically active radiation (PAR)

2 ZEOLITES: A GOOD PARTICLE FILM FOR CONTROLLING PESTS AND DISEASES?

Particle film technology may be defined as a synthesis of combined knowledge on mineral
technology, insect behaviour and photo-chemistry. It aims to control pests and diseases of
plants. A particle film is a microscopic layer of mineral particles attached to the plant surface.
An example of a scanning electron microscope (SEM) image of a particle film is shown in Figure
1-2 (Glenn, private communication).

1,43KX 10KV WD=16 MM S:00000 P:00010

3,18KX 10KV WD =24 MM S:00000 P:00007

20 UM

Particle Filin |

Figure 1-2. Scanning electron micrographs of (A) a leaf and a particle film and (B) kaolin on the upper
surface of an apple leaf (Glenn, private communication).

-16 -



LITERATURE REVIEW

This technology has proven to be a viable alternative to synthetic PPPs for managing arthropod
pests and diseases of agricultural crops (Glenn et al., 2001; Glenn and Puterka, 2005). The use
of particle films on plant tissues is aimed at preventing most of the negative effects that occur
with the current application of PPPs. It might deliver a wide range of beneficial effects in terms
of water efficiency, control of pests and diseases, reduction in PPP use, increase in crop yield
and tolerance to abiotc stress (Glenn and Puterka, 2005).

In the 1920s, dusts were increasingly applied and even preferred to liquid sprays (Glenn and
Puterka, 2005). Current particle film technology is based on kaolin, a white clay mineral
{[(Al,03)(Si02)2].2H,0}, also called aluminosilicate (Puterka et al., 2000). The hydrophobic
kaolin particle M-96-018 was the first prototype of particle film technology that was applied
as a dust on trees in order to make the plant surfaces repellent and to suppress anthropod
pests and diseases (Figure 1-3) (Glenn et al., 2001).

Particle

' — Particle

L I— barrier

Figure 1-3. Mechanisms of arthropod pest and disease suppression in plants (Glenn et al., 2001).

This dust coating was water repellent, prevented diseases and arthropod infestations,
favoured a lower oviposition rate and reduced the survival of insects. Nevertheless, the drift
associated with dusting operations and the lack of adhesion to the plant made M-96-018 dust
applications impractical. The need for an easier formulation led to the development of M-97-
009. A formulation of this hydrophilic kaolin particle combined with a non-ionic spreader
sticker, M-03, was just as effective as M-96-018 in controlling pests and diseases, with
improved formulation properties, i.e. ease of mixing, adhesion, spreading and rainfastness. In
1999 this product became commercially available under the name Surround® WP crop
protectant (BASF, Research Triangle Park, NC; previously Engelhard Corp., Iselin, NJ) (Glenn
and Puterka, 2005). An example of a kaolin-based particle film on crops is illustrated in
Figure 1-4 (Godfrey et al., 2005).
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Figure 1-4. Kaolin sprayed onto crops forms a mineral-based particle film repelling insects and
preventing feeding (Godfrey et al., 2005).

Zeolites are just like clay minerals composed of aluminosilicate, but differ in their crystal
structure (Table 1-3) (Mumpton, 1999; wang et al., 2006; Ramesh et al., 2010). Therefore,
zeolites may also play an increasing role in a wide range of agricultural applications. However,
the use of zeolites as a biofilm matrix for controlling various pests and diseases needs further

research.

Table 1-3. Mineralogy of kaolin and zeolite (Mumpton, 1999; Wang et al., 2006; Ramesh et al., 2010).

KAOLIN

ZEOLITE

Aluminosilicate

(Hydrated)

'

Phyllosilicates
(Two-dimensional)

= Parallel sheets

}

Clay mineral group

Aluminosilicate

(Hydrated)

'

Tectosilicates
(Three-dimensional)

= Framework

}

Zeolite family
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2.1 CHEMICALLY INERT MINERAL PARTICLES

Unlike typical agricultural chemicals, mineral particle films such as kaolin and zeolite are very
stable solids and resistant to extreme environmental conditions, i.e. they resist high
temperatures and high pressures, they do not resolve in water and they do not oxidize in the
air. As a consequence, zeolites have no direct biochemical or physiological effect on the plant
or pest. Instead, particle films provide activity through their physical properties, such as
particle size, shape, surface area, etc. (Nielsen et al., 2000; Lalancette et al., 2005). The
chemical and thermal stability of a zeolite is generally high, but depends on the dealumination
of the framework. Zeolites with low Si/Al ratios are the least stable zeolites (Celik et al., 2010;
van den Bergh et al., 2010).

2.2 IDEAL GRANULOMETRY OF ZEOLITES

Zeolites are commonly fine polycrystalline powders with an average particle size of several
micrometres. The different end-uses of silica, for example in the production of paper, paints,
etc., depend upon the particle size distribution. A coarse-particle-size silica has very different
physical and optical properties compared to a fine-particle silica. Thus, depending on the
particular application, it is better to use fine particles instead of coarse particles, and vice
versa. The particle size is a critical factor in particle film technology (Harvey and Lagaly, 2006).
More than 70% (w/w) of the particles should be smaller than 2 um. The effectiveness of
zeolites against insects generally increases when the particle size decreases to an ideal size of
1-2 um because of improved adherence to the insect cuticle (see Section 2.4.2) (Glenn et al.,
2001).

In recent years, the synthesis of nanocrystalline zeolites has received much attention (Zhang
et al., 2007a). The reduction in particle size of zeolites from micrometre to nanometre scale
has led to substantial changes in their properties. Previous studies revealed that the particle
size and morphology of the zeolite crystals play an important role in their applications in the
areas of catalysis and separation (Miller et al., 2004). Nanostructured zeolites below 100 nm
have a larger external and internal surface, a higher surface energy and a shorter channel in
comparison with the conventional microsized zeolites (Mintova and Valtchev, 1999; Jung et
al., 2004). A nanocrystalline zeolite with a crystal size of 50 nm has an external surface area of
>100 m?gt. For comparison, a 500 nm zeolite crystal has less than 10 m?g™ of external
surface area. The increased external surface of nanocrystalline zeolites results in enhanced
adsorption capacity and additional surface area available for adsorption and reaction of
molecules (Song et al., 2004a, 2004b; Tosheva and Valchev, 2005).

2.3 PLANT-SURFACE-ORIENTED CROP PROTECTION

In order to understand how crops are grown and protected against pests and diseases, it is
important to focus on the general aspects of plant physiology and PPP application.
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2.3.1 PLANT GROWTH

Plants are essentially autotrophic, photosynthetic organisms, with basic requirements of light,
CO,, water and nutrients (P/K/N/O) (Lovatt, 2014). The three most important physiological
phenomena that are basic to plant growth and development are photosynthesis, respiration
and transpiration (Holding and Streich, 2013).

2.3.2 DIFFERENT STEPS OF PLANT PROTECTION PRODUCT APPLICATION

Nowadays, both systemic and non-systemic products are used in agriculture. Systemic
products are taken up by the roots and transported throughout the plant, while non-systemic
products generally control a pest or disease as a result of direct contact (Bognolo, 2000). Just
like kaolin, zeolites will be applied as a non-systemic product (McBride, 2000).

Conventional PPP application comprises movement of the spray, starting from the spray
equipment to the molecular site of action on the target plant. It is a very complex process
involving several different steps. The major steps, together with some important influencing
factors, are presented in Table 1-4 (Steurbaut et al., 2001a).

Below, these different steps will be explained using the example of a fungicide application, as
this involves the most extended pathway. Insecticide (and herbicide) applications, on the
other hand, would not cover all the steps presented in the scheme in Table 1-4 (Steurbaut et
al., 2001a). Given that the use of zeolites will only influence the spraying, it is expected that
they will have an impact on steps 1 to 6 of the application process.

Formulation and dispersion stability of the active ingredient(s) in the spray solution (steps 1, 2

and 3). As many active ingredients are hydrophobic and consequently do not easily dissolve
in water, PPP formulations usually contain some specific adjuvants (e.g. dispersion agents) in
order to obtain a spray mix suitable for tank mixing (Nikolov et al., 2002). Surfactant
impregnation is also commonly employed in order to change the hydrophilic/hydrophobic
properties of zeolites (Wang and Peng, 2010).

Spray droplet formation and aerial transport to the target (step 4).

Physical properties of the spray liquid, such as viscosity, density, temperature, etc., may affect
the droplet size distribution of a spray. The droplet size distribution during atomisation is very
important because it affects (1) the biological activity and (2) the spray drift (droplets that are
too small are prone to drift away to adjacent fields and non-target areas) (Gaskin et al., 2005;
Spanoghe et al., 2007). The optimum droplet size depends on the content of the droplet, the
amount of active ingredient in the droplet and the type of application, i.e. as an insecticide, a
herbicide, a fertiliser, etc. (Spanoghe, 2005). Studies of Skuterud et al. (1988) showed that,
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when applying contact products such as zeolites, it is important to use fine (60 um) or mediate
(60-200 um) droplets.

Spray deposition: wetting and spreading properties on treated leaf surfaces (step 5).

Droplet velocity is known to be a factor affecting impaction; it determines whether a drop is
being either retained or reflected. Deposition of droplets on crop canopies is a very complex
subject. Generally, the epicuticular wax on a leaf acts as a substantial barrier to wetting
(Holloway, 1970). Water alone tends to bead up and roll off the leaf, which can make spray
applications ineffective. Because surfactants have the ability to reduce the surface tension of
water and to induce a surface tension gradient, they enable spray solutions to wet waxy leaf
surfaces more effectively, thereby increasing the amount of spray retained on the leaf.
Enhancing droplet spread increases its potential coverage and can result in an increased
biological activity (Nikolov et al., 2002). The final coverage is also affected by the spray type.
High volume applications can result in product run-off, which leads to considerable losses. On
the other hand, low-volume spraying leads to very poor coverage of the leaf surface and
results in insufficient biological activity and hence loss of efficacy (Gaskin et al., 2000, 2002).
Adding an appropriate surfactant will reduce the contact angle and enhance the degree of leaf
coverage, which will improve crop protection (Holloway, 1970). In general, a good coverage
becomes very important when using non-systemic products, such as zeolites (Spanoghe,
2005). This is because only the parts of the leaf surface covered with the product have a toxic
effect. New growth is also unprotected growth, which makes it necessary to reapply the
zeolite formulation (McBride, 2000).

Physical form and adhesion properties of the leaf deposits (step 6).

Increased spreading will tend to decrease the dose of active ingredient needed per unit area.
According to their concentration and composition, adding adjuvants produces either solid, gel
or liquid deposits. Once the droplets on the leaf surface are dry, it is Important that the
physical form of the deposit is such that the active ingredient is (1) uniformly distributed on
the leaf and (2) has become rainfast. This phase is greatly affected by the leaf’s epicuticular
waxy layer, cuticle age and composition, the environmental conditions and the variability in
plant species (Hall et al., 1997). Areas of low rainfall are most adaptable to this technology,
because the applied zeolite, just like kaolin, will eventually get washed off all crops by rain.
This will lead to a situation where the plant is unprotected again and the zeolite formulation
will have to be reapplied, which causes an increase in costs (McBride, 2000).

Penetration into and translocation in the leaf (steps 7 and 8).

Plant uptake is also affected by the leaf and fruit surface wax, cuticle age and composition and
species variability. Transport of the active ingredient through the plant cuticle is determined
by three processes: (1) absorption into the cuticle, (2) diffusion through the cuticle and finally
(3) desorption from the cuticle (Spanoghe et al., 2007). Translocation is the transport of the
agrochemical from the initial absorption site to other parts of the plant and can occur either
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via the phloem or via the xylem or both (Norris, 1969). However, these steps are mainly of
importance when using systemic products, which have some additional barriers to overcome
before they reach the pest or the disease. This is not the case when zeolites are used, as
contact products will not penetrate into the plant and will not be transported (Spanoghe,
2005).

Penetration and transport in the fungal cell (steps 9 to 11).

Only certain steps mentioned in Table 1-4 apply to foliar treatments with current PPP
formulations, and some of them are very specific. For fungicides, extra important steps are
involved in the process that can influence the final activity dramatically. These extra steps will
include possible phytotoxic side effects, specific demands for fungal cell penetration and a
range of other interactions that may interfere with these steps, such as the behaviour of
infected plants to a treatment, the effect on resistance development of the fungus, the
treatment type and the location of the biochemical site of action in the fungal organism
(Rogiers et al., 2005; Ryckaert et al., 2007). The fungus is not actively controlled by the zeolite
formulation, because contact products cannot penetrate into the fungal organism.
Nevertheless, zeolites can have a reducing effect on spore germination (see Section 2.4.2)
(Puterka et al., 2000; Glenn et al., 2001).
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Table 1-4. Different steps in the pathway of a fungicidal spray solution from spray nozzle to the aerial

part of the plants (Steurbaut et al., 2001a).

1. Active ingredient
U + surfactant (emulsifier, ...)
2. Formulation
U dispersing agent
3. Spray solution
U dynamic surface tension viscosity
4. Spray droplet formation with transport to target

U wetting and adhesion, spreading properties retention
or reflection

5. Impaction and contact on leaf surface
U sticking properties, rain fastness, evaporation,
physical form of deposit, humefactant effects,
UV-protection
6. Formation of deposit TOTAL FUNGICIDAL EFFECT
J transcuticular penetration, stomatal infiltration
7. Penetration into the leaf = N

U systemic activity, translocal activity  contact activity

8. Translocation in the plant

U membrane penetration U
9. Penetration into fungal cell e e e o« 74
U hydrophilic-lipophilic properties

10. Transport and complexation with site of action

J reaction with site of action

11. Fungicidal activity
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2.4 EFFECTS OF ZEOLITES THAT OCCUR AFTER APPLICATION

Various coating polymers are used to reduce water losses, protect plant surfaces against
invading microorganisms and prevent the development of certain plant diseases. These
coating polymers used as protective barriers are non-phytotoxic, permeable to gases and
resistant to changing environmental conditions and penetration of solar irradiation (Zekaria-
Oren and Eyal, 1991). The following sections describe whether these effects are also valid
when zeolites are used as particle films on plants.

2.4.1 EFFECTS OF ZEOLITES ON THE PLANT

Photosynthesis enhancement by zeolites on crops

Zeolites are able to adsorb carbon dioxide (CO2) molecules and release them slowly into the
environment (Jaramillo and Chandross, 2004; Montanari and Busca, 2008). When zeolites are
spread on plant leaves, they may (this is not yet proven) increase the amount of CO; near the
stomata, which could induce a higher photosynthesis rate for plants using both C3 and Ca
carbon fixation. In particular, Cs plants, such as apple, orange, tomato, grape, etc., take
advantage of this increase (Cleland et al., 1998; Ainsworth and Rogers, 2007). A higher
concentration of CO, by applying zeolites may increase the velocity of carboxylation by
competitively inhibiting the oxygenation reaction, increasing the efficiency of net carbon CO;
uptake by decreasing photorespiratory CO; loss (Long et al., 2004). Because of the increased
CO; concentration, the efficiency of light usage increases in net CO; uptake, which results in
increased growth and an increased rate of production of leaf area. Furthermore, the water
usage decreases because of a lower transpiration rate, which further accelerates leaf
development (Figure 1-5) (Long et al., 2004). In the literature, conflicting data have been
observed on this subject using kaolin. Grange et al. (2004) found a reduction in photosynthetic
rates of individual leaves owing to a reduction in light because of a 20-40% increase in
reflection and decreased absorption. Wiinsche et al. (2004) observed that, in spite of a
reduction in photosynthetic rates of individual leaves, there was no decrease in canopy
photosynthesis. Glenn et al. (2003) noted an increase in canopy photosynthesis. Rosati et al.
(2007) conducted a study on this and demonstrated that kaolin application does reduce
photosynthesis of individual leaves, but increases the canopy photosynthesis, which explains
the increased yield.
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Figure 1-5. Overview of direct effects of increasing CO, concentration on C; plant production (Long et
al., 2004).

Heat stress and sunburn of zeolites on crops

It is known that the affinity of Rubisco (the enzyme responsible for carbon fixation in plants)
for CO, and the solubility of CO, relative to O, both decrease with rising temperature.
Therefore, the relative ratio of carboxylation to oxygenation is reduced when the temperature
increases (Ainsworth and Rogers, 2007). By coating the plants with zeolite, the plant leaf
temperature can potentially be diminished, caused by increasing leaf reflectiveness
(whiteness) of infrared radiation. Similar experiments are already executed with kaolin. Tests
indicate a higher leaf carbon assimilation rate and a reduced canopy temperature in grapefruit
and apples (Glenn et al., 2003; Jifon and Syvertsen, 2003; Glenn and Puterka, 2005). That
explains why this product is labelled for reduction of heat stress and sunburn on several crops
(Kahn and Damicone, 2008). Kaolin cools tissues and protects plants from extreme heat and
ultraviolet radiation by increasing leaf reflectance and reducing transpiration rate (Sotelo-
Cuitiva et al., 2011). Experiments with kaolin demonstrated that leaf temperature increases
linearly with increasing light intensity. This effect was observed with and without the use of a
coating, but the leaf temperature was significantly lower (P < 0.001) after application of the
coating. Abou-Khaled et al. (1970) have determined that leaves of dwarf orange trees (Citrus
sinensis cv. Valencia), rubber plants (Ficus elastica) and kidney bean plants (Phaseolus
vulgaris) are cooled approximately 4°C by the reflecting material (Figure 1-6) (Abou-khaled et
al., 1970). This effect contrasts with the tendency of antitranspirants to raise leaf
temperatures. The lowered temperature results in a 25% reduction in transpiration, which
improves water-use efficiency. Subsequently, this effect also has a positive influence on yield
and fruit quality. Heat stress is recognised as the main cause of the reduction in tomato yield
and fruit quality worldwide. Cantore et al. (2009) have illustrated that applying kaolin to
tomato plants increases the marketable yield by as much as 21% owing to a 96% reduction in
sunburned fruit, a 79% reduction in fruit damaged by tomato fruit worm and a 9% increase in
fruit mean weight.
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Figure 1-6. Effect of white reflecting material on the temperature of (A) orange leaves (Citrus sinensis
cv. Valencia), (B) rubber plant leaves (Ficus elastica) and (C) bean leaves (Phaseolus vulgaris) (Abou-
Khaled et al., 1970).

Water sorption capacity of zeolites

In addition to the reduction in heat stress, zeolites may also be used to reduce water stress.
The adsorption selectivity of zeolites for water (H,0) is greater than any other molecule
(Lalancette et al., 2005). This is shown by an adsorption capacity that may reach up to 30% by
weight of the zeolite without any volume modification (Eriksson, 2008). These polymers form
a film over the stomata, increasing resistance to water vapour loss (Reddy, 2012). By absorbing
condensing water and eliminating free water on the plant surface, zeolites will serve as a
physical barrier to liquid water. This barrier will prevent the formation of the liquid film of
water that is required by many fungal and bacterial pathogens for disease propagule
germination (Lalancette et al., 2005). The water sorption behaviour of a sorbent depends on
many factors, such as the structure and the chemical composition of the material, the
presence of charged species, the type of framework structure and the hydration level. The key
physical property of every adsorbent is the surface hydrophobicity (Sakuth et al., 1998).
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The hydrophobicity of zeolitic adsorbents can be varied by changing the silicon to aluminium
ratio. In general, zeolites are highly hydrophilic sorbents owing to their electrostatic charged
framework and the abundance of extra-framework cations. Almost all of the zeolites
(especially the high-aluminium zeolites) show type | water sorption isotherms (Figure 1-7),
which indicate a high affinity for water at a low partial pressure (Ng and Mintova, 2008). The
water sorption capacity generally is also proportional to the size of the pores, because of the
highly polar surface within the pores. That is why aluminosilicate zeolites with larger pores
have a higher capacity for water. Zeolites can be placed according to pore size into the
following categories: extra-large-pore zeolites (8 > 9A), large-pore zeolites (6A < 8 < 94),
medium-pore zeolites (5A < 8 < 6A) and small-pore zeolites (3A < 6 < 5A), depending on the
access to the inner part using 8-, 10- or 12-atom oxygen rings respectively (Melo et al., 2012).
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Figure 1-7. Adsorption isotherms classified according to IUPAC: type |: very hydrophilic material; type
II: hydrophilic material; type lll: hydrophobic/low hydrophilic material with weak sorbent-water
interactions; type IV: hydrophilic material; type V: hydrophobic/low hydrophilic material with weak
sorbent-water interactions; type VI: hydrophilic material with multiple sorbent-water interactions
and stepwise sorption; type VII: very hydrophobic material (Ng and Mintova, 2008).

-27 -



CHAPTER 1

2.4.2 EFFECTS OF ZEOLITES ON PATHOGEN/INSECT BEHAVIOUR

Fungicide properties of zeolites

Film-coating polymers have been reported to provide additional protection against various
foliar pathogens (Zekaria-Oren and Eyal, 1991). Aluminium-rich zeolites are often used as
desiccants. This is due to their high concentration of hydrophilic active sites, which can
enhance the water sorption capacity and hydrophilicity (Ng and Mintova, 2008). Their high
affinity for water is another potential advantage of zeolites over kaolin. Just like kaolin, the
zeolite coating creates a barrier that prevents disease inoculums from directly contacting the
leaf surface (Figure 1-8). Each type of microbial organism (bacterium, yeast or fungus) needs
water to grow and to develop. The availability, rather than the amount, of moisture is an
impediment (such as the pH or the temperature) to avoiding or promoting its development
(Fontana and Campbell, 2004). Scott (1953, 1957) showed that microorganisms have a limiting
water activity level below which they will not grow. The water activity, and not the water
content, determines the lower limit of available water for microbial growth. Percival and Boyle
(2009) showed that, just like kaolin, zeolites could provide protection against apple scab
(Venturia inaequalis) by preventing a liquid film. By absorbing condensing water, the zeolites
prevent the formation of the liquid film of water that is required for many fungal and bacterial
pathogens for disease propagule germination (Puterka et al., 2000; Glenn et al., 2001).

Fungal conidia

Zeolite film

Seechesstes

Figure 1-8. Schematic overview of a zeolite film creating a barrier against fungal germlings.

Leaf surface

Insecticide properties of zeolites

Besides their function as desiccants against microbial organisms, zeolites are also effective
against insect (Puterka et al., 2000; Walters, 2006). They can partially remove the insect’s
outer cuticle (epicuticule) through abrasion by hard non-sorptive particles. Since it is not likely
that large insect epicuticular lipid molecules enter the zeolite’s inner channels, the insect’s
outer cuticle can also partially be removed by absorption and adsorption of the lipid molecules
onto sorptive particles of a zeolite surface. This adsorption will take place on silica-rich
zeolites, which have hydrophobic properties. Both processes induce rapid water loss from the
insect’s body and cause death by desiccation. Consequently, there is an inverse relationship
between insect mortality and relative humidity (Glenn et al., 1999). Tests done with kaolin
clay particles showed that pest insects, including psyllids, aphids, fruit flies and thrips, have a
lower oviposition rate (Knight et al., 2000; Glenn et al., 2001; Mazor and Erez, 2004; Larentzaki
et al., 2008; Leskey et al., 2010). The results also showed that the hatch rate of eggs covered
with the particle film decreases, larval development is interrupted and mortality is higher for
leaves on which the pest insects are exposed to the particle film. The particles also attach to
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the insect’s body, inducing a tactile deterrence that can lead to disruption of the insect’s
behaviour to such a degree that it is unable to feed and eventually starves (Glenn et al., 2001).
Moreover, the layer of particle film covering the leaves and fruit reduces the attractiveness of
visual cues and prevents insects from recognising and finding plant parts on which they lay
eggs (Leskey et al., 2010). However, particle films also induce negative effects, as some pest
insects are able to thrive on leaves sprayed with particle films, while the presence of natural
enemies is reduced. Marko et al. (2008) illustrated that, while a kaolin-based particle film
application reduces many insect pests on apple trees, including the codling moth (Cydia
pomonella), the apple sawfly (Hoplocampa testudinea) and several weevils, leafhoppers and
scales, the infestation levels of other pest insects increase. Leaves covered with kaolin
promote a severe infestation of the woolly apple aphid (Eriosoma lanigerum) and reduce the
abundance of polyphagous predators and parasitoids. Also it was noted that some weeks after
the treatment the number of predaceous coleopterans was low.

2.4.3 EFFECTS OF ZEOLITES ON THE SOIL

Soil water retention of zeolites

When zeolite is lost during application or washed off the leaves by rainfall, it can still have a
positive effect on the soil composition. When water is supplied adequately, plants are prodigal
in their water usage because only roughly 5% of water uptake is used for their growth and
development, while the remaining 95% is lost on transpiration (Moftah and Al-Humaid, 2004).
Actively growing plants transpire each hour a weight of water equal to their fresh leaf weight
in arid and semi-arid regions. This makes it necessary to find ways to use the available water
economically (Moftah and Al-Humaid, 2005). Zeolites form a permanent water reservoir and
provide prolonged moisture in dry periods, which helps plants to withstand drought.
Amendment of sand with zeolite increases available water to the plants by 50% (Ramesh et
al., 2010).

Cation exchange capacity of zeolites

Zeolites are also one of the most efficient cationic exchangers. Their cationic interchange
capacity is 2-3 times greater than other types of mineral found in soils (Perez-Caballero et al.,
2008). That is why zeolites are widely used as slow-release fertilisers that increase nutrient
retention capacity. Because natural zeolites are not acidic but marginally alkaline, their use
with fertilisers may also help to increase (buffer) soil pH levels (Ming and Boettinger, 2001).
Zeolites in soils exchange sodium (Na*) and potassium (K*) cations for ammonium (NH4*) (Li,
2003). Ammonium and potassium charged zeolites have shown their ability to increase the
solubilisation of phosphate (PO43") and the capture of nitrate (NO3"). In addition, the inclusion
of negatively charged nitrate ions promotes the uptake of positively charged nutrient ions,
such as magnesium, calcium and potassium. All of this simultaneously contributes to a
reduction in contamination, a reduction in the amount of fertiliser to be applied and an
improvement in crop yield (Perez-Caballero et al., 2008; Ramesh et al., 2010). A number of
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examples of zeolites used as fertilisers were given by Mumpton (1999). By using clinoptilolite-
rich tuff as a soil conditioner, significant increases in the yields of wheat (13-15%), eggplant
(19-55%), apples (13-38%) and carrots (63%) were reported when 1.6-3.2 t.zeolite.ha™ was
used. The addition of NH4*-exchanged clinoptilolite in greenhouse experiments resulted in
59% and 53% increases in root weight of radishes in medium- and light-clay soils respectively.

2.5 CARRIER EFFECT OF ZEOLITES

One of the major concerns in the use of organic compounds, such as herbicides, fungicides
and PPPs, in agronomy and horticulture is their leaching into groundwater. As most of these
organic compounds are too large to enter the zeolite framework, the high adsorption capacity
of zeolites makes it possible to control the rate of diffusion of molecules in and out of the
micropores and thus control the release of adsorbed active ingredients (Colella, 2007). The
use of controlled-release formulations can, in many cases, supply the active ingredients at the
required rate, thus on the one hand reducing the amount of chemicals needed for pest control
and on the other hand decreasing the risk to the environment. Controlled release of PPPs and
other organic agrochemicals can, in many cases, permit safer, more efficient and at the same
time more economical crop protection (Gerstl et al., 1998).

2.5.1 PLANT PROTECTION PRODUCT CARRIER EFFECT OF ZEOLITES

Sopkova and Janokova (1998) were able to enclose the solid form of the synthetic pyrethroid
insecticide supercypermetrine in the natural zeolite clinoptilolite. They used an experimental
set-up to indicate the enclosure and stabilisation of the insecticide in the mineral. The
pyrethroid was gradually released from the zeolite, demonstrating that the mineral can be
used as a reservoir for the insecticide for a longer time. Moreover, the insecticide was better
protected against photolysis and early release, which ensured better protection of the
environment against an excess of the chemical.

The external surface activity of zeolites can be modified in such way that minerals can be
exploited as carriers of different products, including herbicides, fungicides, insecticides and
growth regulators (Colella, 2007). Zhang et al. (2006) modified the surface of zeolite Y by
silylation with 1,1,3,3-tetramethyldisilazane (TMDS). This modification narrowed the pores of
the zeolite after the mineral had been loaded with the herbicide paraquat because of ion
exchange. Slow release of paraquat in TMDS-modified zeolite Y is obtained by slower diffusion
of paraquat through the blocked ‘windows’ at the zeolite-surface interface, while the pore
interior is not modified. This surface alteration is an ideal solution for modifying zeolites to
carry products that benefit from slow release.
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2.5.2 SEMIOCHEMICAL/PLANT EXTRACT CARRIER EFFECT OF ZEOLITES

Semiochemicals can be defined as chemicals emitted by living organisms (plants, insects, etc.)
that induce a behavioural or a physiological response in other individuals. These compounds
can be classified into two groups according to whether they act as intraspecific (pheromones)
or interspecific (allelochemicals) mediators (Figure 1-9) (Heuskin et al., 2011).

Semiochemicals

Intraspecific interactions Interspecific interactions
Pheromones Allelochemicals
- Sex pheromones - Allomones (+ emitter)
- Aggregation pheromones - Kairomones (+ receptor)
- Alarm pheromones - Synomones (+ emitter
- Trail pheromones AND receptor)
- Host marking pheromones

Figure 1-9. Semiochemicals (Heuskin et al., 2011).

Munoz-Pallares et al. (2001) examined zeolites with different pore diameters for use as
dispensers for pheromones. They showed that zeolites are able to decrease initial pheromone
emission rates and thus significantly reduce pheromone losses. Zeolites are also used for the
controlled emission of semiochemicals in order to contribute to environmental management
of agricultural pests and diseases. These active ingredients can play a major role, as they
induce interference of the insect’s perception: the behaviour of insects towards the plant
(depending on the range of colours, odours and textures they can perceive) and the behaviour
of insects towards each other (depending on sex pheromones) (Heuskin et al., 2011).

Kvachantiradze et al. (1999) demonstrated that the natural zeolite clinoptilolite can be used
to photostabilise Bacillus thuringiensis, a bioinsecticide. Several strains of this environmentally
safe entomopathogenic bacterium produce endotoxins that are highly specific against certain
insect pests. The main drawback using this PPP is that its biological activity decreases during
exposure to solar irradiation (Cohen et al., 1991). Kvachantiradze et al. (1999) and Colella
(2007) mixed B. thuringiensis with the zeolite, demonstrating that the presence of the zeolite
can extend the photostability of the complex by deflecting sunlight and allowing a gradual
desorption of the endotoxin by this aluminosilicate mineral (Figure 1-10) (Kvachantiradze et
al., 1999).
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Figure 1-10. Insecticidal activity of unprotected B. thuringiensis affected by solar irradiation (O) and
of the B. thuringiensis-zeolite complex (3) (Kvachantiradze et al., 1999).

2.5.3 MICROBIOLOGICAL CARRIER EFFECT OF ZEOLITES

In the literature, bacteria, yeasts and fungi are described as promising candidates for
development as biological PPPs (Rodgers, 1993; Ooijkaas et al., 1998). In the past, these
microorganisms were mainly characterized as planktonic, free-living cells. However, in nature,
most microorganisms are found in association with each other or with solid surfaces and form
multicellular aggregates called biofilms (Costerton et al., 1999; Wimpenny et al., 2000).

Biofilm formation may facilitate the use of microorganisms as biological PPPs. The biofilm
serves as support for the formation and functioning of consortia, as it allows stable cell-cell
contact. This is necessary because of the high metabolic fluxes between the cells that occur in
synergistic interactions (Nielsen et al., 2000). In addition, the biofilm matrix provides
additional protection against environmental stress (Flemming, 1995; Horn and Morgenroth,
2006). Finally, surfaces and biofilms can also serve as sites for the transfer of genetic material
(Paul et al., 2005).

In principle, two methods for spore production can be distinguished, i.e. liquid-state
fermentation (LSF) and solid-state fermentation (SSF) (Ooijkaas, 2000). SSF, defined as the
growth of microorganisms on (moist) solid material in the absence or near-absence of free
water, is generally the preferred production method, as most fungi sporulate well on solid
substrates. In addition, SSF produces biocontrol agents of better quality than liquid
fermentation (Pandey et al., 2008a).

Among several other factors that are important for microbial growth and activity in a
particular substrate, particle size and moisture level/water activity are the most critical.
Generally, smaller substrate particles would provide a larger surface area for microbial attack
and should therefore be considered as a desirable factor. However, excessively small substrate
particles may result in substrate agglomeration, which may interfere with microbial
respiration/aeration, and may result in poor cellular growth. At the same time, larger particles
provide a better respiration/aeration efficiency (owing to increased interparticle space) but
provide a limited surface for microbial attack (Pandey et al., 2008a, 2008b).
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Zeolite particles represent suitable mineral microhabitats and good carriers for immobilisation
of microorganisms (Shindo et al., 2001; Hrenovic and Tibljas, 2002; Weiss et al., 2013). SEM
micrographs of a zeolite carrier for yeast cells are shown in Figure 1-11 (Shindo et al., 2001).

Figure 1-11. Scanning electron micrograph of (A) a natural zeolite carrier and (B) the same carrier
with immobilized yeast cells (Shindo et al., 2001).

Another example is the use of zeolites as carriers for fungal colonisation. The use of fungal
biological control agents to control plant pathogens has been investigated for more than 70
years; however, research in this area has increased dramatically only in the past 20 years. Over
40 biological control products have been introduced into the market within the past 10 years,
but these are used on a very small scale as compared with chemical fungicides (Kaewchai et
al., 2009).

3 RISK OF TOXICITY DUE TO THE COATING
3.1 PLANT TOXICITY

Coating plants with particle films is in general not phytotoxic (Puterka et al., 2000; Pasqualini
et al., 2002). This particle film can act as an extra barrier against pathogen infections. The
coating can also work well as a disguise for both the cues necessary for the development of
fungal germlings, as well as for insect pests.

However, a possible disadvantage for plants may be that zeolites used for coating of plants
may be washed off by rain showers (Dufour, 2001; Larentzaki et al., 2008). The Na form of
some zeolites in the soil may inhibit growth of some plant species. The zeolitic ion exchange
ability and selectivity for certain microelements can result in negative effects for plants, by
adsorption of essential trace elements such as manganese, zinc, copper, iron and boron from
the soil. Even some of the macroelements, such as potassium or mineral nitrogen (as the
ammonium ion), can be made unavailable for plant uptake by counteracting selective uptake
on zeolite exchange sites (Shindo et al., 2001; Colella, 2007).
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3.2 ENVIRONMENTAL TOXICITY

Environmental risk assessments performed on zeolite A, a zeolite made from the natural
source kaolin, together with the knowledge that zeolites degrade into natural products over
time, indicate that the use of zeolites does not pose a risk to the environment (HERA, 2004;
Belviso et al., 2013). Moreover, natural zeolites have the ability to remove soil pollutants and
to interact with organic fertilisers (manure) for a modulated transfer of nutrient matter to the
soil. Also, the exchangeable cations in zeolites can exert beneficial effects on soil structure
stability. Zeolites are able to form aggregate compounds with humic acids, which give stability
to the soil structure by avoiding loss by leaching. These humic acid-zeolite aggregates are
useful for the reconstruction or remediation of depleted soils (Colella, 2007).

On the other hand, the Na form of zeolite A exhibited a growth inhibition effect towards the
most sensitive plant species, Raphanus sativus, at test concentrations higher than 900
mg.kg™. In fact, zeolites are considerably less toxic when charged with Ca?*, as toxicity tests
showed a lower toxicity by a factor of 67 compared with the Na form (HERA, 2004). Therefore,
it may be a consideration to exchange the native Na* ions with Ca?* ions, but taking into
account that, when the Na form of zeolite becomes dispersed in water before application, part
of the Na* will be exchanged by the soluble Ca?* present in the dispersant (on account of the
water hardness) (McArthur and Spalding, 2004).

3.3 HuMmAN TOXICITY

The use of zeolites as feed supplements for animals and their medical applications, as
previously stated, indicates that zeolites are not harmful to humans (Pavelic and Hadzija,
2003). Material Safety Data Sheets from zeolite products also consider zeolites to be safe
(BASF, 2012). The health hazard induced by prolonged and repeated contact of the zeolite
powder and watery suspensions with the human skin of the operators is merely some local
irritation, i.e. slight to moderate eye irritation. The raw material may reach the lungs through
inhalation and has been shown to induce inflammatory reactions in the lung, alveolar and
bronchial tissues. Zeolites are also tested for their carcinogenic effects (HERA, 2004). Studies
on rats, in this case using clinoptilolite, showed no significant increase in incidence of tumours
(Kahler, 2014).

In Europe, zeolite is approved as an anticaking and anticoagulant feed additive (Directive
70/524/EC) for all species or categories of animals, for all feeding stuffs. Synthetic sodium
aluminium silicate is also used as a food additive (E 554) (EFSA, 2004). In the United States,
according to the United States Food and Drug Administration (FDA), zeolite A is also approved
for use as a food additive. The FDA’s GRAS (Generally Recognised As Safe) status is also
awarded to pure clinoptilolite (potassium-calcium-sodium-aluminosilicate) zeolite products
(US-FDA, 2006).
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4  CONCLUSION

Once applied on the plant, the zeolite-based product forms a coating that fulfils many
functions. The coating will have a double effect regarding water consumption. It may reduce
regular evapotranspiration and it may increase photosynthetic efficiency. Particles of zeolite
may also protect the surface of the plant from solar UVB/UVC radiation and reduce the
superficial temperature. This reduces the risk of ‘sunburn’ injury (and subsequent crop losses),
which also increases CO; solubility and RuBisCO yield. All these properties result in an increase
in crop yield.

Besides their effects on the plant, these zeolites can also control pests and fungal diseases.
The ability of the zeolite to adsorb water molecules from the plant’s surface (drying effect)
may create a hostile environment for fungi, larvae and eggs, as the coating acts as a desiccant
as soon as condensation takes place. On the other hand, active ingredients will endow the
coating with persistent effects against pests. In addition, the coating may protect the plant
from adult insects and other phytophagous arthropods, as the colouring and microscopic
texture of the plant’s surface are altered.

Finally, when PPPs are released into the environment, most of their quantity is lost before
even reaching the intended target. These PPPs can cause harm to human health and the
environment. The high adsorption capacity of zeolites for other molecules besides water
makes it possible to use them for controlled release. When zeolites are used as a carrier for
PPPs, semiochemicals, plant extracts and microorganisms, this slow-release effect ensures a
reduced need for these active substances. Whether or not they are combined with active
substances, the use of zeolites for crop protection will reduce the amount of used fungicides,
insecticides, etc. This will lead to safer, more efficient and more economical crop protection.
In addition to the fact that in this manner zeolites are less harmful to the environment, zeolites
are also innocuous substances in terms of human impact and toxicity.
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Chapter 2

SELECTION OF ZEOLITES

As there are many zeolites on the market, including natural and synthetic zeolites, it is
therefore very important to determine which zeolite is the most suitable for its application as
PPP. The following chapter describes both the theoretical and experimental selection of
zeolites. Part A discusses the theoretical selection, while Part B describes the experimental
selection of the theoretically selected zeolites from Part A. Additionally, in Part C, a case-study
compares the adsorption capacity of zeolites to those of other adsorbents in function of water
treatment.

1 GENERALINTRODUCTION
1.1 BACKGROUND

The term ‘zeolite’ was mentioned for the first time by the Swedish mineralogist A. F. Cronstedt
in 1756, who discovered the so called stilbite. He observed that upon rapidly heating the
material, a large amount of steam was obtained (Bogdanov, 2009a). In response to this
phenomenon, the material was named ‘zeolite’, which is derived from the Greek words ‘zeo’
(boil) and ‘lithos’ (stone) (Bogdanov, 2009b). Since then, zeolites have been recognized as a
separate group of minerals, one of the most abundant on earth.

Zeolites are crystalline, aluminosilicate minerals formed in nature when volcanic rocks and ash
layers react with alkaline ground water. Generally, their structure can be considered as an
inorganic polymer built from tetrahedral TO4 units, where T is a Si** or AI** ion. Each O atom is
shared between two T atoms, as shown in Figure 2-1.

Figure 2-1. (A) TO, tetrahedron and (B) TO,4 tetrahedra sharing a common oxygen vertex (Xu et al.,
2007).
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The negative charge created by the presence of AlO; is balanced by cations that neutralize
the charge deficiency. These cations are weakly connected to the framework, which makes
them as mobile species present in the pores of the zeolites. That is why these cations can be
exchanged with other cations. It makes zeolites able to reversibly adsorb polar molecules
(Denayer et al., 2011). Important for this ion exchange property is the Si/Al ratio. A zeolite
with equal amounts of aluminium and silicon has each oxygen linked to one Al and one Si, and
cavities contain a maximum density of exchangeable cations, which makes them ideal as ion
exchangers and adsorbents (Ramesh et al., 2011).

1.2 NOMENCLATURE

There is no systematic nomenclature developed for zeolites and related materials.
Information of the different framework types is published in the sixth edition of the Atlas of
zeolite framework types and on the internet by the structure commission of the International
Zeolite Association (IZA). To each unique structure type, which has been established based on
the characteristic X-ray powder diffraction (XRD) patterns irrespective of their chemical
composition, the IZA has assigned a code composed of three capital letters (Baerlocher et al.,
2007). Review publications containing new tetrahedral frameworks are periodically
announced on the IZA web pages and included in the internet version of the Atlas (Bellussi et
al., 2012). As of February 2007, 176 zeolite framework types had been confirmed by the
Structure Commission in the Atlas, but an update led to 231 framework types.

1.3 CLASSIFICATION

Zeolites are classified according to their framework structure, in addition to their chemical
composition that can usually be considered variable. A description of a zeolite structure
almost always begins with a description of the framework types and defines the size and shape
of the pore openings, the dimensionality of the channel system, the volume and arrangement
of the cages, and the types of cation sites available (McCusker and Baerlocher, 2001, 2007).
Information on the framework type alone can elucidate many of the observed properties of a
zeolite. Nonetheless, the chemical composition of the framework, the nature of the species
within the channels, and the type of post-synthesis modification also play a very important
role in determining the specific properties of a particular zeolitic material. Precise structural
details, such as the nature of the distortion of a framework from ideal symmetry or the exact
location of extra-framework species, are often needed to fully understand the properties of a
specific zeolite (McCusker and Baerlocher, 2007).
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1.4 STRUCTURE

Zeolites have a three dimensional, four-connected framework structure constructed from
corner-sharing TO4 tetrahedra, where T atoms generally refer to Si, Al or P atoms. In some
cases, other atoms such as B, Ga, Be, Ge, etc., are also involved. These [SiO4], [AlO4] or [PO4]
tetrahedral are the basic structural building units or BBU. In other words, the TO4 tetrahedra
are referred to as the primary building units or PBU of zeolite structures, which are linked
together to form secondary building units or SBU (Appendix A, Figure A-1).

These SBUs consist of n-ring structures, containing n tetrahedra, which refers to the size of
the ring and characterizes the pore openings (McCusker and Baerlocher, 2005). In general,
zeolites are classified as small-pore, medium-pore and large-pore systems according to the
number of pore openings. The small-pore zeolites contain the pore opening enclosed by 8 TO4
tetrahedra, with a diameter of about 4A. Medium pore zeolites generally feature a 10-ring
pore opening with a diameter of approximately 5,5A and the large pore zeolites have pore
openings formed by 12 TO, tetrahedra, with a diameter of about 7,5A. The zeolites with pore
openings comprising more than 12 T-atoms are called extra-large pore zeolites, but they are
still rare. It is worth noting that 8-, 10- and 12-rings are common in zeolites and that the largest
ring is limited to a 20-ring system (Xu et al., 2007).

Secondary building units can be linked to form chains, channels or cages (Appendix A, Figures
A-2, A-3 and A-4) within the structure (Xu et al., 2007). Chains are one-dimensional polyhedral
building units that are frequently found among zeolite structures.

A channel is a pore that is infinitely extended in at least one dimension with a minimum
aperture size (n ring) that allows guest molecules to diffuse along the pore. In many zeolites
the channels intersect forming two- and three-dimensional channel systems. The dimension
of the pore is one of the critical properties of zeolite materials, since this dimension
determines the maximum size of the molecules that can enter from the exterior of the zeolite
crystal into its micropores.

Cages are polyhedral units whose largest rings are too narrow to allow the passage of
molecules larger than water. It is usually considered that 6-rings are the limiting ring size to
form a cage. Cavities are polyhedral units that differ from cages by the fact that they contain
windows that allow the passage of molecules in and out of the cavity. Cavities should not be
infinitely extended and should be distinguished from other units such as pores and channels
(Lobo, 2003).
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1.5 EVOLUTION FROM NATURAL TO INDUSTRIAL MATERIAL

As mentioned in Chapter 1, zeolites can be natural or synthetic. Natural zeolites were first
discovered in cavities and vugs of basalts, and at the end of the 19th century, they were also
found in sedimentary rocks. With geological exploration and study on minerals, more and
more natural zeolites have been discovered. Up till now, 48 types of natural zeolites have been
found. Most zeolites known in nature are of lower Si/Al ratios, since organic structure-
directing agents necessary for formation of siliceous zeolites are absent. That is why natural
zeolites do not reach the high standards of the industry (Xu et al., 2007).

The period from 1954 to the early 1980s is the golden age for the development of zeolites.
Zeolites with low (Si/Al = 1-1.5), medium (Si/Al = 2-5), and high (Si/Al = 10-2=) Si/Al ratios were
extensively explored, which greatly facilitated the applications of zeolites and stimulated
industrial progress. By the end of 1954, zeolites A and X became the first industrially produced
zeolites by means of a hydrothermal crystallization. Despite the fact that many new zeolites
were developed, these materials remain of huge academic and commercial interest. Zeolites
A and X have the largest amount of cations and are excellent ion exchangers. In 1964, a
number of companies in the United States imitated the formation of natural zeolites and
produced a series of synthesized zeolites with an intermediate Si/Al ratio, including Nay,
mordenite, zeolite L, erionite, chabazite, clinoptilolite, and many others. These zeolites were
widely applied in the fields of gas purification and separation, and catalytic processes of
petroleum refining and petrochemistry. Finally, zeolites with high Si/Al ratios were developed
in the 1960s and 1970s. The best known example is ZSM-5. Even though the Al content is low,
the acidity of the zeolites is adequate for hydrocarbon catalysis reactions. In contrast to
natural zeolites, the acidity and acid strength of synthetic zeolites can be modified by changing
the sample pretreatment, or preparation method, exchanging the cations, modifying the Si/Al
ratio or by isomorphous substitution of AI** and Si** (Deca, 1998). Thermochemical
modifications after the synthesis, such as in the production of zeolite Y, are of technological
interest (Xu et al., 2007).

Synthetic zeolites are manufactured on a large scale for industrial use. However, over the past
years, the demand for natural zeolites has increased steadily. This is mainly due to the growth
in the use of natural zeolites in agricultural products, odour control and environmental
applications (Cicala et al., 2001).

1.6  ZEOLITE SYNTHESIS

The synthetic zeolites are commercially more often used than natural zeolites due to the
purity of crystalline products and the uniformity of particle sizes. The main advantages of
synthetic zeolites over naturally-occurring zeolites are their ability to be engineered with a
wide variety of chemical properties and pore sizes and their greater thermal stability.
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Zeolite synthesis is well known to be a complex process. The rate of crystallization, types of
products formed, and their particulate properties (habit, morphology, and crystal size
distribution) depend on a large number of parameters. These parameters encompass the
crystallization conditions (temperature, stirring, seeding, and gel aging) as well as
composition-dependent parameters (pH, water content, the ratio between framework-
forming elements, template concentration, and ionic strength) (Cubillas and Anderson, 2010).

Typically, the laboratory synthesis of zeolites is performed by hydrothermal means
(Figure 2-2). In this approach, an amorphous silica source, an amorphous aluminum source
and a mineralizing agent (most commonly an alkali metal hydroxide) are combined with water
in a closed system and heated (between 50-200°C) under autogenous pressure. The
hydrothermal reaction is characterized by the gradual transformation of the amorphous
material to an approximately equal mass of zeolite crystals (which are recovered by filtration,
washing and drying). Prior to this, the reaction mixture may be left for aging for a period of
time (hours to a few days) (Cundy and Cox, 2005).
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Figure 2-2. Hydrothermal zeolite synthesis (Cundy and Cox, 2005).

The main problem in zeolite research is the availability and cost of raw material, especially the
silica source. On the other hand, commercial silica (made of sand), which are available in gel,
sol, fumed or amorphous solid, are found to be variable in reactivity and selectivity. The
preparation of synthetic zeolites from silica and alumina chemical sources is expensive. Yet,
cheaper raw materials, such as clay minerals, natural zeolites, coal ashes, municipal solid
waste incineration ashes and industrial slags are utilized as starting materials for zeolite
synthesis. The use of waste materials in zeolite synthesis contributes to the mitigation of
environmental problems, generally in the field of water purification, by removing heavy
metals or ammonium, and therefore turns them into attractive and useful products (Georgiev
et al., 2009).
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In Part A, a theoretical selection of the zeolites was made. The main focus was laid on
particular characteristics, such as hydrophobicity, pore size, extra-framework cations and
availability. The results of this study contribute to a better understanding of zeolite framework
structures and were used for further experimental selection, as described in Part B.

A.1l INTRODUCTION

The large surface area of zeolites, as well as their excellent thermal and chemical stability,
makes zeolites suitable materials for a large number of applications. Specific zeolites have to
be chosen for a particular use depending on their particular characteristics such as hydrophilic
character, pore volume, surface area, pore size, extra-framework cations present in the
structure, and cost. The importance of zeolites to agricultural use can be attributed to a unique
combination of the following properties, i.e. natural zeolite framework types, extra-
framework cations, pore size, hydrophilic character, toxicity and availability.

Although synthetic zeolites have many advantages such as high purity, uniform pore size, and
better ion exchange abilities, natural zeolites are more applicable when there are huge
demands and fewer quality requirements. The reason is that natural zeolites are often located
near the surface of the earth and can be easily exploited and used after some simple
treatments, which lead to lower costs and hence lower prices. Therefore, natural zeolites have
a good prospect of application, especially in the fields of agriculture and environmental
protection (Xu et al., 2007). Since the main objective of this study was to use the zeolites in
agriculture, the selection was focused on natural zeolites. Simultaneously, the harm to
humans, animals and the environment was taken into account.

With the aim to use zeolites also as a carrier, the capacity of the microporous structure of the
zeolite to adsorb molecules of active ingredients was explored. These adsorption
characteristics of zeolites are dependent upon the detailed chemical/structural makeup of the
adsorbent. The Si/Al ratio, cation type, number and location are particularly influential in
adsorption. These properties can be changed by several chemical treatments to improve
separation efficiency of raw natural zeolite. Acid/base treatment and surfactant impregnation
by ion exchange are commonly employed to change the hydrophilic/hydrophobic properties
for adsorption of various ions or organics (Ackley et al., 2003).

A.2 SELECTION OF ZEOLITES BASED ON THEIR PROPERTIES
A.2.1 NATURAL ZEOLITES

Table 2-1 gives an overview of all zeolites on the market in 2016. Each zeolite received a
unique code. From all 231 different zeolite framework types, only 46 types are naturally
occurring zeolites, all highlighted in green in Table 2-1. More details about the framework
type codes are listed in Appendix B (Table B-1).
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Table 2-1. Natural and synthetic zeolite framework types.

ABW | ACO AEI AEL | AEN AET AFG AFI AFN AFO | AFR AFS

AFT AFV AFX AFY | AHT APC APD AST ASV | ATN ATO
ATS ATT ATV AVL | AWO | AWW | BCT BEC BOF
BOZ BPH BSV | CAN CAS CDO CFl CGF CGS
-CLO | CON Ccsv Cczp DDR | DFO DFT DOH | DON
EEI EMT ESV ETR EUO -EWT EZT FAR

FRA GIU IFO IFR IFU IFW
-IFY IHW IMF IRN IRR -IRY ISV ITE ITH ITG -ITN ITR

ITT -ITV ITW IWR | WS WV | IWW | JBW INT 10z JRY JSN

JSR JST JSW KFI LIO -LIT LOS LTA LTF

LTJ LTN MEI MEL | MEP MFS

MOZ | MRE | MSE | MSO | MTF | MTN | MTT MTW | MVY | MWF | MWW

NON | NPO NPT NSI OBW OKO | Osl 0sO

OWE PCR PON POS PSI PUN RRO

RSN RTE RTH RUT | RWR | RWY | SAF SAO SAS SAT | SAV SBE

SBN SBS SBT SEW | SFE SFF SFG SFH SFN SFO SFS SFV

SFW | SGT SIvV SOD | SOF SOS SSF -SSO SSY STF STO

STT | STW | -SVR | SWV SZR TOL TON TUN UEI

UFI uos | Uov | uoz usl UTL | UWY | VET VFI VNI

-WEN ZON

A.2.2 EXTRA-FRAMEWORK CATIONS

The negative charge in the framework of natural zeolites is, in most cases, balanced by mono
and divalent exchangeable cations, such as H, Na, Ca and K. Additionally, other cations may
also be present, i.e. Li, Mg, Ba, Sr, Be, Cs, Rb, B, Fe and Mn. However, a high concentration of
cations often leads to adverse effects on humans, animals and the environment.

Considering the use of zeolites in agriculture, the essential and toxic elements for plants were
taken into account. Plants require a complex balance of mineral nutrients to grow and
reproduce successfully. In addition to water (H,0), oxygen (O2) and carbon dioxide (CO;), 14
mineral elements are essential to all plants (Mengel et al., 2001). Among them, nitrogen (N),
phosphorous (P), potassium (K), calcium (Ca), sulfur (S) and magnesium (Mg) are required in
relatively large amounts (> 1000 mg.kg! dry weight) and are therefore defined as macro-
elements. In contrast, chlorine (Cl), iron (Fe), boron (B), nickel (Ni), copper (Cu), manganese
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(Mn), zink (Zn) and molybdenum (Mo) are needed in smaller amounts (< 100 mg.kg™? dry
weight) and are called micronutrients or trace elements (DalCorso et al., 2014).

To exclude most negative effects, zeolites containing more than 1% of non-essential cations

for plants were eliminated and marked in red in Table 2-2. More details about the composition
of the different zeolites are listed in Appendix B (Table B-2).

Table 2-2. Natural zeolite framework types containing only plant essential exchangeable cations.

ANA | BEA | BIK | BOG | BRE | CHA | -CHI | DAC | EAB | EDI | EON | EPI

ERI | FAU | FER | GIS | GME | GON | GOO | HEU | LAU | LEV | LOV | LTL

MAR | MAZ | MER | MFI | MON | MOR | NAB | NAT | NES | OFF | -PAR | PAU

PHI | RHO | -RON | STI | TER | THO | TSC | VSV | WEI | YUG

A.2.3 PORE SIZE

The pore size of zeolites is also a very important property that must be taken into account.
The arrangement of the structural unit in zeolite frameworks results in the generation of pores
and cavities of various dimensions, responsible for the molecular sieving and confinement
effects during adsorption of molecules. Considering the use of zeolites as carrier for PPPs, a
large pore size is very important. Therefore, zeolites with small and medium pores were
excluded and highlighted in red in Table 2-3. More details about the pore size of the selected
zeolites are listed in Appendix B (Table B-3).

Table 2-3. Natural zeolite framework types with large and extra-large pores.

ANA | BEA | BOG | CHA | DAC | EON | EPI ERI FAU | FER | GIS | GME

GON | GOO | HEU | LAU | LEV | MAZ | MFI | MON | MOR | NAT | NES | OFF

-PAR | PAU | PHI | STI | TER | THO | YUG

A.2.4 HYDROPHILIC CHARACTER

The key physical property of every adsorbent is the surface hydrophobicity (Sakut et al., 1998).
Adsorbents that have a polar surface are called hydrophilic, since they adsorb highly polar
molecules such as H;O. In contrast, adsorbents with a non-polar surface are termed
hydrophobic, since they usually adsorb non-polar molecules as there is no electrostatic
interaction, which causes water to be held only very weakly on the surface of the adsorbent.
Because the physical properties of zeolites are dependent on the aluminium content in the
zeolite, the hydrophobicity can be varied by changing the silicon to aluminium ratio.
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Based on the Si/Al composition, Flanigen (2001) classified zeolites as follows: low
silica/hydrophilic zeolites (Si/Al 1-1.5), intermediate silica/intermediate hydrophobic (Si/Al 2-
5) and high silica/hydrophobic zeolites (Si/Al > 10). The zeolitic hydrophilic property increases
as the aluminium content in the zeolite framework increases and vice versa. The
hydrophobic/hydrophilic nature of zeolites also appears to depend on their framework
structure (Cekova et al., 2006).

Generally, zeolites are highly hydrophilic sorbents due to their electrostatic charged
framework and the abundance of extra-framework cations. The reference zeolite type LTA,
used in the ECO-ZEO project, was a hydrophilic zeolite (Si/Al = 1). In order to compare this
hydrophilic zeolite with more hydrophobic zeolites, the low silica or hydrophilic zeolites
(Si/Al < 2) were removed from the list and marked in red in Table 2-4. Hydrophobic zeolites
were also preferred, taken into account the possible use of zeolites as carrier material. More
details about the Si/Al ratio of the selected zeolites are listed in Appendix B (Table B-4).

Table 2-4. Natural zeolite framework types with medium and high Si/Al ratio.

BEA | BOG | CHA | EON | ERI | FAU | FER | GME | GON | HEU | LAU | LEV

MAZ | MFI | MOR | NES | OFF | PAU | STI | TER

A.2.5 OTHERS

A last selection was made based on the crystal and channel system of the zeolite types, as well
as on their toxicity and availability properties. More details are listed in Appendix B
(Table B-5). First of all, the toxicity of the zeolite types was taken into account. As a result, ERI
and OFF were removed from the list because of their carcinogenic properties. Subsequently,
the selection was based on the crystal and channel system of the zeolites.

Zeolite types with a cubic crystal structure include FAU and PAU. Both zeolite types are rare,
but the natural zeolite faujasite (FAU) gained attention because it has the same framework
topology as Linde X and Linde Y, synthetic counterparts applied as sorbents and catalysts.
Faujasite also corresponds to the most open framework of all natural zeolites. For these
reasons, FAU was selected and PAU was removed from the list.

After removing ERI and OFF from the list of hexagonal zeolites, GME, LEV and MAZ were also
not taken into account because of their limited availability and lack on suppliers.

Subsequently, HEU, LAU, NES and STl are zeolite types with a monoclic crystal structure. Due
to the number of zeolites that have this crystal structure, a first selection was made based on
their availability. Two zeolites from the framework type HEU and one zeolite from the
framework type STI are widely found and used in industry. Because their large-scale presence,
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these materials will also be cheaper. Heulandite and clinoptilolite belong to the same
framework type HEU, with their Si/Al ratio as the only difference. Therefore, clinoptilolite was
selected because of its higher Si/Al ratio. Despite STl is widely found and used in industry, it
was not taken into account because of difficulties in obtaining small amounts of this zeolite.

Orthorhombic zeolites include framework types BOG, EON, FER, MFI, MOR, TER and the
unassigned zeolite tvedalite. The highest Si/Al ratio in natural zeolites was found in MFI,
making this zeolite framework type was selected (Schiith, 2001). Additionally, zeolite
framework type MOR was the only zeolite type with a one-dimensional (1D) channel system
that was widely found and used in industry. Therefore, both MFI and MOR were selected of
the zeolite types with an orthorhombic crystal structure.

Finally, zeolite types CHA and BEA were the only remaining zeolite types having a

rhombohedral and tetragonal crystal structure, respectively. Table 2-5 presents an overview
of the non-selected zeolite types, all marked in red.

Table 2-5. Final selected natural zeolite framework types.

BEA | BOG | CHA | EON | ERI | FAU | FER | GME | HEU | LAU | LEV | MAZ

MFI | MOR | NES | OFF | PAU | STI | TER

Only natural zeolites were taken into account during the selection because of their use in
agriculture. Concerning the availability and lack of suppliers of some zeolite types, it became
necessary to order their synthetic counterparts. More information about these zeolites is
discussed in Part B of this chapter.
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After selecting 6 zeolite framework types in Part A, the adsorption and phytotoxic
characteristics of these zeolites need to be studied in order to meet the requirements that are
discussed and tested in this part.

B.1 INTRODUCTION

As described in Chapter 1, zeolites can be used as a carrier for PPPs, semiochemicals/plant
extracts and microorganisms. When zeolites have a low activity as single substance, it can be
useful to combine them with other active ingredients. Therefore, the adsorption of PPP on
zeolites was considered as a first variable to make an experimental selection.

Adsorption is a process in which molecules from gas/liquid phase (adsorbate) attach to the
surface of a solid adsorbent. The general mechanisms of adsorption are physical adsorption
and chemisorption (Kolasinski, 2012).

Physical adsorption is driven by weak intermolecular forces, such as Van der Waals forces. It
is important to note that physical adsorption does not entail the formation of chemical bonds
or electrostatic interactions, i.e. there is no exchange of electrons. These Van der Waals forces
include dipole/dipole forces and London forces. Because of these weak forces, physisorption
is usually a reversible process. Multilayer adsorption is possible, i.e. solutes adhering onto
already sorbed solutes.

In contrast, chemisorption involves the formation of a chemical bond between the adsorbate
and the adsorbent. This results in a strong attractive force that cannot easily be countered,
which means that chemisorption is essentially a non-reversible process. Due to the need of a
chemical bond in chemisorption, only one layer of solutes can attach onto the adsorbent
(monolayer adsorption).

However, the dominant adsorption mechanism differs for different types of adsorbents. It was
found that hydrophobic interactions, n-mt bonds, electrostatic interactions and hydrogen
bonds are important mechanisms in the adsorption process (Bo and Baoshan, 2008).

Subsequently, the ability of zeolites to adsorb water was taken into account. Zeolites are able
to reduce water stress of plants by increasing resistance to water vapour loss. Additionally, by
absorbing water, zeolites can serve as a physical barrier that prevents disease inoculums from
directly contacting the leaf surface.
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Various authors have related zeolite hydrophobicity to aluminum content, i.e. a higher
aluminum content indicates a higher affinity for water (Kawai et al., 1994; Olsen et al., 2000;
Bolis and Busco, 2006). Specific mechanisms for zeolite-water interaction are proposed by
Bolis and Busco (2006), i.e. electron pair donor-acceptor interactions. This occurs at Lewis acid
sites, Brgnsted acid sites and silanol sites.

Finally, it is important that the used zeolites do not show phytotoxic properties. One of the
basic requirements of any PPP is that the product itself should not harm the crop. This is
particularly relevant to the herbicides, but must also be demonstrated for the other PPPs such
as fungicides and insecticides. At this stage in the selection of potential zeolite products, these
selected zeolites need to be tested to ensure no phytotoxicity. Although zeolites are classified
as ‘inert’, the high application dose of 60 kg.ha! in the field might lead to phytotoxicity.

The aim of this study was to evaluate the potential of zeolites to adsorb a number of PPPs
from aqueous medium. Therefore, the followinging properties were investigated on several
zeolites with different framework structures, i.e. adsorption characteristics including kinetics,
isotherms and adsorption energies of five PPPs (bentazon, clopyralid, imidacloprid,
isoproturon and metalaxyl-M) with different physicochemical characteristics. The water
holding capacity was also measured. Moisture isotherm curves were used to understand the
water interactions within materials. Phytotoxicity tests were carried out to assess the
potential effects on target crops when depositing zeolites on the leaves and above-ground
portions of plants.

B.2 EXPERIMENTAL ANALYSIS

B.2.1 PLANT PROTECTION PRODUCT SELECTION (ADSORBATES)

The studied PPPs were selected based on their physicochemical characteristics and were
divided into five categories based on their mobility (Koc) (PPDB, 2014). In addition, the
groundwater ubiquity score (GUS) indicator was used, which describes the mobility of the
PPPs (Gustafson, 1989). A GUS indicator lower than 1.8 indicates an immobile PPP (De Wilde
et al., 2008). One or more PPPs were selected from the mobile category to be used in batch
adsorption experiments. Clopyralid (Sigma Aldrich) was selected as a strongly mobile PPP and
bentazon (Sigma Aldrich) as a mobile PPP. PPPs selected from the moderately mobile
category were imidacloprid (Bayer Crop Protection) and isoproturon (Sigma Aldrich).
Metalaxyl-M (Syngenta Crop Protection) was selected as a slightly mobile PPP. The chemical
structures of these technical-grade PPPs and their chemical properties are shown in Table 2-6.
The test solutions were prepared by diluting the stock solutions to the desired concentration
of 10 mg.I".
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Table 2-6. Plant protection product properties.

Bentazon Clopyralid Imidacloprid Isoproturon Metalaxyl-M

Molecules ING e R T
o 00 I AN
Purity 97% 100% 99% 99.5% 96.6%
Size (A)? <3x10x5 <3x7x7 <10x6x5 <3x12x6 <3x12x7.6
Chemical formula Ci0H12N205S  CgH3CINO,  CoHipCINsO2 Ci12H1sN,0 CisH21NO4
MMP (g mol?) 240.3 192.0 255.66 206.28 279.33
Swater” (20°C; mg I'%) 570 143000 610 70.2 26000
Log Kow® (20°C; pH7) -0.46 -2.63 0.57 2.5 1.71
KocOF Kro® (Ml g7) 55.3 5.0 225 122 660
GUS 2.59 3.44 3.69 2.61 1.88

pKa 3.28 2.01 - - -

2 All molecular size calculations were performed using the Gaussian09 program (Frisch et al., 2009)

b MM: Molecular weight; Swater: Water solubility; Log Kow: Octanol-water partition coefficient; Koc or
Kroc: Adsorption coefficient; pKa: Acid dissociation constant

B.2.2 ZEOLITE SELECTION (ADSORBENTS)

Six commercially available zeolite structures were selected in Part A of this chapter
(Section A.2), including zeolite beta (BEA), chabazite (CHA), zeolite Y (FAU), clinoptilolite
(HEU), ZSM-5/silicalite-1 (MFI) and mordenite (MOR). All these zeolites were applied in this
study, together with zeolite type LTA, which was used in the ECO-ZEO project. The varying
arrangement of the structural unit in zeolite frameworks results in the generation of pores
and cavities of various dimensions, responsible for the confinement effects during adsorption
of molecules. Two quantities of particular interest for characterizing pores are the largest
cavity diameter (LCD) and the pore-limiting diameter (PLD). The LCD corresponds to the
maximum of the pore-size distribution and the PLD corresponds to the largest characteristic
guest molecule size for which there is a non-zero accessible volume (Table 2-7; Baerlocher and
McCusker, 2014). These quantities are also plotted in Figure 2-7. The utility of such a plot is
apparent for the consideration of a chemical reaction. A desirable zeolite would require a PLD
larger than all species involved and an LCD larger than the transition state structure (First et
al., 2014).
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Table 2-7. Accessibility of the different zeolites.

. Framework Crystal Channel Pore volume LCD PLD
Material name o o
type code structure structure (em3g?) (A) (A)
Zeolite beta BEA Tetragonal 3D 0.416 6.9 6.7
Chabazite CHA Rhombohedral 3D 0.434 8.0 4.2
Zeolite Y FAU Cubic 3D 0.506 11.9 6.7
Clinoptilolite HEU Monoclinic 2D 0.279 6.6 4.3
Zeolite 4A LTA Cubic 3D 0.508 11.7 4.9
ZSM-5/Silicalite-1 MFI Orthorhombic 3D 0.242 7.0 5.0
Mordenite MOR Orthorhombic 1D 0.293 6.5 6.5
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Figure 2-7. Largest cavity diameter (LCD) plotted against pore limiting diameter (PLD) for structures
in the ‘Database of zeolite structures’, with (1) BEA, (2) CHA, (3) FAU, (4) HEU, (5) LTA, (6) MFl and (7)
MOR (Baerlocher and McCusker, 2014; First et al., 2014).

B.2.3 ZEOLITE CHARACTERIZATION

The Brunauer-Emmett-Teller (BET) specific surface area of the zeolites was determined using
nitrogen adsorption/desorption measurements (Appendix C, Figure C-1). The isotherms were
recorded on a BELSORP Mini Il equipment (Bel Japan Inc, Osaka, Japan) at-196°C. The samples
were pre-treated at 150°C under vacuum. The results for the different selected zeolites are
presented in Table 2-8.

X-ray diffraction (XRD) measurements were performed with an ARL X'TRA X-ray diffractometer
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with a Cu KR1 tube and a Peltier
cooled lithium-drifted silicon solid stage detector. The XRD patterns of the different zeolites
showed their characteristic peaks.
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Finally, the Si/Al ratio of the samples was determined by X-ray fluorescence (XRF) analysis
(Table 2-8). This analysis is based on the emission of X-rays by the material when an electron
drops down to a vacant level and releases energy. The measurements were performed on an
NEX CG (Rigaku) using a Mo-X-ray source.

Table 2-8. Zeolite properties.

FTC Si/AI practical SBET (mz-g_l) practical Product name
BEA 1 11.84 365 H-BEA-25?

2 15.87 413 H-BEA-35?

3 49.34 348 CP 811C-300?
CHA 4 3.08 8? Siliz MFD CH2003

5 3.12 11° Siliz MFD CH703
FAU 6 15.40 661 CBV 7204

7 32.91 642 CBV 780*
HEU 8 5.60 212 Slowakije®

9 5.45 23? Turkije®

10 5.58 112 Hungary®
LTA 11 1.15 1° Wetstop’

12 1.12 2° Zeolite 4A pH8’
MFI 13 13.19 82 TZP-3028

14 30.19 314 H-MFI-908

15 57.54 198 H-CzZP-3008

16 17.83 6? NH,-CZP-558

17 / 266 H-CZP-800?8
MOR 18 6.64 16 H-MOR-148

19 10.53 34 H-MOR-208

2@ External surface area
Supplier: 1 Clariant, Germany; 2Zeolyst, America; 3Somez, France; * Zeolyst, Netherlands; > Zeoliet,
Belgium; ® Terra Humana, Hungary; 7 FMC, Spain; & Clariant, Germany.

B.2.4 ADSORTION EXPERIMENTS

Adsorption experiments, performed in a batch reactor system, were conducted in three ways,
namely, dependent on adsorption (percentage), time (kinetic) and concentration (isotherm).
The suspensions (adsorbent and PPP aqueous solution) were shaken on an orbital shaker at
150 rpm at room temperature (22°C). The supernatants were then filtered with a syringe filter
containing a polyvinylidene difluoride (PVDF) membrane with a pore size of 0.22 um (Carl
Roth, Karlsruhe-Rheinhafen, Germany). The aliquots were injected into the high-performance
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liqguid chromatography (HPLC) column with photodiode array detector (DAD) for PPP
concentration measurements. The amounts adsorbed were determined from the initial and
final concentrations of the contaminant solution. All tests were carried out in triplicate and
control runs containing the PPP but without the addition of an adsorbent were also included.

B.2.4.1SELECTION BASED ON ADSORPTION PERCENTAGE

Adsorption kinetics and isotherms were not determined for all zeolites, but only for those that
best adsorbed the PPPs. For these tests, 0.1 £ 0.001 g zeolite was shaken in 100 ml conical
flasks with 20 ml of 10 mg.I'* solution of the respective PPP. The adsorption percentage of
PPPs on zeolites was calculated as follows:

Ci-Cs
Adsorption (%) = ~ x 100

[
where Ci and Cr are the initial and final PPP concentrations (mg.I?), respectively.

B.2.4.2SORPTION KINETICS

The adsorption kinetic study predicts the rate at which adsorption takes place. An amount of
0.1 + 0.001 g of the respective zeolite was added to 100 ml of 10 mg.I"! solution of the
respective PPP in a 250-ml flat-bottomed flask. The samples were collected after 0, 0.25, 0.50,
1, 3, 6, 24 and 48 hours. The most commonly used kinetic models, that is, the pseudo-first-
order equation (Lagergren’s equation) and the pseudo-second-order equation (Ho equation),
were applied to the obtained experimental data. The equations can be described as shown in
Table 2-9, where ki and k; are the rate constants of first-order adsorption (hour) and second-
order adsorption (hour), and ge and gt are the adsorbed concentration (mg.g*) at equilibrium
and at time t (hour).

Table 2-9. Pseudo-first-order equation (Lagergren) and pseudo-second-order equation (Ho).

Differential Integration: Amount adsorbed
equation g+=0, t=0 and q:=qs, t=t (mg g?) attime t (h)
1%t order eq. dq In(q.- =Inq_- kqt =q_(1-e™at
o yla,-a) (ge-a,) = Ing,-ky q,= dg(1-e™1%)
2" order eq. dq, ) t 1 1 t
— =ka(d-a,) —=——+—t 9=
dt e q, Ak q, 1Lt
kzqz qe
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The adsorbed PPP concentration was calculated as follows:

_ (Ci' Ce)v
€ m

where ge represents the adsorbed concentration (mg.g), V the volume of PPP solution added
(), m the weight of the adsorbent (g) and Ci and Ce are the initial and equilibrium PPP
concentrations (mg.I?), respectively.

B.2.4.3SORPTION ISOTHERMS

An adsorption isotherm is a simple description of the performance of an adsorbent for the
removal of a given target substance. From this isotherm, the adsorption capacity can be
derived, which makes it possible to compare the adsorption capacities of the different
adsorbents for pollutants in aqueous solutions. The adsorption isotherms of the PPPs on the
zeolites were also measured with the batch equilibration technique. These adsorption
isotherms provide information about the surface properties and affinity of the adsorbent. In
this experiment, 100 mg zeolite was added to 100 ml of PPP solution at five different
concentrations (50, 100, 250, 500 and 1000 mg.I'%). All stock solutions were prepared in
distilled water. Adsorption isotherms were obtained by plotting the amount of PPP adsorbed
by the substrate (g.kg) versus the respective concentration in equilibrium solution (mg.I"%).
The experimental adsorption isotherms may conveniently be grouped into six classes
according to the International Union of Pure and Applied Chemistry (IUPAC) classification
(Figure 2-8). The first five characteristic types were originally proposed by Brunauer and his
co-workers as the Brunauer, Deming, Deming and Teller (BDDT) classification (IUPAC, 1985).
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Figure 2-8. The IUPAC classification for adsorption isotherms (IUPAC, 1985).
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Type | (Langmuir, Table 2-10) isotherm is observed during the adsorption on a microporous
solid (pore widths < 2 nm). It represents an adsorption process with a low affinity for the
adsorbate and the plateau indicates monolayer coverage. This type of behaviour is typical for
chemisorption, where the asymptotic approach to a limiting quantity indicates that all of the
surface sites are occupied.

Type Il isotherms, observed in physical adsorption, are most frequently encountered when
adsorption occurs on non-porous or macroporous powders. The inflection point or knee of
the isotherm is called ‘point B’. This point indicates the stage at which monolayer coverage is
complete and multilayer adsorption begins to occur.

Type lll (Freundlich, Table 2-10) isotherms, given by non-porous or macroporous solids, are
the characteristic of weak attractive forces. This weakness causes a small uptake in the
beginning, but once a molecule has been adsorbed, the adsorbate-adsorbate forces will
promote the adsorption of further molecules.

Type IV isotherms occur on mesoporous materials, describing monolayer and multilayer
adsorption. The increase in slope indicates an increased uptake of adsorbate as the pores are
being filled. The knee, point B, of the type IV isotherm generally occurs near the completion
of the first monolayer (i.e. near the onset of multilayer adsorption). A characteristic feature of
the type IV isotherm is its hysteresis loop, which is associated with the occurrence of pore
condensation. In the simplest case, the initial part of isotherm follows exactly the same path
as the corresponding part of type Il in a non-porous form.

Type V isotherms are given by microporous or mesoporous solids and show pore condensation
and hysteresis. However, in contrast to type IV, the initial part of this adsorption isotherm is
very much similar to type lll, indicating relatively weak attractive interactions between the
adsorbent and the adsorbate.

Type VI isotherms are borderline cases between two or more of the aforementioned types.
This stepped isotherm is relatively rare and is associated with layer-by-layer adsorption on a
highly uniform surface. The sharpness of the steps is dependent on the system (Rouquerol et
al., 2014).
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Table 2-10. Isotherm equations.

Non-linear form Linear form
F dlich = 1/n 1
reundiic 9.= K Ce log g =log KF+HIog Ceo
Langmuir o= A K Ce 11 i+ E
e 1+K C, de 9, K C ag

where ge (mg.g?t) is the amount of PPP sorbed at equilibrium concentration Ce (mg.I?).
Kr (mg.g?) and n are Freundlich constants, representing the maximum sorption capacity and
sorption strength or intensity respectively. gm (mg.g*) and K. (.g) are the Langmuir isotherm
constants, representing the maximum sorption capacity and the energy constant related to
the heat of adsorption respectively.

The essential features of the Langmuir isotherm may be expressed in terms of the separation
factor R.. Based on the shape of the isotherm of an adsorption system, this dimensionless
constant predicts whether the system is favourable or unfavourable (Ghaemi et al., 2011). The
value of the separation factor can be interpreted as given in Table 1-11.

1
T 14K G

Ru

Table 2-11. Separation factor based on the shape of the Langmuir isotherm.

Value R, Type of adsorption
R.>1.0 Unfavorable
R.=1.0 Linear

0<R.<1.0 Favorable

Ri=0 Irreversible

B.2.5 HYGROSCOPICITY

A measure of the hygroscopicity of a product is a consequence of the magnitude of the
increase or decrease in its water content as a function of relative humidity at a certain
temperature. The generation of the moisture isotherms will give more information about the
hygroscopic effect of zeolites and describe their relationship with water content. These
adsorption isotherms were measured with a fully automated vapour adsorption analyzer
(Decagon Devices Inc, Pullman, WA, USA).
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The double log polynomial (DLP) model was used to predict the moisture content at a given
water activity (aw) (Decagon Devices, 2015).

DLPm = b3y + byy? + b1y + bo

where DLPn, is the moisture in g.100 solids™ or g.g? solids, % = In[- In(aw)] and bo - bs are
empirical constants.

The moisture content value was introduced for calculating weight change at the different aw
values. The water holding capacity (WHC) is the difference between the weight at maximum
aw value and the weight at minimum aw value divided by the initial weight.

WHC = (We|ght dw,max - We'ght awlmin) / We'ght initial

The temperature was 25°C, aw,min = 0,125 and aw, max = 0,900. The water mass (or weight) is the
difference between the weights of the wet and oven-dry samples (24 hours, 105°C).

B.2.6 PHYTOTOXICITY

Zeolites with the best adsorption and water holding capacities were selected en studied for
their phytotoxic effects. These results were also compared to the phytotoxic effect of the
natural product kaolin. The Phytotestkit® was used to estimate these phytotoxic effects, by
measurement of seed germination and root growth of three plant species (Microbiotests Inc,
2008). Phytotestkits® are a variant of Phytotoxkits®, which are used extensively for toxicity
testing of contaminated soils, sewages, sludges and sediments (Microbiotests Inc, 2008; Plaza
et al., 2005; Czerniawska-Kusza et al., 2006; Oleszczuk, 2008a, 2008b; Samaras et al., 2008;
Blok et al., 2009).

B.2.6.1 PLANTS

The three plant species used in the Phytotestkit® setup are Sorghum saccharatum (sorghum),
Sinapis alba (white mustard) and Lepidium sativum (garden cress). Sorghum saccharatum is
an annual grass. It is commonly cultivated as a fodder plant or is used for its grains in food or
for industrial purposes, e.g. for beer brewing and production of starch for various purposes
(in glue, in paper making, as a food additive, etc.). Sinapis alba (white mustard) is an annual
plant of the family Cruciferae. It is grown as a fodder crop or as green manure. Lepidium
sativum (garden cress) is an edible herb that is known for its fast germination.
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B.2.6.2PHYTOTESTKIT®

Each kit contains flat transparent test plates that are divided into two compartments. The
lower compartment is filled with a foam layer and two layers of filter paper, one thick white
filter paper layer and one fine black filter paper, which are soaked with a test solution (20 ml).
All zeolites were tested at a concentration of 100, 1000 and 10000 mg.I"t. Subsequently, 10
seeds of each of the three selected plant species were positioned on the plate upon the black
filter paper at equal distances from one another upon the black filter paper, near the ridge
that divides both compartments. The upper compartment was left empty to allow growth of
the shoots. After closing the test plates with a transparent cover, the plates were vertically
placed in a holder and put in an incubator at 25°C for an incubation period of 3 days. The
length of the incubation period was chosen in function of the speed of germination of the
seeds and of the speed of growth of the roots and shoots, which are both plant-dependent.
Nine plates were filled per test solution (three plates per plant species, each with 10 seeds)
and compared with the results of nine plates filled with distilled water, which served as a
blank. Figure 2-9 shows a view of three stages of the Phytotestkit experimental setup.

0 0_ Fl D_D|

A B C
0 0 - ol
0 0
0 i O 0
0 ol W

Figure 2-9. Phytotestkit® setup, with (A) empty test plate, (B) test plate with bottom filled with foam
layer, parafilm layer, paper layer and 10 seeds and (C) test plate filled with the germinated white
mustard seeds after 3 days of incubation.

B.2.6.3 DATA ANALYSIS

After three days of incubation, a digital picture was taken from each plate. The number of
germinated plants was counted on this picture and the germination percentage was calculated
per plate. Mean root length and shoot length were measured with Imagel, version 1.48, a
freeware image analysis program for digital photos. All root lengths of the treatments were
divided by the mean root length of the blank treatment to obtain a relative root length
percentage. These relative root length percentages were compared and statistically analysed.
A one-sample Kolmogorov-Smirnov test was used to test whether the root lengths in the data
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groups (1 plant species, 1 treatment) had a normal distribution or not. When this was not the
case for a certain group, all comparisons of means of this group with another group were
analysed by means of a Mann-Whitney non-parametric test. All normally distributed groups
were compared using a one-way ANOVA with a post-hoc test for multiple comparisons. When
a Levene’s test for homogeneity of variances returned a p-value greater than 0.05, the Tukey
HSD-test was used as post-hoc test. When the Levene’s test returned a p-value lower than
0.05, the Dunnett T3-test was chosen for comparisons between groups.

Subsequently, the percent inhibition of seed germination (IG) and inhibition of root growth
(IR) for the plant were calculated using the formula:

A-B
IGorIR=—.100
A

where A is the mean seed germination or root length (mm) of the control and B is the mean
seed germination or root length (mm) of the test sample.

For a comprehensive interpretation of the data, seed germination and root elongation were
combined in a germination index (Gl), according to the equation:

where Gs and Ls are the seed germination (percent) and root elongation (mm) of the test
sample, and G. and L. are the corresponding control values. Gl values within the range of
90-110% were classified as no effect/non-toxic, Gl values < 90% were classified as inhibition,
and Gl values > 110 were classified as stimulation (Beltrami et al., 1999; Czerniawska-Kusza
and Kusza, 2011).

B.3 RESULTS AND DISCUSSION
B.3.1 ADSORPTION AND HYGROSCOPICITY EXPERIMENTS

B.3.1.1 ADSORPTION PERCENTAGE

An initial evaluation of the different zeolites was made based on their PPP adsorption capacity.
The adsorption capacity is represented by the adsorption coefficient (Koc) and the octanol-
water partition coefficient (Kow) of the PPPs, which is also closely related to the water solubility
(S). The logarithmic value (log Kow) is used to describe the hydrophobicity or polarity of a
compound. Values of log Kow < 0 are considered as hydrophilic/polar, log Kow between 0.5 and
2.5 as intermediate hydrophobic/polar and log Kow > 3 as hydrophobic/non-polar (Wang and
Liu, 2007). As described in literature, PPPs that have high solubility in water will remain in
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water and tend to not adsorb onto non-polar zeolites. This is in contrast to non-polar PPPs,
which tend to be pushed out of the water (Bansal, 2012).

From the obtained adsorption percentages, shown in Table 2-12, it can be seen that clopyralid
did not adsorb onto the zeolites. The high water solubility, low Koc and Kow of clopyralid
indicate that this polar PPP prefers to stay in the aqueous phase. The combination of these
properties might explain the fewer adsorption capacity for bentazon and the better
adsorption capacity for imidacloprid, isoproturon and metalaxyl-M (Figure 2-10).

Table 2-12. Adsorption percentage (+ SD) of the different zeolites (Table 2-8) determined at an initial

plant protection product concentration of 10 mg.I" (n=3).

Adsorption (%) Bentazon Clopyralid Imidacloprid Isoproturon Metalaxyl-M
BEA 69.56 + 2.46 9.12+1.20 98.78+0.03 100.00+0.00 42.01+0.79
42.77+226 3.55+0.49 9851+0.02 100.00+0.00 55.19+3.15
3 50.58 + 2.17 1694+1.75 98.02+0.04 100.00+0.00 50.97+1.98

CHA 9.90+2.94 3.90+0.33 578 +1.61 11.07 + 0.32 0.40+0.78
15.50+2.20 2.72+0.01 837+1.31  3.70+0.60 24.06 + 1.59
FAU 63.22 +1.63 10.67+1.76 99.75+0.02 100.00+0.00 99.84+0.19
100.00+0.00 10.81+1.53 99.72+0.02 100.00+0.00 99.34+0.14
HEU 14.53 +3.10 424 +1.13 10.48+0.93 11.49+1.50 51.48 + 0.36
14.69+2.76  13.60+1.91 7.47+0.85  7.83+1.77 58.91 + 1.39
10 14.01+339 9.06+1.23  10.08+0.23  7.06+ 1.09 42.43 +0.80
LTA 11 0.23+0.35 0.00 +0.00 4418 +1.02 0.00+0.00 64.56 + 1.88
12 1.59+1.63 5.04 +0.97 7.26 + 0.95 0.00 +0.00 46.53 +6.25
MFI 13 15.93+1.04 2.72+0.47 13.89+0.71 7.21+1.87 29.43 + 1.62
14 21.74+295 3.87+054 21.17+0.80 86.10+0.79 36.87+1.34
15 7.00 +0.96 15.02+1.45 8.46+0.88  18.15+1.46  28.62+1.98
16 22.16+1.94 0.00 +0.00 8.95+0.30 8.74 + 1.83 27.56 + 1.52
17 23.06 + 2.06 0.00 +0.00 8.12 +3.69 92.77 +0.29 27.04 +4.12
MOR 18 2434+4.88 4.04+091 817+105  9.60+1.89 30.11 + 2.47
19 22.05+0.58 12.32+0.70 79.48+0.61 94.71+039 31.23+4.30
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Figure 2-10. Comparison between the adsorption percentage (lines), the molar mass MM (0O), the adsorption coefficient K,. (M), the octanol-water
coefficient log Kow (=) and the solubility (x-axis) of the different plant protection products (bentazon, clopyralid, imidacloprid, isoproturon and metalaxyl-M,
from left to right, respectively) onto the different zeolite types BEA, CHA, FAU, HEU, LTA, MFI and MOR (Table 2-8).
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An adsorption trend can be established between the different zeolites. Zeolite beta and zeolite
Y had the best adsorption capacity, compared with other zeolites. These results are consistent
with the higher values of the surface area (porosity) and PLD for these zeolites. Some nitrogen
adsorption and desorption isotherms of the different zeolites (Appendix C, Figure C-1) are
type Il isotherms, indicating a non-porous powder, which suggests that the pore openings are
too small for nitrogen (0.364 nm) to enter at 77 K (de Lange et al., 1995; Jagiello and Thommes,
2004; Shakarova et al., 2014; Valtchev et al., 2005). This means that the measured BET surface
areas in Table 2-8 for most zeolites corresponded with their external surface area. Rezaei and
Wembley (2009) have reported that the external surface area per unit volume is one of the
important parameters in this regard and determines the mass transfer in an adsorbent. The
higher the external surface area, the better the adsorption of molecules. The large-pore
zeolites BEA and FAU, which were able to measure the BET surface area, showed better
adsorption results. According to literature sources, the external surface areas of these zeolites
are as follows: H-BEA-25, 130 m?.g’1; H-BEA-35, 41 m2.g™1; CP 811C-300, not available; CBV 720,
93 m?.g’%; and CBV 780, 77 m2.g* (Kobayashi et al., 2015; Wagholika et al., 2004). A comparison
between the adsorption percentages and the obtained surface areas is shown in Figure 2-11.
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Figure 2-11. Comparison between the adsorption percentage (points), the specific BET-surface area
(O; A) and the Si/Al-ratio (O; B) of the different zeolites (1-19, Table 2-8) for the different plant
protection products, i.e. bentazon (¢), clopyralid (©), imidacloprid (1), isoproturon (x) and
metalaxyl-M (A).
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An additional explanation can be given by the hydrophobic properties, depending on the Si/Al
ratio, of the zeolites. The zeolitic hydrophobic property decreases as the aluminium content
in the zeolite framework increases and vice versa. These Si/Al values, summarized in
Table 2-8, show that zeolites BEA and FAU are hydrophobic zeolites, and therefore,
preferentially adsorb the intermediate and non-polar PPPs (Figure 2-11). This
hydrophobic/hydrophilic nature of zeolites also appears to depend on their framework
structure, which explains why the MFI zeolites did not adsorb the PPPs well (Cekova et al.,
2006). Based on these outcomes, zeolites beta and Y, having the highest adsorption
percentages, were selected to determine the kinetic and isotherm adsorption characteristics.

Finally, the sorption behaviour is also strongly affected by the chemical characteristics of the
sorbate. The adsorption mechanism depends on the nature of the functional groups of the
adsorbate, the type of adsorbent, and the acidity of the system (Sitea, 2001).

Both bentazon and clopyralid are acid herbicides and are often present in their anionic form
in aqueous solutions. Electrostatic repulsion between negatively charged adsorbents and
anionic herbicides is expected to result in low sorption (Shang and Arshad, 1998). This is in line
with the observed results. The amount of anionic PPPs adsorbed onto the negatively charged
zeolites was less compared to the other non-ionic PPPs, due to electrostatic repulsion (Dubus
et al., 2001).

Despite the fact that bentazon and clopyralid are both ionic herbicides, the observed sorption
capacity of bentazon on zeolites was obviously higher. This result is related to the pKa values
and the molecular structure of the two organic materials. The pKa values indicate that
clopyralid was more dissociated in water compared to bentazon. Unlike clopyralid, however,
bentazon has both ionic charge and non-polar moiety and is a hydrophobic ionizable organic
compound, which leads to a better adsorption onto the non-polar and especially the
hydrophobic zeolites (Liu et al., 2011).

The non-ionic PPPs imidacloprid, isoproturon and metalaxyl-M showed better adsorption
behaviour onto the zeolites due to the absence of electrostatic repulsions that prevent them
from adsorbing. However, it is expected that the guanidine and phenylurea group of
imidacloprid and isoproturon, respectively, will form stronger hydrogen bondings with water,
resulting in more cationic properties of these PPPs (Chefetza et al., 2004; Hoepfner et al.,
2012). However, based on the obtained results, it can be derived that the better adsorption
behaviour of these PPPs were caused due to the hydrophobic properties instead of possible
cation exchange properties.
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B.3.1.2 ADSORPTION KINETICS

The adsorption kinetics of the PPPs on zeolite types BEA and FAU are presented in
Figure 2-12. An initial steep increase in the adsorbed PPP concentration was observed in all
cases with 72-100% of the equilibrium concentration adsorbed after 1 hour. (The equilibrium
concentrations adsorbed, derived from Figure 2-12, were different for each zeolite and each
PPP.) Isoproturon was adsorbed quickly by all zeolites during the first hour of solid-solution
contact time, followed by a quick progress towards an apparent equilibrium after 15 and 30
minutes on zeolites BEA and FAU, respectively. Metalaxyl-M was adsorbed best on zeolite
FAU, for which the equilibrium was achieved after 15 minutes. Bentazon was less quickly
adsorbed on the adsorbents, followed by imidacloprid.

To shed more light on the kinetic process, two kinetic models, which are commonly used to
study the kinetics of adsorption, namely, the pseudo-first-order and the pseudo-second-order
models, were applied to the experimental data obtained in Figure 2-12. The higher values of
the determination coefficient (R?) and the accuracy to predict qe,calc Were used as criteria to
define the most suitable model to describe the adsorption kinetics. The R? values for the
pseudo-first-order model were low for all PPPs, ranging from 0.0029 to 0.6284. Moreover, the
Qe,calc Values did not agree with the qe, exp Values. Hence, this model was not applicable to fit
the obtained experimental data.

The pseudo-second-order model correlated much better with the experimental data (R? =
0.9991-1.0000), and the calculated adsorption capacity was also much closer to the
experimental value. Table 2-13 summarizes the kinetic parameters of the PPPs adsorbed at
equilibrium using the pseudo-second-order equation. The pseudo-second-order constant k;
(g.mgt.h1) gives an indication of the adsorption rate. The bigger the k; value, the faster the
equilibrium has been reached. It was noted that the k. values for isoproturon (BEA and FAU)
and metalaxyl-M (FAU) were higher, which is due to the very fast adsorption at 15 and 30
minutes after their initial addition to reach equilibrium. Both isoproturon and metalaxyl-M
had a stronger affinity for the zeolites based on their polarity (Gevao and Jones, 2002).

-69 -



CHAPTER 2

- 100 20 -
")
< 80 1 o
S ik = —H __ 15 A X
B 60 tﬁ & L0
€ 20 4 w10 - e
+ e  m e D m it = = e
£ E¥x X x 3 X
o 20 > 5 A T
3 .
s 0 ' ' ' ' ' O 5:»:12;{3 T T T T T T T T T T 1
i 0 10 20 30 40 50
0 4 8 12 16 20 24 28 32 36 40 44 48
Time (h) .
a Time (h)
20 -
— 1 f [
&\o‘ OO w FAL ™ 1A w’.‘&" Al ol "“"g
5 80 1 _ 15 -
= [-T]
g 60 - £
c % 10 -
] 40 - <
s =
(=2
o 20 - >
s 1
8 0 T T T T ! T T T T T T T T T T 1
0 12 30 40 30 0 4 8 12 16 20 24 28 32 36 40 44 48
b Time (h) Time (h)
__ 100 ggtai- 54 ] 20 -
<
:5’ 80 - a 15
g o z’
& % 10 -
9 40 - £
5 =
S 20 - g 57
b o] )
2 9
s llo 2IO 3'0 4'0 5'0 O T T T T T T T T T T 1
@ 0 4 8 12 16 20 24 28 32 36 40 44 48
C Time (h) Time (h)
— | | 20 -
,S 100 'IFD = = 3|
5 80 -
o )
S 60 £
S o
g0 g Bt x £
° ‘-
o 7 o
- 20 4 >
[J]
2
8 ° 1IO 2IO 3IO 4IO 5IO
0 4 8 12 16 20 24 28 32 36 40 44 48
d Time (h)

Time (h)

Figure 2-12. Experimental (indicated with the geometric symbols) and calculated (indicated with the
lines) adsorption kinetics of (a) bentazon, (b) imidacloprid, (c) isoproturon and (d) metalaxyl-M for
the different zeolites. Zeolite 1 (/.), zeolite 2 (x), zeolite 3 (¢) (all BEA types, Table 2-8); zeolite 6 (O)
and zeolite 7 (O) (all FAU types, Table 2-8). Initial plant protection product concentration, 10 mg.I*
(n=3).
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Table 2-13. Kinetic parameters of zeolite types BEA and FAU (Table 2-8) based on the pseudo-second
order kinetic equations.

Zeolite Parameter Bentazon Imidacloprid Isoproturon  Metalaxy-M
BEA 1 Qeexp (Mgg?l) 5.26 9.68 10.00 3.93
qe,calc (mg g’l) 528 955 1000 363
k. (gmgth?) 1.13 6.45 500.00 0.70
R? 0.9998 1.000 1.000 0.9977
2 Qeexp (Mgg?l) 3.10 9.48 10.00 4.47
Qecac (Mgg?) 3.08 9.35 10.00 3.93
k. (gmg'h?) 1.50 4.57 333.33 2.88
R? 0.9991 1.000 1.000 0.9992
3 Qeexp (Mgg?l) 3.68 9.37 10.00 4.53
Qecac (Mgg?) 3.65 9.24 10.00 4.56
k2 (g mgth?) 4.06 1.46 1666.67 0.59
R? 0.9999 0.9999 1.000 0.9987
FAU 6 Qeexp (Mgg?l) 4.31 9.89 9.82 10.00
Qecac (Mgg?) 4.27 9.87 9.81 10.00
k2 (g mgth?) 1.41 4.89 25.96 20000.00
R? 0.9992 1.000 1.000 1.000
7 Qeexp (MG g'l) 7.94 9.88 9.87 10.00
Qecalc (Mgg?l) 7.89 9.87 9.86 10.00
k2 (g mgth?) 1.22 4.89 51.41 500.00
R? 0.9997 1.000 1.000 1.000

B.3.1.3 ADSORPTION ISOTHERMS

Adsorption isotherms are generally important to describe how adsorbates will interact with
zeolites and are critical in optimizing the use of zeolites as an adsorber (Juang et al., 1996;
Teng and Hsieh, 1998). Although the adsorption mechanism in aqueous solutions is
complicated in nature, the correlation of equilibrium data with a theoretical equation giving a
satisfactory description of adsorption often offers a clue to the key mechanistic steps involved
in the overall adsorption process (Hsieh and Teng, 2000). The different adsorption isotherms
obtained in this study are shown in Figure 2-13. According to IUPAC classification (1985), these
isotherms can be divided into six different types (see Figure 2-8). Based on the results, types
[, I and lll were observed (Table 2-14). Although these isotherms shed no light on the
mechanism of adsorption, they are useful for comparing results from different sources on a
guantitative basis, providing information about the adsorption potential of a material with
easily interpretable constants (Dawodu et al., 2012).

-71-



150 ~ a B.1 150 B.2 400 B.3 400 F.1 400 F.2

qe (mg 1)

o
o o i o
100 L 100 300 300 o 300
o 200 200 | 200
50 | o 50
100 N 100 | © 100 o
S S o o 8
0 & O 8 ) 0 1 o ) 0 | £ | 0 |/Y8 ) 0 o O R )
0 5 10 0 5 10 0 5 10 0 5 10 0 5 10
50 b 200 250 400 300
o o
A o i o
40 o o 150 | o 200 300 | © 200
30 F o 150 |
o 100 | 100 200 | o
o o ¢ o © 00 b o €
10 to 20 o ©° 50 f RS 100 - o
0 1 J 0 o2 o 1 ) 0 o Q <>l J 0 § 1 ) 0 1 )
0 5 10 0 5 10 0 5 10 0 5 10 0 5 10
500 ¢ 400 o 400 400 o 300 o
400 | © 300 300 - o 300 |
300 L 200
200 200 | 200 | 200 | o
° 100 ° 100 N ol 100 o
100 } o I o I o 100 - o o
o © o ©.° o ¢ o o
0 & L ) 0o & L ) 0 1 ) 0 > L ) 0 L )
0 5 10 0 5 10 0 5 10 0 5 10 0 5 10
400 d 500 o 400 400 500
o 400 | © o ¢ 400 o
300 300 | 300 |
200 300 200 300  ©
200 | -
o 200 | o o © 200
100 o 100 | o 100 | o 100 & 100
0 L 8 ) 0 .§ ) 0 & ) 0 8 L ) 0 L )
0 5 10 0 5 10 0 5 10 0 5 10 0 5 10
Ce (Mg |1)

Figure 2-13. Adsorption isotherms of (a) bentazon, (b) imidacloprid, (c) isoproturon and (d) metalaxyl-M for the different zeolites (Table 2-8), BEA: (B.1) =
zeolite 1, (B.2) = zeolite 2, (B.3) = zeolite 3 and FAU: (F.1) = zeolite 6 and (F.2) = zeolite 7 (n=3).
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Table 2-14. Type of adsorption isotherm.

Zeolite Bentazon Imidacloprid Isoproturon Metalaxyl-M
BEA 1 i I [l i

2 i i n i

3 I I [l 1l
FAU 6 I Il [l I

7 I I /11 [

Langmuir adsorption isotherms

The Langmuir model is probably the best known and most widely applied adsorption isotherm
(Ho et al.,, 2002). The Langmuir equation quantitatively describes the formation of an
adsorbate monolayer on the outer surface of a microporous adsorbent containing a finite
number of identical binding sites (Dawodu et al., 2012; Yousef et al., 2011). This type of
behaviour is typical for chemisorption. The determination coefficients suggest that the applied
Langmuir isotherm appears to produce a reasonable model of the adsorption system and the
separation values indicate that the equilibrium adsorption was favourable for imidacloprid
and isoproturon onto all zeolites. The negative values in Table 2-15 observed for K. and gm are
improbable (Monkiedje and Spiteller, 2002). These values, together with a small number of
type | isotherms, indicate that the Langmuir model is not suitable to describe the adsorption
of the PPPs on the zeolites (Carberry, 2001).

Freundlich adsorption isotherms

In this case, type lll isotherms were the most frequently obtained. This isotherm is seen in
systems in which the adsorbate-adsorbent interaction is small compared with the adsorbate-
adsorbate reaction. The uptake of the adsorbate is initially slow until surface coverage is
sufficient when the interactions between adsorbed and free molecules start to dominate the
process (IUPAC, 1985).

The Freundlich model, which describes this type of isotherm, was found to give a good fit for
the adsorption of the PPPs (Table 2-15). The Freundlich isotherm is the earliest known
adsorption isotherm equation and is commonly used to describe the adsorption
characteristics for the heterogeneous zeolite surface and considers multilayer adsorption
(Boivon et al., 2005; Ho et al., 2002; Romero et al., 2006).
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Table 2-15. Isotherm parameters of zeolite types BEA and FAU (Table 2-8) based on the Langmuir
and Freundlich equations.

Zeolite Parameter Bentazon Imidacloprid Isoproturon Metalaxyl-M
Langmuir isotherm
BEA Ko (l.gY) -0.076 0.130 3.275 -0.153
am (mg.g?) -7.651 94.340 59.880 -0.079
Ro (9) 0.808 0.303 0.029 2.133
RZ (1) 0.6689 0.9801 0.9773 0.6201
Ko (l.gY) -0.119 0.350 2.418 -0.198
am (mg.g?) -0.745 48.780 33.898 -0.584
Ri () 1.230 0.182 0.038 42.553
RZ (9 0.9649 0.9699 0.8070 0.9603
Ko (l.g?Y) -0.158 0.066 5.820 -0.183
am (mg.g?) -0.286 113.636 34.364 -0.567
Ri () 2.385 0.375 0.017 5.850
RZ (9 0.9055 0.9854 0.8322 0.9800
FAU Ko (gl -0.147 0.0805 0.414 376.667
am (mg.g?) -1.122 714.286 114.943 88.496
Ri () 1.901 0.357 0.163 3E-04
RZ (9 0.9672 0.9779 0.9946 0.9062
Ko (l.g?Y) -0.080 0.100 0.927 380.000
qn (mg.g?) -30.864 555.556 78.740 87.719
R (9) 0.832 0.333 0.089 3 E-04
RZ (9 0.9694 0.9915 0.9923 0.8993
Freundlich isotherm
BEA Kr (mg.g?) 0.053 11.858 38.098 3E-134
n (-) 0.369 1.530 2.232 0.006
RZ () 0.5323 0.9296 0.9260 0.8681
Kr (mg.g?) 2 E-10 11.741 19.436 1E-19
n (-) 0.083 1.586 2.121 0.034
RZ () 0.9621 0.9872 0.7520 0.9702
Ke (mg.g?) 2 E-33 6.827 24.626 5E-18
n (-) 0.023 1.109 2.735 0.039
RZ () 0.8458 0.9764 0.7590 0.7938
FAU Ke (mg.g?) 2 E9 45.092 30.297 202.96
n (-) 0.080 1.277 1.360 3.080
RZ () 0.9475 0.9785 0.9831 0.9991
Ke (mgg? 1.355 43.611 31.550 247.172
n (-) 0.564 1.274 1.717 2.823
RZ () 0.858 0.9730 0.9869 0.9845
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One important characteristic of the Freundlich isotherm is its ability to give an appropriate
description of equilibrium data over a restricted range of concentration. According to
Kadirvelu and Namasivayam (2000), the value of n between 1 and 10 represents a beneficial
adsorption process. The value of n obtained for all PPPs and zeolites lies within this range,
which implies that the zeolites have a high affinity for the PPPs in solution. This high affinity is
more or less in accordance with their reported Koc values.

In general, non-ionic PPPs are relatively less mobile than ionic PPPs, and consequently their
affinity for zeolites is higher (De Wilde et al., 2009). This effect was also observed in the
obtained results. The anionic PPP bentazon showed the lowest adsorption intensity,
compared to the other PPPs. In contrast, the non-ionic PPP obtained higher adsorption
intensities. However, the affinity of the adsorbent for some types of substances can be much
greater than the affinity for others. Imidacloprid and isoproturon, both to be expected to
result in more cationic PPPs in water, obtained a higher affinity for zeolite BEA compared to
metalaxyl-M. Nevertheless, it was noticed that the adsorption capacity of the zeolites for the
PPPs was highest for the FAU zeolites. This can be explained by their higher specific surface
area. The obtained results are in line with the second-order rate constants.

As mentioned earlier, the interpretation of different shapes of isotherms is not an easy task,
especially for type Ill. There is no simple theory that predicts the exact meaning of isotherms,
but different assumptions can be made to explain these isotherms. First, according to
literature, type lll isotherms may be the result of very large adsorbate molecules. If these
molecules are too large and/or access to the micropores is somehow hindered, adsorption
virtually takes place in extra-crystalline pores with surface adsorption being the main
adsorption mechanism (Elaiopoulos, 2012). As already described for the type Il isotherms, this
description seems to be applicable by looking at the molecular size of the adsorbates.

Another explanation, given by Zhao et al. (2013), is that a type lll isotherm is commonly
observed in the adsorption of H,O molecules in crystalline materials. In this case, the
adsorption of the PPPs, which were dissolved in water, could be the result of the adsorption
of water. This statement can be verified by testing the hygroscopicity of the zeolites, which
was carried out in Section B.3.2, in order to investigate the water holding capacity of zeolites.
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Finally, a type lll isotherm can be the result of a situation in which previously adsorbed
molecules lead to a modification of the adsorbent, which favours further adsorption. Such
effects have been reported in studies involving anionic or cationic surfactants as adsorbates
(Schwarzenbach et al., 2003). However, non-ionic products forming hydrogen bonds with the
hydroxyl groups on the solid surface can also cause these modifications. Because the hydrogen
bonding is weaker than the electrostatic interaction, the adsorption of the non-ionic product
to most solids is less than that of ionic products (Zhang and Somasundaran, 2006). To examine
whether this type of isotherm is the result of a modification in the crystal structure of the
zeolites, XRD patterns of the different zeolites before and after adsorption were compared.

Based on the decrease or increase of the relative intensity of the strongest diffraction peak,
the zeolite was found to be less crystalline. In other words, this change of intensity is
associated with the presence of some defects in the structure (Shanjiao et al., 2007). In
particular, it will be shown that different types of defects may lead either to the occurrence
of transport resistance on a crystal surface or to an enhancement of the adsorption rate due
to the existence of cracks on the surface. For molecules with characteristic diameters
comparable with the size of the pore openings, a small change in the latter could easily cause
an order-of-magnitude change in the mass transfer rate (Kortunov et al., 2004). However, in
case of these large PPP molecules, the cracks will not be large enough to make a big difference
in our results. According to the XRD patterns (Figure 2-14), a change in the intensities can be
observed. These little changes are plausible after the adsorption of PPPs, and thus, do not
indicate a modification of the structures.
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Figure 2-14. XRD patterns of the different zeolites (Table 2-8), BEA: (B.1) = zeolite 1; (B.2) = zeolite 2, (B.3) = zeolite 3 and FAU: (F.1) = zeolite 6 and (F.2) =
zeolite 7 before and after adsorption of (a) bentazon, (b) imidacloprid, (c) isoproturon and (d) metalaxyl-M.
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B.3.2 HYGROSCOPICITY EXPERIMENTS

Hygroscopicity is the tendency of a material to adsorb humidity, and thus, a hygroscopic
product will have a large water adsorptive capacity. These products may have a porous nature
and preferentially adsorb large amounts of water vapour onto specific sites with high binding
energy; thus, depressing aw dramatically for relatively large moisture contents (Decagon
Devices, 2006).

The WHC is one of the main and most important properties of zeolites (Tzia and Zorpas, 2012).
The obtained WHCs, after drying and wetting all zeolites, are shown in Table 2-16. These
results follow a similar trend as the PPP adsorption percentages presented in Table 2-12.
Zeolites BEA and FAU were also able to adsorb more water compared with the other zeolites
(Figure 2-15). This is in contrast to the hydrophobic properties based on the measured Si/Al
ratio. According to Corma (2003), all zeolites containing charges are normally more hydrophilic
materials which, depending on the number of charges (extra-framework cations and
framework Si/Al ratio), can be more or less selective adsorbents for polar or non-polar
molecules. However, pure silica zeolites with no positive charges are highly hydrophobic
materials. This was confirmed by a WHC of 0.52% for the pure silica zeolite 17.
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Figure 2-15. Comparison between the adsorption percentage (<), the Si/Al-ratio (O) and the water
holding capacity WHC (m) of the different zeolites (1-19, Table 2-8) for the different plant protection
products: (a) bentazon, (b) clopyralid, (c) imidacloprid, (d) isoproturon and (e) metalaxyl-M.
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Figure 2-15. Comparison between the adsorption percentage (), the Si/Al-ratio (O) and the water holding capacity WHC (H) of the different zeolites (1-19,
Table 2-8) for the different plant protection products: (a) bentazon, (b) clopyralid, (c) imidacloprid, (d) isoproturon and (e) metalaxyl-M (continued).
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Table 2-16. Hygroscopic effect of the zeolites (Table 2-8) based on their water holding capacity
(WHC) percentage.

Zeolite % Initial moisture % weight change % weight change % WHC
aw, max aW, min
BEA 1 5.34 24.52 0.52 24
2 4.58 16.58 3.37 13.21
3 8.62 11.66 -2.62 14.28
CHA 4 3.66 1.44 -1.04 2.48
5 3.90 1.66 -1.30 2.96
FAU 6 10.29 21.74 -6.21 27.95
7 12.63 18.82 -6.21 28.91
HEU 8 3.35 3.52 -1.47 4.99
9 5.11 4.22 -2.18 6.40
10 3.60 3.95 -1.58 5.53
LTA 11 2.19 1.72 -0.27 1.99
12 6.80 0.99 -1.22 2.21
MFI 13 3.58 2.32 -1.50 3.82
14 2.57 6.39 -1.75 8.14
15 6.99 2.56 -2.42 4,98
16 15.38 1.49 -0.44 1.93
17 1.42 0.56 0.04 0.52
MOR 18 6.47 2.59 -1.40 3.99
19 5.81 4.22 -1.19 5.41

The obtained water adsorption isotherms represented type Il instead of type Ill isotherms,
which can be explained in the same way as explained in the “BET adsorption isotherms”
section. These results were also observed by Halasz et al. (2002), who found that less
hydrophobic zeolites give rise to a type Il isotherm, indicating that water adsorption does not
take place in its microchannels. This means that the higher water adsorption of zeolites BEA
and FAU can be the result of higher external surface areas. As was also observed by others,
the surface area increased with increasing Si/Al ratios of the zeolites (Figure 2-16; Ali et al.,
2003; Shanjiao et al., 2007). The external surface of zeolites consists of bridging hydroxyls and
silanol groups (SiOH), which can form hydrogen bonds with water, making the zeolite
hydrophilic (Kiihl, 1999). These last two statements in turn explain why the hydrophobic
properties based on the Si/Al ratio are not applicable here.
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Figure 2-16. Comparison between the specific surface area () and the Si/Al-ratio (O) of the different
zeolites (1-19; Table 2-8).

B.3.3 PHYTOTOXICITY EXPERIMENTS

As concluded in Sections B.3.1 and B.3.2, zeolites BEA (B.1, B.2, B.3) and FAU (F.1, F.2) showed
the best PPP adsorption and water holding capacities. The phytotoxic effects of these zeolites
were determined by measurement of seed germination and root growth of three plant species
(Microbiotests Inc, 2008). The obtained results were also compared with the phytotoxic effect
of the natural product kaolin, which is already commercially used in agriculture.

The germination percentage of the three plant species was higher than 76% for all groups (30
seeds per group), even reaching 100% for some. Figure 2-17 shows no significant differences
between germination percentages with and without the zeolites. Subsequently, the degree of
inhibition was not in function of the zeolite concentrations. These values were used to
calculate the inhibition of seed germination. The IG values of the test plants ranged from
-7.41% to 14.81% (Table 2-18), which indicates low to no influence of the zeolites on
germination percentage.

The rooth length results of the test samples, expressed relative to the control, are summarized
in Table 2-17. It was noticed that the zeolite solutions had a greater influence on root growth
inhibition than on germination inhibition for all the tests species. Generally, a descending
trend in function of the zeolite concentrations was determined. Nevertheless, two species of
dicotyledonous plants (S. alba, L. sativum) and one species of monocotyledonous plants
(S. saccharatum) showed a diverse reaction to the test products, which is in agreement with
works by Czerniawska-Kusza et al. (2006); Czerniawska-Kusza and Kusza (2011) and Baran and
Tarnawski (2013). In all studies, S. saccharatum was the most sensitive species compared to
S. alba and L. sativum. This trend was also illustrated by the calculated values of root growth

-81-



CHAPTER 2

inhibition (IR), listed in Table 2-18. Only positive values were observed, ranging from 11.02%
to 46.54%.
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Figure 2-17. Germination percentages (+ SE) of the three plant species (a) Sorghum saccharatum, (b)
Sinapsis alba and (c) Lepidium sativum treated with different zeolites (Table 2-8), i.e. BEA: (B.1) =
zeolite 1; (B.2) = zeolite 2, (B.3) = zeolite 3, FAU: (F.1) = zeolite 6, (F.2) = zeolite 7 and kaolin. All
products were tested at a concentration of 0 (O), 100 (O), 1000 (=) and 10000 (M) mg.I* (n=3).
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Table 2-17. Relative root length percentage (* SE) of the three plant species treated with different concentrations of zeolite types BEA and FAU (Table 2-8)

and kaolin (n=3).

Concentration BEA 1 BEA 2 BEA 3 FAU 6 FAU 7 Kaolin
Sorghum saccharatum
0 100.00 + 1.94 100.00 +1.94 100.00 +1.94 100.00 +1.94 100.00 +1.94 100.00 +1.94
100 57.69 +1.85 " 67.14 + 1.40 " 75.43 +1.90 " 74.78 + 1.76 " 80.47 +1.64° 79.13+1.85°
1000 78.36+1.63° 58.84 +1.31°% 86.15+1.90° 88.98 +1.72° 75.73+1.63° 79.52+1.71°
10000 71.62+1.74° 53.46+1.27% 78.85+1.53° 72.71+1.34° 66.21 +1.45* 7457 +1.64°
Sinapis alba
0 100.00 +1.74 100.00 +1.74 100.00 +1.74 100.00 +1.74 100.00 +1.74 100.00 +1.74
100 106.08 + 1.96 @ 111.12+1.77° 89.18 + 2.05 106.46 +1.91°2 68.26 + 1.24 " 148.17 +2.02 ¢
1000 102.35 +2.15 2> 112.65+1.96 * 90.50 + 2.07 ** 92.71 +2.08 > 72.44 +1.30" 99.60 +1.71
10000 107.52 +2.04 102.26 +1.60 ® 71.43+1.51° 99.02+1.79%® 91.77+1.61% 74.42 +1.84 %
Lepidium sativum
0 100.00 + 1.27 100.00 + 1.27 100.00 + 1.27 100.00 + 1.27 100.00 +1.27 100.00 +1.27
100 87.24 +1.53° 100.58 +1.76® 98.02+1.87° 137.58 +1.87 " 81.96+1.81° 107.82 +1.57 %
1000 84.78 +1.67 79.02+1.66° 113.27 +1.27° 99.88+1.78 * 155.56 +2.49 ¢ 100.85 + 1.58
10000 82.36 +2.06 * 66.97 + 1.15 %" 92.74 +2.04 % 94.83 +1.89° 101.42 +1.68 ®° 104.02 +1.36°

* Asterisks indicate significant differences (P < 0.05) in relative root length percentage between sample and control treatments.
ab ¢ Significant differences amongst the tested products within a certain concentration are indicated with a different letter.



Table 2-18. Toxicity classification of zeolite types BEA and FAU (Table 2-8) and kaolin, based on the inhibition of seed germination (IG) and root growth (IR)
and the germination index (Gl)

Inhibition of seed germination (IG) Inhibition of root growth (IR) Germination index (Gl)?
Concentration (mg.l"%) 100 1000 10000 100 1000 10000 100 1000 10000
Sorghum saccharatum
BEA 1 14.81 0.00 0.00 42.31 21.64 28.38 49.15 78.36 71.62
2 -3.70 -7.41 -7.41 32.86 41.16 46.54 69.63 63.20 57.42
3 3.70 -7.41 -7.41 24.57 13.85 21.15 72.63 92.54 84.69
FAU 6 -3.70 -7.41 -3.70 25.22 11.02 27.29 77.55 95.57 75.41
7 -7.41 0.00 -3.70 19.53 24.27 33.79 86.43 75.73 68.66
Kaolin 0.00 3.70 11.11 20.87 20.48 25.43 79.13 76.58 66.28
Sinapis alba
BEA 1 -3.45 -3.45 0.00 -6.08 -2.35 -7.52 109.73 105.88 107.52
2 3.45 0.00 -3.45 -11.12 -12.65 -2.26 107.29 112.65 105.79
3 0.00 3.45 0.00 10.82 9.50 28.57 89.18 87.38 71.43
FAU 6 0.00 3.45 -3.45 -6.46 7.29 0.98 106.46 89.52 102.43
7 0.00 3.45 6.90 31.74 27.56 8.23 68.26 69.95 85.44
Kaolin 0.00 -3.45 3.45 -48.17 0.40 25.58 148.17 103.04 71.86
Lepidium sativum
BEA 1 0.00 -3.57 14.29 12.76 15.22 17.64 87.24 87.81 70.59
2 14.29 7.14 -7.14 -0.58 20.98 33.03 86.21 73.38 71.75
3 0.00 0.00 10.71 1.98 -13.27 7.26 98.02 113.27 82.81
FAU 6 3.57 10.71 10.71 -37.58 0.12 5.17 132.66 89.18 84.67
7 7.14 14.29 3.57 18.04 -55.56 -1.42 76.10 133.34 97.80
Kaolin 7.14 0.00 -4.02 -7.82 -0.85 -4.02 100.12 100.85 100.30

2 The colours indicate (1) inhibtition: Gl <90 (O), (2) no effect: 90<GI<110 (A) and (3) stimulation: >110 (O).
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In general, no significant differences were observed within and between the zeolite types
tested on S. saccharatum. However, for S. alba, significant differences were noticed for the
root length within the BEA and FAU zeolites at 10000 mg.I"! and 100 mg.I, respectively.
Significant differences between the zeolite types were also noticed. Similar results were
obtained for L. sativum. Significant differences within the zeolites were observed at
100 mg.I* for both BEA and FAU zeolites and at 1000 mg.|™ for the FAU zeolites. Significant
differences between the zeolite types were also noticed. The IR values of these test plants
ranged from -48.17% to 31.74% and from -55.56% to 33.03%, respectively (Table 2-18). Since
most inhibition values were lower than 20%, the observed effects were assumed to be
negligible.

Based on various toxicity indices that focus on germination and the early rot growth,
germination index (Gl) appears to be a good method for assessing the toxicity (Beltrami et al.,
1999; Emino and warman, 2004; Devesa-Rey et al., 2008; Czerniawska-Kusza and Kusza, 2011).
Growth inhibition was caused by 89% of the examined zeolites in the most sensitive plant,
S. saccharatum (Gl < 90%). The other 11% caused neither inhibition nor stimulation
(90 < Gl < 110). Sinapis alba was the least sensitive to zeolite substances. Not toxic effect was
noticed in 50% of the examined samples and 11% had a stimulating effect on its growth
(Gl 2 110). Leptidium sativum had the intermediate position. Germination index of L. sativum
assumed values from 90 to 110% (no effect) in 28% of the zeolite samples. In 56% of the
samples Gl was lower than 90% (growth inhibition) and in 17% the Gl was more than 110%
(growth stimulation). Despite a better overview given by the Gl values in Table 2-18, no clear
differences were observed between the various zeolites. A general assumption can be made
that zeolite B.3 (BEA) and F.6 (FAU) exhibited the lowest phytotoxic effects.

Nevertheless, phytotoxicity does not only affect germination and root growth of plants. In
addition, phytotoxic effects may be observed on the crop at emergence or during its growth
or may be expressed at harvest. They may be temporary or lasting. The symptoms may affect
the whole plant or any particular part of the plant (roots, shoots, leaves, flowers or fruits).
Hence, besides inhibition of seed germination and root growth, other phytotoxic symptoms
occur, i.e. modifications in the development cycle, thinning, modifications in colour, necrosis,
deformations and effects on quantity and quality of the yield (EPPO, 2014). However, tests to
determine these phytotoxic effects are very time-consuming, since a lot of time is needed to
breed fully grown plants.
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B.4 CONCLUSION

In this work, it was found that zeolites showed the applicability as adsorbent for treating
waters contaminated with PPPs. The adsorption of bentazon, clopyralid, imidacloprid,
isoproturon and metalaxyl-M on different zeolites was evaluated in this study. The adsorption
of clopyralid was too low onto all zeolites. Subsequently, the adsorption processes of the
selected PPPs and zeolites BEA and FAU were found to follow the pseudo-second-order
kinetics. The FAU zeolites were able to adsorb the PPPs faster. The mobility of the PPPs also
has an influence of the adsorption rate.

The equilibrium data were analysed based on the obtained type of isotherms. In this study,
three different types were observed. The type | and Il isotherms occurred less frequently
compared with the type lll isotherms. The Freundlich model, which describes this type of
isotherm, was found to give a good fit for the adsorption of the PPPs. Different assumptions
could be made to describe the meaning of type Ill isotherms. First, this isotherm can be the
result of the presence of very large adsorbate molecules, which seems applicable taking into
account the molecular size of the adsorbents. Subsequently, these isotherms can also be the
result of water adsorption. In this case, the adsorption of PPPs, which were dissolved in water,
could be the result of the adsorption of water. However, hygroscopic experiments, indicating
type Il isotherms for the adsorption of water, presented different results in contrast to this
statement. This means that the obtained water adsorption was also the result of the higher
external surface area of the BEA and FAU zeolites. Finally, adsorbed molecules can lead to
modifications of the adsorbent. The XRD patterns of the different zeolites before and after
adsorption demonstrate that the observed isotherms are most likely not the result of
modifications in the crystal structure of the zeolites.

Based on the phytotoxicity experiment, it was not possible to come to clear conclusions.
Nevertheless, a greater influence was observed on root growth inhibition compared to
germination inhibition. Looking at the germination index for assessing the toxicity, zeolites B.3
(BEA) and F.6 (FAU) exhibited the least toxicity of each zeolite type.

Finally, one zeolite of each type had to be selected for further measurements. An overview of
the zeolites with the best adsorption, water holding capacity and the least phytotoxic
properties is given in Table 2-19. For zeolite type BEA, a selection had to be made between
zeolites B.1 and B.3. Since no significant phytotoxicity was observed for both zeolites and no
significant differences were noticed between the zeolites, the preference was given to the
hygroscopicity results, which may have a bigger impact on the effect of zeolites on diseases,
pests and plants. A higher water holding capacity was observed for zeolite B.1. For zeolite type
FAU zeolite F.6 was selected, based on its test results.
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Table 2-19. A final overview of the zeolites (Table 2-8) that obtained the best adsorption and water
holding capacity and the least phytotic properties.

Selected zeolites Adsorption Hygroscopicity phytotoxicity
BEA 1 X X

2 X

3 X X
FAU 6 X

7
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CHAPTER 2

In this part, the results of a case-study on the adsorption capacity of different adsorbents for
the removal of mobile PPPs are presented. The main purpose of this study was to investigate
another possible application of zeolites, based on the results of Part B. This work looked at
different sorption materials, of which zeolites was one of them, to be used in wastewater
treatements.

C.1 INTRODUCTION

Environmental problems associated with the use of PPPs, particularly the highly mobile ones,
are a matter of concern because of the increasing presence of these agrochemicals in ground
and surface waters (Kalkhoff et al., 1998; Kolpin et al., 1998). In this work, the herbicides
bentazon, clopyralid and isoproturon were used as an example of mobile PPPs. The ability of
different adsorbents to delay the release of the herbicide into water and to reduce herbicide
leaching in soil or to remove this compound from contaminated water by adsorption, was
investigated.

Techniques generally applied to reduce PPPs from effluents, include adsorption,
photocatalytic degradation, electrochemical degradation, oxidation, membrane filtration,
nanofiltration (Srivastava et al., 2009). Adsorption processes are recognized as the most
efficient and promising fundamental approaches in the wastewater treatment processes (Foo
and Hameed, 2010). The use of various solid-phase sorbents, such as activated carbon,
polymeric resins, alkylsilane-modified silica, organoclays, zeolites, agricultural products/by-
products and industrial products/by-products have also been explored for the removal of PPPs
from water (Masque et al., 1998a, 1998b; Bagheri and Mohammadi, 2003; Groisman et al.,
2004).

The majority of sorbents are from one of the three general classes of materials: activated
carbons, zeolites, and metal/metalloid oxides including silica gel and activated alumina. A
fourth category is relatively new and consists of crystalline metal-organic frameworks (MOFs).
MOFs are a class of hybrid materials that exist as infinite crystal lattices with inorganic vertices
and molecular-scale organic connectors (O’Keeffe et al., 2008; Ferey, 2009). They are
essentially coordination polymers formed by connecting metal ions with polytopic organic
linkers. They combine the well-defined structural characteristics of zeolites with surface areas
exceeding those of the best activated carbons. The pores in MOFs have a very uniform
distribution unlike in heterogeneous carbon materials in which a broad pore size distribution
is observed (Fletcher et al., 2005). Furthermore, incorporation of functionality (e.g., halogen,
nitrogen, sulphur, carboxy, cyano, nitro) on the organic linker, as well as the ability to select
different metals, allows the electronic nature of the pore surface to be tuned, a feature very
difficult to achieve in zeolites and activated carbons (Fletcher et al., 2005; Cychosz et al., 2010;
Farha and Hupp, 2010). One of the most attractive features of MOFs is the simplicity of their
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synthesis. Typically they are obtained via one-pot solvothermal preparations (Farha and Hupp,
2010).

Some of the many applications of MOFs are: gas storage (Murray et al., 2009; Hu and Zhang,
2010), molecular separations (Bae et al., 2009; Britt et al., 2009; Finsy et al., 2009; An et al.,
2010), chemical catalysis (Lee et al., 2009; Ma et al., 2009; Leus et al., 2010), chemical sensing
(Allendorf et al., 2009), ion exchange (Min and Suh, 2000) and drug delivery (Horcajada et al.,
2006; An et al., 2009; Taylor-Pashow et al., 2009). Gas adsorption by MOFs has extensively
been studied. This in contrast to the aqueous sorption of chemical compounds by MOFs.
Adsorption from liquid solution is more complex compared to gas phase adsorption. A number
of additional factors, such as polarity and composition of host and guest, solubility of
adsorbate in the solvent, temperature, adsorptive concentration, as well as competitive
solvent adsorption should be taken into account. Beside adsorbent-adsorbate interaction, the
solvent dramatically influence the resulting adsorption capacity (Henschel et al., 2011). Liquid
phase separations by MOFs have been studied and were reviewed by Cychosz et al. (2010),
however most of these studies treated sorption by MOFs from an organic solvent. Water
stability is an important property for any sorbent to be used in waste water treatment plants.
The labile nature of many metal-oxygen bonds can lead to hydrolysis of the network and thus
irreversibly destroying the structure (Leus et al., 2016). There are only limited examples of
sorption from water using MOFs (Bai et al., 2006; Jhung et al., 2007; Qin et al., 2009). However,
water stable MOFs do exist and these structures have great potential for the treatment of
wastewater (Cychosz and Matzger, 2010).

In present study the efficiency of the four classes of adsorbent materials was compared on
sorption potential in order to remove mobile PPPs from an aqueous solution to understand
adsorption behaviour in terms of equilibrium isotherms and adsorption kinetics.

C.2 EXPERIMENTAL ANALYSIS
C.2.1 PLANT PROTECTION PRODUCT PROPERTIES (ADSORBATES)

Based on their polarity (Log Kow) and mobility (Log Koc) PPPs can be classified into four
categories. The Kow value is the octanol-water partition coefficient and the Koc value is the
organic carbon partition coefficient. Plant protection products are classified as polar when the
Log Kow value is lower than 3.0 and as mobile when the Log Ko is lower than 2.5 (Wang and
Liu, 2007; De Wilde et al., 2008). Bentazon (Sigma Aldrich), clopyralid (Sigma Aldrich), and
isoproturon (Sigma Aldrich) for this study are all selected polar and mobile PPPs (Figure 2-18).
The chemical structure and the chemical property of each PPP are shown in Table 2-6 in Part
B of this chapter. The test solutions were prepared by diluting stock solutions to the test
concentration of 10 mg.I™2.
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Figure 2-18. Selected plant protection products presented as a function of polarity (Log Kow) and
mobility (Log Koc).

C.2.2 ADSORBENT PROPERTIES

Four classes of adsorbents were tested. The adsorbents were selected from the activated
carbons, the resins, the zeolites and the MOFs. The first three types of materials were
commercially available. However, most of the MOFs were synthesized following the recipes in
the references given in Table 2-20. The selection of the different adsorbents was based on
their adsorption properties, water stability and toxicity.

The Langmuir specific surface area (Table 2-20) of the adsorbents was determined using
nitrogen adsorption/desorption measurements (Appendix C, Figure C-2). The isotherms were
recorded on a Belsorp Mini Il equipment (Bel Japan Inc, Osaka, Japan) at -196°C. The samples
were pretreated at 150°C under vacuum.

X-ray diffraction measurements (Figure 2-19) of the synthesized MOFs were performed on an
ARL X’tra X-ray diffractometer of Thermo Scientific (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with a Cu KR1 tube and a Peltier cooled lithium drifted silicon solid stage
detector.
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Table 2-20. Different types of adsorbents.

SELECTION OF ZEOLITES

Metal organic frameworks (MOFs)

N° Name Metal Linker Langmuir-value (m2.g?) Reference
M-1 Basolite® F300 Fe3* benzenetricarboxylate 326 Sigma-aldrich, 2012a
M-2 Basolite® C300 Cu?* benzenetricarboxylate 1871 Sigma-aldrich, 2012b
M-3 MIL-53 Al3* terephthalate 1354 Loiseau et al., 2004°
M-4 DUT-5 AlP* biphenyldicarboxylate 2378 Senkovska et al., 2009°
M-5 MIL-53-(OH). I\ dihydroxyterephthalate non porous Biswas et al., 2011°
M-6 MIL-53-NH: AR aminoterephthalate 212 Savonnet et al., 2011°
M-7 CAU-1-NH> I\ aminoterephthalate 1192 Savonnet et al., 2011°
M-8 CAU-1-(OH)2 I\ dihydroxyterephthalate 1320 Ahnfeldt et al., 2011°
M-9 MIL-125 Ti** terephthalate 1186 Hardi et al., 2009°
M-10 MOF-235 Fe3* terephthalate non porous Haque et al., 2011°
Resins
N° Name Type Langmuir-value (m2.g?) Reference
R-1 Lewatit AF 5 carbon 1324 Lanxess, 2011a
R-2 Lewatit VP OC 1064 polystyrene 953 Lanxess, 2011b
Activated carbons
N° Name Type Langmuir-value (m2.g?) Reference
A-1 GCN-1240 granular 1245 Norit, 2011a
A-2 GAC-1240 granular 1024 Norit, 2011b
A-3 C-GRAN granular 1388 Norit, 2011c
A-4 DARCO-KB-WJ powder 1800° Norit, 2009a
A-5 DARCO-KB-G powder 2588 Norit, 2009b
A-6 ORGANOSORB 10 granular 1075 Desotec, 2011
Zeolites
N° Name Type Langmuir-value (m2.g?) Reference
Z-1 H-BEA-25 BEA 424.52 Clariant,2010
Z-2 H-BEA-35 BEA 482.57 Clariant,2010
Z-3 CP 811C-300 BEA 391.51 Clariant,2010
Z-4 CBV 720 FAU 757.57 Zeolyst, 2011
Z-5 CBV 780 FAU 757.25 Zeolyst, 2011

2These MOFs are synthesized following the procedures from these references.

®BET-value (m?

"
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Figure 2-19. Experimental (A) and theoretical (B) powder X-ray diffraction patterns of the synthesized
MOFs M-3 until M-10 (Table 2-20).
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C.2.3 ADSORPTION EXPERIMENTS

Adsorption experiments, performed in a batch reactor system, were conducted in three ways,
dependent on sorption (percentage), time (kinetic) and concentration (isotherm). The
suspensions (sorbent and PPP aqueous solution) were shaken on an orbital shaker at 150 rpm
at room temperature. The supernatants were filtered with a syringe filter containing a PVDF
membrane with a pore size of 0.22 um (Carl Roth, Karlsruhe-Rheinhafen, Germany). The
aliquots with bentazon, clopyralid and isoproturon were injected into the HPLC-DAD. The
amounts adsorbed were determined from the initial and final concentration of the
contaminant solution. All the tests were carried out in triplicate and control runs containing
the PPP but without the addition of an adsorbent were also included.

The protocols for the adsorption experiments were previously reported in Part B of this
chapter (Section B.2.4). Additionally to the Freundlich and Langmuir equations, two other
adsorption isotherm equations were used to describe the performance of the adsorbents, i.e.
the Temkin and Dubinin-Radushkevich equations (Table 2-21).

Table 2-21. Temkin equation and Dubinin-Radushkevich equation.

Non-linear form Linear form
Temkin ge = BrIn (Ar Ce) Je=BrInAr+BrInCe
Dubinin-Radushkevich Je = gp exp (-Bp €2) Inge=Ingp-Bpe2

where ge (mg.g?t) is the amount of PPP sorbed at equilibrium concentration Ce (mg.I?).
Br = RT.br! (J.mol?) corresponds to the heat of adsorption, with R as the ideal gas constant
(J.Ktmol?l) and T (K) as the absolute temperature. Ar (l.g) and br are Temkin constants
representing the Temkin isotherm equilibrium binding constant and the Temkin isotherm
constant. Finally, qo (mg.g?) is the maximum sorption capacity and Bp (mol®J?) and
€ = RT.In(1+1.Cc 1) are the Dubinin-Radushkevich isotherm constants.

C.2.4 FECLs -LEACHING

The presence of coordinated iron cations and chloride anions was confirmed by XRF analysis.
This analysis is based on the emission of X-rays by the material when an electron drops down
to a vacant level and releases energy. For this test 1.0 g of the adsorbent together with
100 ml distilled water or PPP aqueous solution were shaken on an orbital shaker at 150 rpm
at room temperature. After 48 h the supernatants were filtered with a syringe filter containing
a PVDF membrane with a pore size of 0.22 um. The aliquots with water, bentazon, clopyralid
and isoproturon were injected into the XRF. The amounts of iron and chloride were compared
with the results obtained for a 1000 mg.I"* FeCls standard solution. The measurements were
performed on a NEX CG from Rigaku using a Mo-X-ray source.
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C.3 RESULTS AND DISCUSSION
C.3.1 SORPTION PERCENTAGE

A first selection of the different adsorbents was made based on their PPP adsorption capacity.
The observed sorption percentages are presented in Table 2-22. The analysis of the obtained
data demonstrated that activated carbon showed the best results for all PPPs. The three
alternative materials (MOFs, resins and zeolites) gave various results.

The adsorption of the PPPs on zeolites was previously discussed in Part B of this Chapter
(Section B.3.1.1). The adsorptions were found to take place through a number of different
mechanisms such as electrostatic interactions, hydrophobic interactions and hydrogen
bonding. Zeolites Z-1 and Z-5 were selected for further experiments.

Table 2-22. Sorption percentage (+ SD) of the different adsorbents (Table 2-20) determined at an
initial concentration of 10 mg.I™.

Adsorption % Bentazon Clopyralid Isoproturon
Metal organic frameworks
M-1 30.35+4.36 45.69 + 0.45 4491 +6.79
M-2 10.20 + 2.67 17.18 + 6.30 33.55+1.94
M-3 52.45 + 1.05 4.50 +6.37 99.40+0.24
M-4 68.19 + 2.08 67.63 +0.98 88.65 + 6.54
M-5°2 0.00 +0.00 54.32 +2.83 72.35+6.71
M-6 31.30+2.18 15.96 + 0.20 95.15+0.15
M-7 85.99 + 1.47 72.68 + 5.09 96.15 + 0.68
M-8 89.24 + 0.53 4.10+1.30 100.00 + 0.00
M-9 0.00 +0.00 0.00 + 0.00 51.81+0.47
M-10° 100.00 + 0.00 100.00 + 0.00 89.68 + 0.21
Resins
R-1° 100.00 + 0.00 100.00 + 0.00 99.73 +0.50
R-2° 71.44 + 3.17 5.34+0.51 99.52 + 0.03
Activated carbons
A-1 100.00 + 0.00 98.88 + 0.57 99.95 + 0.07
A-2° 100.00 + 0.00 100.00 + 0.00 99.94 + 0.08
A-3 100.00 + 0.00 98.75+0.16 99.68 + 0.00
A-4 100.00 + 0.00 99.77 + 0.03 100.00 + 0.00
A-5 100.00 + 0.00 99.47 + 0.05 99.87 + 0.03
A-6° 100.00 + 0.00 100.00 + 0.00 99.80 +0.13
Zeolites
Z-1° 69.56 + 2.46 9.12+1.20 100.00 + 0.00
Z-2 42.77 +2.26 3.55+0.49 100.00 + 0.00
Z-3 50.58 +2.17 16.94 + 1.75 100.00 + 0.00
24 63.22 +1.63 10.67 + 1.76 100.00 + 0.00
Z-5° 100.00 + 0.00 10.81 +1.53 100.00 + 0.00
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Given the similarity to zeolites, MOFs have the advantage to control the pore sizes. They can
overcome the limitation in pore sizes due to their flexibility as compared to the relatively rigid
zeolites (Peralta et al., 2012; Opanasenko et al., 2013; Qi-Long and Qiang, 2014). The thicker
framework walls of zeolites, compared to MOFs, provide a smaller surface area (US-EPA, 1999;
Farrusseng et al., 2009; Cychosz et al., 2010; Denayer et al., 2011). However, this benefit was
not noticed in the adsorption results of the MOFs.

The different adsorption mechanisms of the PPPs onto the MOFs also depend on the surface
chemistry of this latter. Based on the functional groups of the PPPs and the organic linker
molecules of the MOFs, it could be derived that electrostatic interactions, hydrophobic
interactions, hydrogen bonding and mn-it interactions occurred. MOFs M-7 and M-10 showed
the best adsorption results. MOF 7 has an aminoterephtalate as organic linker, which in
particular may induce hydrogen bonding. In contrast, the high adsorption of PPPs on MOF 10
can be explained through electrostatic interactions. Haque et al. also showed that an iron
terephthalate MOF (MOF-235) can successfully remove both anionic (MO) and cationic (MB)
dyes from contaminated water through adsorption (Hasan and Jhung, 2015).

The variation in the results of zeolites and MOFs could be explained by their pore sizes. In
contrast to these materials, activated carbons have a wide range of pore size distributions
from micro- to macropores. Because of these micropores, activated carbon has a larger
internal surface area compared to the other adsorbents (Inagaki and Feiyu, 2006). However,
it is not only the pore size distribution that leads to a good adsorption. On an atomic level,
activated carbon is considered to consist of graphene layers, i.e. layers of interlocking
aromatic rings, also referred to as basal planes (Brennan et al., 2001).

These layers contain carbon atoms that are bonded together with three sigma bonds and one
pi bond having sp? hybridization. It is also possible for sp? hybridization (tetrahedron) to occur,
which may result in cross-linking among the graphite layers (Coughlin and Ezra 1968). It is
asserted by Coughlin and Ezra (1968) that the basal face of the benzene ring can weakly adsorb
through m interactions, while at edge sites adsorption is much stronger. Each PPP also consist
of an aromatic ring, resulting in -1t interactions with the activated carbon. These interactions
lead to an overall high adsorption capacity for all PPPs.

Polymeric adsorbents have also a range of pore sizes, but usually lack the very small
micropores. The smallest pores are usually larger than the micropores of the activated carbon.
Resin R-1 obtained better results compared to R-2, with adsorption percentages equal to
those of activated carbon. This might be explained by the fact that this resin is a microporous
carbonaceous bead type material, with a unique adsorptive surface with excellent selectivity
for small polar molecules from polar solvents (Lanxess, 2011a, 2011b). The term

III

“carbonaceous material” is used for materials with high content of elemental carbon, high

porosity and large specific surface area (Wolowicz and Hubicki, 2016). These adsorber resins
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adsorb through mechanisms similar to activated carbon. They can be regarded as a kind of
“fully synthetic” activated carbon (Lanxess, 2009).

Not only the adsorbate, but also the adsorbent can have an influence on the adsorption
results. Isoproturon adsorbed the best, followed by bentazon and clopyralid. The results
correlate with their Koc value. Especially the MOFs and zeolites were selective sorbents. Both
carbon and polymer sorbents were not considered as highly selective (US-EPA, 1999). Despite
the fact that zeolites are the precursors of MOFs, the completely different chemical nature
(organic vs. inorganic) is expected to result in a different adsorption behaviour. The absence
of extra-framework cations will lead to less strong interactions. On the other hand, organic
linkers containing aromatic groups might also result in favorable interactions. A weaker but
still selective interaction can even be beneficial for the design of an adsorptive separation
process, since desorption requires less energy (Denayer et al., 2011).

In the following, two materials of each sorbent material with the best adsorption were
selected for further testing. An overview is presented in Table 2-22. Because of the low
adsorption results for clopyralid on R-2, Z-1 and Z-5, these materials were not further tested
for this PPP.

C.3.2 SORPTION KINETICS

Sorption kinetics of bentazon, clopyralid and isoproturon on the selected adsorbents are
presented in Figure 2-20. As mentioned in Part B of this chapter (Section B.2.4.2), two kinetic
models were used to study the kinetics of sorption processes, i.e. the pseudo-first order and
the pseudo-second-order models. Based on the R? values for the pseudo-first-order and
pseudo-second-order model, ranging from 0.699 to 0.998 and from 0.9960 to 1.0000,
respectively, this last model correlated much better with the experimental data. Table 2-23
summarizes the kinetic parameters of the PPPs adsorbed at equilibrium. The pseudo-second-
order constant k2 (g.mg*.h) gives an indication of the adsorption rate. The bigger the ka
value, the faster equilibrium has been reached. This can also be derived from Figure 2-20.
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Table 2-23. Kinetic parameters of the different adsorbents (Table 2-20) based on the pseudo-second
order kinetic equations.

Parameter Bentazon Clopyralid Isoproturon
Metal organic frameworks

M-7 Ce,exp (mg.g?) 9.56 8.23 9.37
Ge,calc (mg.gt) 9.61 8.18 9.40
k2 (g.mgth?) 0.53 0.48 1.09
R? 1.0000 0.9992 1.0000

M-10 Ce,exp (mg.g?) 10.00 9.76 7.15
Ge,calc (mg.gt) 10.00 9.81 9.81
k2 (g.mgth?) 0.27 0.51 0.51
R? 0.9997 0.9999 0.9999

Resins

R-1 Ce,exp (mg.g?) 10.00 10.00 10.00
Oe,calc (mg.g?) 10.09 10.12 10.06
ka (g.mgth?) 0.30 0.21 0.44
R? 0.9999 0.9999 1.0000

R-2 Qe,exp (mg.g?) 7.19 / 9.80
e calc (mg.gt) 7.22 / 9.86
k; (g.mg*h?) 0.11 / 0.45
R? 0.9960 / 1.0000

Activated carbons

A-2 Ce,exp (mg.g?) 10.00 10.00 9.99
Qe,calc (mgg’l) 10.05 10.04 10.05
k2 (g.mg*.h?) 0.49 0.62 0.49
R? 0.9999 1.0000 1.0000

A-6 Oeexp (mg.g?) 10.00 10.00 9.99
Qe,calc (mgg’l) 10.14 10.14 10.04
k2 (g.mg*.h?) 0.19 0.19 0.47
R? 0.9997 0.9999 1.0000

Zeolites

Z-1 Qe,exp (mg.g?) 5.26 / 10.00
Cle,calc (mg.gt) 5.28 / 10.00
k. (g.mgth?) 1.13 / 500.00
R? 0.9998 / 1.000

Z-5 Ge,exp (mg.g?) 7.94 / 9.87
Cle,calc (mg.g?) 7.89 / 9.86
k. (g.mgt.h?) 1.22 / 51.41
R? 0.9997 / 1.0000
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Generally seen, isoproturon was adsorbed the fastest by all adsorbents. This is in line with the
Koc values of the PPPs. When comparing the adsorbents, zeolites, followed by MOFs, were
able to adsorb the PPPs much more rapidly in comparison with the other adsorbents.
Activated carbon, MOFs, resins and zeolites showed respectively 66-86%, 74-91%, 44-100%
and 86-100% of the equilibrium concentration being adsorbed after 1 h. This is explained by
the particle size of the different adsorbents. As the particle size influences the flow
characteristics and also adsorption kinetics (Torrado and Valiente, 2004; Marsh and Reinoso,
2006). The rate of adsorption is inverse to the particle size, in other words small particles have
the fastest rate of adsorption (Marsh and Reinoso, 2006). Two resistances hinder the
progression of the compound: the crossing of the laminar boundary layer surrounding the
particle and the diffusion within the particle. The latter can be a diffusion in the liquid phase
into the pores or a diffusion of the molecules in the adsorbed state at the pore’s surface. This
surface diffusion depends highly on the nature and structure of the adsorbent (Baup et al.,
2000). The tested activated carbons were both granular types that had a relatively larger
particle size compared to the powder types. Powder activated carbon (PAC) usually has an
average diameter between 1 and 150 um, while granular activated carbon (GAC) usually has
a diameter between 0.5 and 5 mm (Verliefde et al., 2011). The resins had also smaller particle
sizes compared to the zeolites and MOFs. These fine sizes provide a relatively high external
surface area-volume ratio and reduces mass transfer resistance (Torrado and Valiente, 2004).

C.3.3 SORPTION ISOTHERMS

Adsorption isotherms are generally important to describe how adsorbates will interact with
the adsorbents (Juang et al.,, 1996; Teng and Hsieh, 1998). More information about the
different isotherms was described in Part B of this chapter (Section B.2.4.3). The experimental
data showed a reasonable good fit to the equations for most adsorbents. The determination
coefficients for the Langmuir sorption ranged from 0.4645 to 0.9954, for the Freundlich
equation from 0.5323 to 0.9831, for the Temkin equation from 0.3804 to 0.9778 and for the
Dubinin-Radushkevich (D-R) from 0.4643 to 0.9550.

Despite the good fit for most adsorbents to the Langmuir model and separation values
between 0 and 1, the Langmuir model is not suitable to describe the sorption of the PPPs.
Negative values were calculated for K. and gm which is improbable (Monkiedje and Spiteller,
2002). Additional data are given in Table 2-24.

The Freundlich model was found to give a better fit in the adsorption of the PPPs, especially
for isoproturon (Table 2-25). This better fit of equilibrium data suggest multilayer adsorption
(Boivon et al., 2005; Romero et al., 2006). The values of n obtained for all PPPs and adsorbents
lies within the range of 1-10, which implies that the adsorbents had a high affinity for the PPPs
in solution (Kadirvelu and Namasivayam, 2000).
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Table 2-24. Isotherm parameters of the different adsorbents (Table 2-20) based on the Langmuir

equations.
Parameter Bentazon Clopyralid Isoproturon
Metal organic frameworks

M-7 Ke (.e™ 0.888 -0.055 0.001
Om (mg.gt) 52.632 -22.272 14285.71
R. (-) 0.092 0.692 0.497
R? (-) 0.9528 0.9935 0.9775

M-10 Ke (.e™ 8.558 0.104 0.009
Om (mg.gt) 22.472 52.910 119.048
R (-) 0.011 0.329 0.478
R? (-) 0.9313 0.8513 0.8104

Resins

R-1 Ke (l.eh) 26.308 16.789 5.857
Om (mg.gt) 29.240 31.348 243.902
R. (-) 0.004 0.006 0.017
R? (-) 0.7911 0.8116 0.9058

R-2 Ke (l.eh) -0.089 / 0.777
Om (mg.gt) -12.579 / 71.942
R () 0.904 / 0.102
R? (-) 0.9905 / 0.9888

Activated carbons

A-2 Ke (l.eh 3.267 3.275 10.348
Om (mg.gt) 51.020 59.880 42.017
R. (-) 0.029 0.029 0.009
R? (-) 0.4645 0.7237 0.8651

A-6 Ki (l.gh) 0.902 3.275 7.941
Om (mg.gt) 120.482 59.880 74.074
R. (-) 0.091 0.029 0.0122
R? (-) 0.9954 0.9756 0.7265

Zeolites

Z-1 Ke (l.eh -0.076 / 3.275
Om (mg.gt) -7.651 / 59.880
R (-) 0.808 / 0.029
R? (-) 0.6689 / 0.9773

Z-5 Ke (l.g™) -0.080 / 0.927
Om (mg.gt) -30.864 / 78.740
R () 0.832 / 0.089
R? (-) 0.9694 / 0.9923
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Table 2-25. Isotherm parameters of the different adsorbents (Table 2-20) based on the Freundlich

equations.
Parameter Bentazon Clopyralid Isoproturon
Metal organic frameworks

M-7 Kr (mg.gt) 20.855 0.686 16.361
n (-) 1.682 0.634 1.098
R2 (-) 0.9726 0.9699 0.9379

M-10 Ke (mg.g?) 16.696 4.774 0.924
n (-) 4.608 1.181 0.947
R? (-) 0.9447 0.7797 0.8210

Resins

R-1 Ke (mg.g) 23.491 24.734 161.176
n (-) 4.003 3.388 1.982
R? (-) 0.8043 0.8288 0.9363

R-2 Ke (mg.g?) 0.305 / 26.662
n (-) 0.450 / 1.675
R2 (-) 0.9299 / 0.9717

Activated carbons

A-2 Ke (mg.g) 40.179 38.098 37.471
n (-) 2.006 2.232 2.369
R? (-) 0.8690 0.8835 0.9454

A-6 Kr (mg.gt) 43.162 38.098 59.869
n (-) 1.852 2.232 2.592
R? (-) 0.9463 0.9469 0.9173

Zeolites

Z-1 Kr (mg.gt) 0.053 / 38.098
n (-) 0.369 / 2.232
R? (-) 0.5323 / 0.9260

Z-5 Ke (mg.g?) 1.355 / 31.550
n (-) 0.564 / 1.717
R? (-) 0.858 / 0.9869

The affinity depends on the type of adsorbent and on the adsorbate. Activated carbon,
together with the carbonaceous resin R-1, showed a high affinity for all PPPs. This can be
explained by the m-m interactions between the PPPs and the adsorbents. Also the fact that
both adsorbents are not highly selective, as mentioned before, can be a possible clarification
of the obtained results. Carbon is neither fully hydrophobic nor hydrophilic and retains some
adsorption area with affinity for both polar and non-polar molecules.

Polymers are usually hydrophobic unless modified with another affinity. There appeared to
be some preference for isoproturon. In general, non-ionic PPPs are relatively less mobile than
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ionic PPPs, and consequently their affinity for adsorbents is higher (De Wilde et al., 2009). This
seems to be an explanation why the non-ionic PPP isoproturon had a higher sorption intensity
compared to the other PPPs. Striking was the high affinity of resin 1 for the anionic PPPs
bentazon and clopyralid. This resin has a unique adsorption surface with excellent selectivity
for small polar molecules from polar solvents, which explains the observed results (Lanxess,
20113, 2011b).

Subsequently, the results obtained by the zeolites and MOFs are given in Table 2-25. All
naturally occurring zeolite is hydrophilic, having an affinity for polar substances, such as water,
but synthetic zeolites can be either hydrophilic or hydrophobic. The hydrophilicity and
hydrophobicity of MOFs is adjustable by the introduction of various organic groups, but it is
still not as flexible as adjusting the charge density of zeolites (US-EPA, 1999; Bu and Feng,
2003). Based on the results, a higher affinity for isoproturon was also observed on these
materials. Striking here was the high affinity of M-10 for bentazon. The preference for the
anionic PPP bentazon by this MOF can be explained by its structure. Electrostatic interactions
may occur between the adsorbate and adsorbent. More information about this is shown in
Section C.3.4 (FeCls™-leaching).

Furthermore, adsorbents based on activated carbon have generally been found to exhibit
higher adsorption capacities than those based on zeolites, and thus also on MOFs (Acton,
2013). This statement is in line with the obtained results. After considering the limitation of
the Langmuir adsorption isotherm, the Temkin model takes into account the indirect
adsorbate interactions. The model assumes that the fall in the heat of sorption (Br) decreases
linearly with coverage, rather than logarithmic as supposed by the Freundlich equation (Abasi
et al.,, 2011). Examination of the data showed a good fit of the Temkin isotherm for the
activated carbon, and a reasonable fit for the other adsorbents (Table 2-26). Generally, the
values for Br obtained in the present study indicate somewhat weak ionic interactions
(physisorption). This result is in line with the multilayer sorption observed by the Freundlich
equation. As shown by the Freundlich model, the potential of adsorption At also suggests that
the affinity of the PPPs for activated carbon and the carbonaceous resin seemed to be higher
than for zeolites and MOFs.

Finally, the D-R isotherm is reported to be more general than the Langmuir and Freundlich
isotherms (Abasi et al., 2011). This model helps to estimate the characteristic porosity in
addition to the apparent free energy (Ep) of adsorption. Based on the determination
coefficient values, the D-R isotherm provided a poor fit for all adsorbents compared to the
other energy parameter model Temkin (Table 2-27). The values of Ep in this work were lower
than 8 kJ.mol* and pointed to a physisorption-dominated process for the sorption of PPPs on
to the adsorbents. Just as obtained by the Temkin equation, the higher values obtained by
activated carbon and the carbonaceous resin sticked out, indicating a stronger connection
between the adsorbate and the adsorbent.
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Table 2-26. Isotherm parameters of the different adsorbents (Table 2-20) based on the Temkin

equations.
Parameter Bentazon Clopyralid Isoproturon
Metal organic frameworks

M-7 Ar (.e™ 4.624 0.322 1.856
Br (J.mol?) 17.600 19.750 31.487
br (-) 140.771 125.447 78.686
R? (-) 0.8293 0.8692 0.7933

M-10 Ar (.e™ 171.870 0.866 0.262
Br (J.mol?) 3.489 14.494 14.871
br (-) 710.069 170.938 166.604
R? (-) 0.8979 0.6225 0.4957

Resins

R-1 Ar (l.eh) 136.398 59.348 141.480
Br (J.mol?) 5.727 7.505 29.787
br (-) 432.605 330.145 83.176
R? (-) 0.6294 0.5853 0.9159

R-2 Ar (l.eh) 0.285 / 5.866
Br (J.mol?) 37.359 / 20.162
br () 66.318 / 122.883
R2 (-) 0.7484 / 0.8314

Activated carbons

A-2 Ar (l.eh 14.306 175.712 28.404
Br (J.mol?) 19.850 8.230 14.651
br (-) 124.815 301.060 169.106
R? (-) 0.8926 0.8790 0.7352

A-6 Ar (l.gh) 13.412 99.275 80.546
Br (J.mol?) 21.566 8.524 16.187
br (-) 114.883 290.662 153.059
R? (-) 0.9600 0.9463 0.9778

Zeolites

Z-1 Ar (l.eh 0.212 / 21.133
Br (J.mol%) 34.424 / 14.486
br (-) 71.972 / 150.283
R? (-) 0.3804 / 0.7203

Z-5 Ar (l.gh) 0.420 / 7.653
Br (J.mol%) 40.751 / 20.746
br () 60.798 / 119.424
R? (-) 0.5997 / 0.8926
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Table 2-27. Isotherm parameters of the different adsorbents (Table 2-20) based on the Dubinin-
Radushkevich equations.

Parameter Bentazon Clopyralid Isoproturon
Metal organic frameworks

M-7 do (mg.g?l) 44.372 26.552 63.434
Bo (mol®.J?) 1 E-07 5 E-06 4 E-07
Ep (kJ.mol?) 2.236 0.316 1.118
R? (-) 0.7422 0.8817 0.8866

M-10 do (mg.g?) 22.227 25.290 2.821
Bo (mol®.J?) 2 E-08 9 E-07 6 E-06
Ep (kJ.mol?) 5.000 0.745 0.289
R? (-) 0.8596 0.6237 0.5425

Resins

R-1 do (mg.g?) 32.034 34.716 146.804
Bo (mol®.J?) 1 E-08 2 E-08 2 E-08
Ep (kJ.mol?) 7.071 5.000 5.000
R? (-) 0.5977 0.5907 0.9550

R-2 do (mg.g?) 45.146 / 54.473
Bo (mol®.J?) 6 E-06 / 9 E-08
Ep (kJ.mol?) 0.289 / 2.357
R? (-) 0.8345 / 0.8304

Activated carbons

A-2 do (mg.g?) 63.612 50.608 50.174
Bo (mol®.J?) 5 E-08 2 E-08 2 E-08
Ep (kJ.mol?) 3.162 5.000 5.000
R? (-) 0.6762 0.8071 0.6673

A-6 ao (mg.g?) 76.792 49.112 80.214
Bo (mol®.J?) 6 E-08 2 E-08 2 E-08
Ep (kJ.mol?) 2.887 5.000 5.000
R? (-) 0.9500 0.9275 0.8793

Zeolites

z-1 %o (mg.g?) 34.426 / 59.842
Bo (mol2.J2) 1 E-05 / 4 E-08
Eo (kJ.mol™?) 3 E-04 / 3.536
R? (-) 0.4643 / 0.8272

Z-5 do (mg.g?) 46.740 / 60.087
Bo (mol2.J2) 3 E-06 / 8 E-08
Ep (kJ.mol?) 0.408 / 2.500
R? (-) 0.7237 / 0.8664
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C.3.4 FECLs -LEACHING

The MOF-235 framework, [FesO(CgH404)3(C3H7NO)s]*.[FeCls],, has a positive charge, which is
balanced with the negative [FeCls]™-ion (Haque et al., 2011). Based on this information it seems
possible that the negative ion is able to dissociate from the positive ion. In this case, more
anionic PPPs can adsorb on the MOF-235. In order to prove this statement, the XRD pattern
of the MOF-235 before adsorption was compared with the XRD pattern after adsorption,
demonstrated in Figure 2-21. Additional information about the water stability of the other
MOFs is given in Appendix D (Table D-1).

M-10 before adsorption

Intensity (cps)

M-10 after adsorption

0 10 20 30 40 50
20

Figure 2-21. The X-ray diffraction pattern of MOF-235 before and after adsorption.

Based on the obtained results, it can be deduced that the structure of MOF-235 did not remain
stable after the adsorption process. In order to demonstrate that this was the result of [FeCla]
-leaching, the presence of these ions in the PPP solutions was examined by XRF. Therefore
1 g adsorbent was added to 100 ml solution. The results are summarized in Table 2-28.

Table 2-28. The Fe** and CI intensities in the solutions, observed by XRF analyses.

Solution Fe3* (cps) Cl (cps)
Standard (1 g I FeCls) 49644 130110
Distilled water 42534 147805
Bentazon 43650 144989
Clopyralid 44791 142139
Isoproturon 42399 148149
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Figure 2-22 demonstrates the theoretically amount of 0.344 g.I"* Fe3*and 0.656 g.I'* Cl"in a
solution of 1 g.I"! FeCls. Based on these values and the values in Table 2-28, it can be calculated
that the solution with distilled water contained 0.294 g.I'* Fe® and 0.747 g.I'* CI.. The molar
ratio Fe3*/Cl- derived from these values was equal to 0.25. This indicated that the iron and
chlorine in the solution were present as FeCls-ions. In liquid this negative ion dissociates from
the adsorbent. This dissociation resulted here in a positive charged adsorbent, which indicates
that the MOF-235 structure is unstable. Similar observations were noted for the PPP solutions.
The result gives an explanation for the higher adsorption percentage and affinity of the PPPs
for this MOF.

Figure 2-22. Theoretically amount of iron and chlorine present in a solution of 1 g.I"* FeCls.

Fe + 3cl > FeCl3

1gl?
55.845 g.mol*? 35.453 g.mol*? 162.204 g.mol?
0.344 g.It 0.656 g.I'*

C.4 CONCLUSION

Sorption of PPPs on four types of adsorbent materials were studied in an aqueous
environment. Despite the fact that zeolites and MOFs were able to adsorb the PPPs more
rapidly in comparison with the other adsorbents, activated carbon and the carbonaceous resin
showed generally seen the best adsorption results for all PPPs. This slower rate of adsorption
might be explained by the bigger particle size of these adsorbents. The equilibrium data were
analysed using four different models, Langmuir, Freundlich, Temkin and D-R. The Freundlich
isotherm was the best model to describe sorption of the PPPs. The activated carbon and
carbonaceous resin have generally been found to exhibit higher adsorption capacities than
those based on zeolites and MOFs. Their disadvantage was their high affinity for the PPPs,
which makes it difficult to regenerate these materials. Therefore, zeolites and MOFs are
attractive materials when it comes to regeneration. Nevertheless, the Temkin equation, which
showed a reasonable fit, predicted physisorption for all adsorbents. MOF-235 obtained its
good results based on the FeCls-ion exchange. However, this led to an unstable structure,
which makes regeneration of this material impossible.
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Chapter 3

FORMULATION OF ZEOLITES

Before zeolites can be used in agriculture, they need to be formulated. In order to select the
most appropriate formulation type physicochemical tests need to be performed. In the
following chapter, three different formulation types were investigated with respect to
evaporation, surface tension, spreading, rainfastness and deposition.

1 INTRODUCTION
1.1 WHATIS A FORMULATION?

A PPP is rarely used or applied in its pure form. The technical grade compound must first
be formulated, whether it is an herbicide, insecticide, fungicide, or another classification,
because they may not mix well with water, may be chemically unstable or may be difficult
to handle and transport. Even though the active ingredient in the PPP formulation must
ensure biological activity, other constituents, such as adjuvants, are needed to improve
application effectiveness, safety, handling and storage (Fishel, 2013).

Generally, adjuvants are compounds that modify the activity of the PPP or the physical
properties of the PPP mixture (Hazen, 2000). They improve the product by having an
influence on the solubility of the active ingredient, physicochemical and spreading
properties, biological activity and safety issues (Spanoghe, 2005).

Since a wide variety of PPPs is available on the market, many different types of formulations
have been developed. The type of formulation mainly depends on the physicochemical
properties of the active ingredients (Knowles, 2008). Due to the physicochemical properties
of zeolites, different types of formulations are possible. In the current study, three formulation
types were regarded as qualified in function of their application, i.e. an oil dispersion (OD), a
suspension concentrate (SC) and a wettable powder (WP) formulation.

1.2 PHYSICOCHEMICAL PROPERTIES OF A FORMULATION

The surface of leaves, roots, insects, fungi and the composition of the soil vary a lot and largely
determine the contact, plant uptake, persistence, availability and the final effect of PPPs. The
formulation design has become a crucial step in optimizing PPPs. The formulator takes into
account many aspects in which the physicochemical properties are very important (Spanoghe,
2014). Relevant physicochemical properties for selecting the most appropriate zeolite
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formulation in this research were evaporation, surface tension, spreading, deposition and
rainfastness.

1.2.1 EVAPORATION

Evaporation of adjuvants is usually underestimated. When adjuvants intend to modify the leaf
surface by stimulating the uptake of the active substance, it may be that volatile additives are
no longer present at the right moment. A fast evaporation of the spray liquid results in smaller
drops and less deposition on the leaf surfaces.

When water or solvent evaporates, the concentration of the surfactants used in the present
solution increases. This can give rise to the formation of ‘liquid crystals’, which influence the
biological effectiveness. One possible consequence is a limited diffusion of the PPPs.
Evaporation of water can be prevented by adding adjuvants that move into the liquid-air
interface (Spanoghe, 2005).

1.2.2 SURFACE TENSION

At liquid-air or solid-air interfaces, there is a force that makes the interface as small as
possible. This force is called the ‘surface tension’, denoted by the Greek letter gamma (y).
The stronger the intermolecular interactions, the greater the surface tension. That is why
most of the oil-like liquids have a small surface tension with a value around 25 mN.m™! at room
temperature. Water has a much higher attraction, with a value around 73 mN.m, because of
its hydrogen bonds and dipoles. This surface tension can be reduced by using surfactants
(Spanghe, 2005).

1.2.3 SPREADING

In order to have a good activity, the spray droplet of a PPP must be able to wet the foliage and
spread out evenly. As described above, surfactants physically change the surface tension of a
deposited spray droplet. They make the area of PPP coverage larger, which increases the
pest’s exposure to the chemical. Without proper wetting and spreading, spray droplets often
run off or fail to provide good coverage of the leaf surfaces. Too much surfactant, however,
can cause phytotoxicity or excessive runoff, which makes the plant protection product less
effective.

The better the spreading, the smaller the contact angle. The contact angle (a) is the angle at
which a liquid meets a solid. In case of partial wetting, the contact angle a >0, and in case of
complete wetting, the contact angle a. = 0. The shape of the droplet is the result of the two
opposing forces, i.e. surface tension tries to create a spherical droplet, while gravity wants to
flatten it. The lower the surface tension of a liquid, the better its wettability, and the smaller
the contact angle (Spanoghe, 2005).
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1.2.4 RAINFASTNESS

A PPP’s rainfastness, or its ability to withstand rainfall, is an important factor affecting the
efficacy of foliar-applied PPPs (Wells and Fishel, 2014). Rainfastness can be defined as the
retention of activity of the active substance when the application of the PPP is shortly followed
by a rainfall (Penner, 2000). Rainfall can adversely affect a plant protection product application
by (1) directly washing the PPP away or physically removing it, (2) diluting the product to a
less effective form, (3) redistributing the active ingredient, or (4) extracting the PPP from the
plant tissue altogether. The overall rainfastness of a PPP depends on the time between the
application and the rainfall event, the amount of rainfall, the formulation of the PPP, and the
properties of the target surface (Wells and Fishel, 2014).

Sticking adjuvants enhance rainfastness and reduce wash-off. A sticker is an additive that
increases the adhesion of solid particles to target surfaces. According to Leung and Webster
(1994) and Steurbaut et al. (2001b), solutions with low surface tension and low contact angle
may dry up rapidly on foliage, resulting in crystalline, rainfast deposits. The indirect effect of
adjuvants on rainfastness is related to deposit characteristics and is discussed in the next
paragraph.

1.2.5 DEPOSITION

Besides the active ingredients, spraying techniques can also have an important impact on the
effect of PPPs in crop protection. The physical properties of the spray liquid can interact with
nozzle design and affect spray quality (Butler Ellis and Tuck, 1999; Butler Ellis et al., 2001;
Stainier et al., 2004). One of the most overlooked factors, that can dramatically influence the
effectiveness of a given PPP, is the spray distribution. The uniformity of the spray distribution
across the spray boom or within the spray swath affects the biological effect of the spray
application treatment and, also, the dose required to achieve a specific effect (Larsolle et al.,
2002).

There are a number of factors contributing to the distribution quality of a spray boom, i.e.
nozzles (type, pressure, spacing, spray angle, flow rate, etc.), boom height, pressure losses,
plugged filters, etc. (Teelet, 2014). Several adjuvants also improve spray deposition on the
surfaces (Balsari et al., 2001), due to their ability to reduce surface tension of PPP solutions.

-115-



CHAPTER 3

2  MATERIALS AND METHODS
2.1 TESTITEMS

Galenika Fitofarmacija (Belgrade, Serbia) developed three different types of formulations of
zeolite LTA, i.e. oil dispersion, suspension concentrate and wettable powder (Table 3-1).

Oil dispersions (OD) are multiphase formulations where the active ingredient is suspended in
oil. An oil-based suspension concentrate is a stable suspension of one or more insoluble solid
active ingredients in an organic fluid (mineral oils, vegetable oils) intended for dilution with
water before use. Subsequently, suspension concentrates (SC) are multiphase formulations
where the active ingredient is suspended in water. This formulation type is a stable suspension
of one or more insoluble solid active ingredients in a fluid (water) intended for dilution with
water before use. Finally, wettable powder (WP) formulations are solid powder formulations
for dilution in water. This formulation type is a solid formulation of one or more liquid or solid
active ingredients, which are blended and mixed with inert diluents (fine mineral clays). After
dispersion in water, this formulation type is applied as a suspension (ECO-ZEO, 2016).

2.2  PHYSICOCHEMICAL EXPERIMENTS
2.2.1 EVAPORATION

A gravimetric method was used to compare the volatility behaviour of non-water soluble
formulations (Sundaram, 1986). A circular polyurethane sponge (S; Figure 3-1) of 4.7 cm
diameter and 1.5 cm thickness was placed inside the lid of a plastic petri dish (PD) of 4.8 cm
diameter and 0.8 cm height, with four pins (P) fixed onto the sponge to form the corners of a
square. The pointed ends of the pins provided the base for mounting a Whatman No. 1 filter
paper of 4.25 cm diameter and 250 + 25 um thickness. This system was placed on an analytical
balance of sensitivity 0.0001 g and the weight was recorded. A 100 pl aliquot of the liquid to
be studied was pipetted onto the filter paper, and the initial weight was immediately
recorded. As the liquid continued to evaporate, the doors of the balance were left open to
allow air circulation. Residual weights were recorded at 2, 4, 6, 10, 20, 30, 60, 120 and 180
minutes after the initial weighting. Results are presented in terms of the percentage of initial
weight remaining at different intervals of time. The experiment was carried out in an
environmental chamber maintained at 20 + 1°C and 70-75% relative humidity (RH) for
different concentrations (100 mg.I%, 1000 mg.I"*and 10000 mg.I}) of the different formulation
types. This study was performed in triplicate.
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Table 3-1. Properties of the developed oil dispersion (OD), suspension concentrate (SC) and wettable powder (WP) formulations.

Formulation types oD SC wpP
Properties Unit

pH - 7.60 7.90 7.40
Relative density g.cm?3 1.11 1.48 -
Suspensibility/Dispersion % 6.00 102.50 94.90
Persistent foam cm? (after 1 min) 0.00 0.00 0.00
Wet sieve test % (75 um) 0.05 0.21 0.41
Composition Function

Active ingredient

Adjuvants

Medium/carrier

Dispersing agent
Structuring agent
Thickening agent
Wetting agent
Antifoam agent
Biocide

Zeolite 4A (LTA)

Tensiofix NTM
Tixosil 365
Tensiofix 869

Soya bean oil

Zeolite 4A (LTA)

Morwet D425, Reax 88B
Rhodopol 23

Supragil WP

SAG 1572

Amebact C

Water

Zeolite 4A (LTA)

Soprophor FL
PVP K-30

Ultrasil VN 3
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Whatman No. 1 filter
4.25 cm

A
v

4.8cm

Figure 3-1. Experimental set-up for the gravimetric method (based on Sundaram, 1986).

2.2.2 SURFACE TENSION

The Wilhelmy plate method is used to measure the surface tension of liquids. This method
utilizes the interaction between a thin platinum plate and the surface of the liquid. The plate
has to be thoroughly cleaned with sulfochromic acid and rinsed with distilled water in order
to maintain good wetting of the plate by the test liquid. The plate was attached to a balance
via a thin metal wire put in a fixed position relative to horizontal surface of the liquid. First,
the balance was calibrated using distilled water having a surface tension of 72 mN.m* at 20°C.
This surface tension corresponded to a value of 0.183 g on the balance. This was done by
placing a 100 ml beaker filled with 20 ml distilled water under the platinum plate. After
bringing the plate into contact with the liquid, the beaker containing the liquid was gradually
lowered, using an adjustable platform, until the plate had made contact with the surface of
the liquid. The force exerted on the plate due to wetting was measured via the microbalance
at the point of detachment. These forces were recorded for different concentrations of the
formulation solutions: 0, 10, 100, 1000, 10000 and 100000 mg.|. The experiment was carried
out in triplicate. An illustration of this method is shown in Figure 3-2.

) Hydrophobic/hydrophilic interface
Force of counteraction

Surface tension l

Figure 3-2. lllustration of the Wilhelmy plate method (Spanoghe, 2005; Sah, 2014).
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The Wilhelmy equation is applied to determine the surface tension y:
F=m:-g=Wopiate +V - COSs a - perimeterplate

where F is the measured force (mN.m™), m is the observed mass (g), g is the gravitational
acceleration (9.81 m.s2), Wpiate is the mass of the plate (0.000072 kg), y is the surface tension
(N.m™1), ais the contact angle (0°) and y - cosa - perimeter is the interfacial strength (0.024 m).

The interfacial strength is a multiplication of the surface tension y of the liquid with the
perimeter of the plate (2L= perimeter of the plate, with L as the length of the plate). As a
prerequisite, the plate has to be completely wetted. The value of F, Wpiate and L can be
measured accurately. Since the plate is manufactured of platinum, complete wetting (a = 0,
cosa = 1) is assured, whereby the term cos a can be neglected. By plotting the surface tension
in function of the concentration, the critical micelle concentration (CMC = critical micelle
concentration) can be determined.

2.2.3 CONTACT ANGLE

Contact angle measurements were performed with a Kriiss Drop Shape Analysis System
G10/DSA10-device. The measuring device is equipped with an automatic image processing
camera and software to calculate the contact angle. Before measuring, the syringe and the
attached needle were washed five times with distilled water and then rinsed with the test
solution. A 3 uL drop of each formulation was added to the leaf surfaces at a flow rate of
200 pl.mint. The contact angle was quantified by fitting the suitable model to the curve of the
droplet on the surface. The experiment was carried out in triplicate for the different
formulations, concentrations (0, 10, 1000 and 100000 mg.I!) and leaves (apple and tomato).

There is no universally suitable model for the drop shape analysis. Different fitting procedures
are used to determine the best shape of the drop and thus the correct contact angle, i.e. circle
method, height-width approach, tangent 1 method, tangent 2 method and Young-Laplace
method. In this experiment, the Young-Laplace model was used to fit the contact angle of the
different formulations.
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After measuring the contact angle, the spreading coefficient (S) can be determined by applying
the droplet radius ratio of a spray liquid R1 to distilled water R, on a leaf surface (Unigema,
2000):

where R; is the radius of the diluted formulation and R is the radius of distilled water. The
radius can be determined based on of the following formula:

V=Tt-R3-[1—cosa+§-(Cos3a—1)]

where V is the volume of the droplet (in this case, 3 ul), R is the radius of the droplet and a is
the contact angle of the droplet (determined by the software). Since the volume and the
contact angle of the droplet are given, or can be calculated, it is possible to determine the
radius R the transformation of the formula:

R3= Vl
T [1-cosa+§.(Cos3a-1)

2.2.4 RAINFASTNESS

The zeolites were quantified based on the aluminium concentration in the formulation using
XRF analysis. Each element has electronic orbitals of characteristic energy. Therefore, when
materials are exposed to X-rays, ionization of their component atoms takes place. The removal
of an electron makes the structure of the atom unstable, whereby the gap is filled up with
another electron from a higher orbital. Hence, energy is released in the form of a photon
(radiation), which has the energy characteristic of the atoms present. In this indicative test,
the direct method was used to quantify rainfastness of the different formulations.

In order to determine the impact of the zeolite formulations on rainfastness, equal slices of
leaves were made with the aid of a punch press. Subsequently, five 10 pl dots of a 30 g.I*
solution were placed on these leaf discs. Rainfastness was simulated after 0 seconds and
4 hours by immersing the leaves three times for 1 second in 10 ml distilled water. The amount
of formulated zeolite washed off the leaves was determined using XRF analysis. The Al** and
Si** concentration in the solution were calcultated based on the Al3* and Si** calibration
curves. The measurements were carried out in triplicate and were performed on a NEX CG
from Rigaku using a Mo-X-ray source.
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Rainfastness was then calculated based on the following formula:

] Residual deposit on the leave after 4 hours
Rainfastness = —— - - 100%
Initial deposit on the leave after 0 seconds

2.2.5 SPREAD PATTERN

The different types of formulations have an influence on the spray deposition. To facilitate the
determination of the droplet spreading patterns and droplet size of the different formulations,
water sensitive papers (7.6 x 2.6 cm?, Teelet) were used. For each treatement, six of these
water sensitive papers were sprayed and dried. Further analysis was done using image analysis
software written in Halcon 8.0 (MVTec Software GmbH, Munich, Germany) (Foqué and
Nuyttens, 2011).

An automated spray boom described by Foqué and Nuyttens (2011) was used in an adapted
form (Figure 3-3). A greenhouse sprayer (Delvano NV, Hulste, Belgium) equipped with a
membrane pump (AR 813, Annovi Reverberi , Modena, Italy) with a maximum flow rate of
79.9 I.min"t, was connected to the boom. The boom was mounted on a track and pulled at a
pre-set speed over the track by an electric motor. The following parameters were set for this
automated spray boom, i.e. speed: 2.2 m.s? (= 8 km.h!), pressure: 3 and 6 bar, and boom
height: 0.50 m above target. An area of 24 m? (8 m x 3 m) and 5 nozzles at a standard distance
of 0.50 m from each other was used.

Four different spray nozzles were tested, i.e. a standard flat fan nozzle (Teejet ISO XR 110 03),
an air induction nozzle (Teejet ISO Al 110 02 and 03), a wide angle nozzle (Teejet ISO TT 110
03) and a hollow cone nozzle (Teejet ISO TXA 80 02 and 03). A standard flat fan nozzle was
selected because it is, by far, the most used nozzle in Belgian agriculture. The other selected
nozzles aimed to cover a broad range of droplet sizes and spray patterns.

All other spraying parameters were kept constant, resulting in an application rate of
180 |.ha™L. Furthermore, the ISO 02 and ISO 03 nozzles were used at a pressure of 3 and 6 bar,
respectively. All three formulation types were used at a concentration of 1000 mg.|X. The tests
were conducted in triplicate.
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Figure 3-3. Automated spray boom, with (a) spray boom, (b) spray unit, (c) rolling bench and (d)
spray track with fixed engine (not visible).

2.3 DATA ANALYSIS

Regression equations were calculated after measuring the surface tension of the different
formulation types. A logistic model of the log concentration versus surface tension was fitted
to the data using the following equation:

a
Y= ebxa) T

where a is the range of the mean surface tension, b is the slope coefficient, ¢ is the
concentration at the inflection point, d is the minimum mean surface tension, x is the log
surfactant concentration and y is the mean surface tension.
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3  RESULTS
3.1 PHYSICOCHEMICAL TESTS
3.1.1 EVAPORATION

The evaporation percentage of 100 uL of the different LTA zeolite formulation types is
illustrated in Table 3-2. With the exception of the WP formulation, the evaporation
percentage of the formulations decreased with increasing concentration of zeolites. It was
noticed that the SC formulation evaporated faster than the other formulation types.
Subsequently, the OD formulation obtained the lowest evaporation values.

Table 3-2. Evaporation percentage of water and different concentrations (100, 1000 and
10000 mg.I") of the oil dispersion (OD), suspension concentrate (SC) and wettable powder (WP)
formulations in function of time (min) (n=3).

Time 0 2 4 6 10 20 30 60 120 180
Concentration Water
0.00 395 9.91 1570 26.70 52.64 76.83 100.00 100.00 100.00

oD

100 0.00 5.11 8.01 12.76 2231 53.71 66.58 88.67 88.97 90.15

1000 0.00 3.04 691 1044 18.15 4130 5830 86.47 86.55 86.80

10000 0.00 298 6.29 993 1787 37.63 5451 8337 83.79 83.87
SC

100 0.00 3.89 9.56 16.00 27.38 59.65 91.92 100.00 100.00 100.00

1000 0.00 2.57 8.02 1448 2090 49.23 77.57 96.44 100.00 100.00

10000 0.00 3.10 8.21 11.57 23.81 49.04 7234 9556 96.40 96.31
WP

100 0.00 1.84 7.63 13.24 23.89 49.87 76.45 9430 95.14 95381

1000 0.00 2.60 8.21 14.25 26.49 55.16 7812 9547 97.32 96.81

10000 0.00 5.87 10.98 17.27 29.67 57.67 80.39 9413 94.72 95.64

3.1.2 SURFACE TENSION

The surface tension of the different formulations is illustrated in Figure 3-4. Theoretically, the
relation of surfactant concentration and surface tension is a logistic distribution. Therefore, a
logistic model was fitted for the different formulation types. For each formulation type, the
estimated parameters in the logistic model and the CMC, which was calculated by the models,
are presented in Table 3-3.
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Figure 3-4. Surface tension (+ SD) of different concentrations, i.e. 0 (0), 10 (), 100 (@), 1000 (m),
10000 (m) and 100000 (m) mg.I"%, of the oil dispersion (OD), suspension concentrate (SC) and
wettable powder (WP) formulations (n=3).

Table 3-3. Critical micelle concentration (CMC) estimated from the regression equation obtained
after measuring the surface tension of the oil dispersion (OD), suspension concentrate (SC) and
wettable powder (WP) formulations.

Formulation type Equation parameters Adjusted R? CMC (mg.I")
a b o d

oD 28.07 2.00 3.00 26.14 0.7945 1010.05

SC 36.01 2.00 4.02 39.89 0.8372 10342.40

WP 32.58 2.00 3.59 33.86 0.8092 3917.05

Generally, the surface tension of all formulations also decreased with increasing zeolite
concentration. However, the oil dispersion gave superior performance in lowering surface
tension (CMC around 1010.05 mg.I%). Of the tested formulation types, the SC formulation
reduced the surface tension less than the other two.

3.1.3 CONTACT ANGLE

Apple trees and tomato plants will be the central test species in the following chapters.
Therefore, leaves of apple trees and tomato plants were used to measure the contact angle
of the different zeolite formulations. Based on the results illustrated in Figure 3-5, smaller
contact angles were found for the tomato leaves. Consequently, the formulations were spread
more evenly over the surface of the tomato leaves. The OD formulation obtained the best
spreading on both leaves, this in function of the tested concentration. In contrast, the SC
formulation had the least impact in terms of spreading.
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Figure 3-5. Contact angles (+ SD; A) and spreading coefficients (+ SD; B) of different concentrations,
i.e. 0(0O), 10 (O), 1000 (@) and 100000 (M) mg.I? of the oil dispersion (OD), suspension concentrate
(SC) and wettable powder (WP) formulations on apple (1) and tomato (2) leaves (n=3).

3.1.4 RAINFASTNESS

Calibration curves were plotted based on the concentration of aluminium in the formulations

(Figure 3-6). The start concentration of the zeolite formulations used in this test was

150 mg.I', since higher concentrations were no longer detectable with the calibration curves.

A concentration of 200 mg.I"* was the detection limit within the values giving a linear

relationship.

800
700
600
500
400
300
200
100

Aluminium concentration (mg.I)

4

2500

2000

1500

1000

v =3,7917x - 4,3361 500

R?= 0,‘9769

100 200 300

.

3000

2500

2000

1500

1000

y=13,63x - 64,611 500
R =0,9871

0 50 100 150

200

Zeolite concentration (mg.I?)

r y =16,999x - 78,998
Bz = 0,9941

0 50 100 150 200

Figure 3-6. Calibration curves of the aluminium concentration present in the oil dispersion (OD),

suspension concentrate (SC) and wettable powder (WP) formulations.
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The results in Table 3-4 indicate that all formulation types are more rainfast when applied on
tomato leaves. However, the best results were obtained for the OD and WP formulations. In
contrast, the SC formulation was not effective in terms of rainfastness.

Table 3-4. Rainfastness (+ SD) of the oil dispersion (OD), suspension concentrate (SC) and wettable
powder (WP) formulations (n=3).

Rainfastness (%) oD SC WP
Apple 28.00 + 0.89 8.58 +4.52 22.54+7.18
Tomato 40.32 +15.16 11.85+5.13 34.88 + 15.82

3.1.5 DEPOSITION

Water sensitive papers were used to detect the coverage by the different formulation droplets
sprayed with different nozzles. All other spraying parameters were kept constant, resulting in
an application rate of 180 l.ha™. Furthermore, the I1SO 02 and I1SO 03 nozzles were used at a
pressure of 3 and 6 bar, respectively. Based on the pictures presented in Table 3-5, it becomes
clear that the flat fan nozzle and the hollow cone nozzle resulted in an excellent spray
distribution with very small droplets. This is confirmed in Figure 3-7, which shows the number
of droplet particles. However, looking at the percentage of coverage in Figure 3-7, no clear
differences are noticed at 3 bar. In contrast, at 6 bar these flat fan and hollow cone nozzles
obtained a better coverage. But the number of droplets produced by the flat fan nozzle was
lower compared to the air induction nozzle.

Looking at the different formulation types, the WP formulation obtained the best coverage
compared to water. Significant differences were observed.
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Table 3-5. Water sensitive papers covered with the oil dispersion (OD), suspension concentrate (SC) and wettable powder (WP) formulations using different
types of spray nozzles.
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Figure 3-7. Coverage percentage (+ SD; A) and number of droplet particles (+ SD; B) of water (O) and the oil dispersion (O), suspension concentrate (H) and
wettable powder () formulations, sprayed with a boom spray using 4 different types of nozzles (flat fan, air induction, wide angle and hollow cone) at 3 bar
(1) and using 3 different types of nozzles (flat fan, air induction and hollow cone) at 6 bar (2). Asterisks indicate significant differences in coverage and

number of droplet particles between the formulation types and water (n=3).
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4  DISCUSSION AND CONCLUSION

Adjuvants are designed to perform specific functions, including wetting, spreading, sticking,
reducing evaporation, reducing volatilization, buffering, emulsifying, dispersing, reducing
spray drift and reducing foaming. No single adjuvant can perform all of these functions, but
compatible adjuvants often can be combined to perform multiple functions simultaneously
(Herzfeld and Sargent, 2011).

Physicochemical tests were carried out in function to score three different formulation types,
i.e. oil dispersion, suspension concentrate and wettable powder. First of all, evaporation tests
were carried out. It was found that the OD formulation obtained the lowest evaporation rate,
followed by the WP and SC formulations, respectively. This can be explained by the fact that
adjuvants may modify the evaporation of spray droplets (Somervaille et al., 2012). Evaporative
loss of the carrier liquid (which is mostly water but can also be an oil or a liquid fertilizer)
already begins during transport of the droplet to the target surface (Hall et al., 1993). After
impaction, the droplet spreads along the water/leaf surface interface and evaporates via a
mechanism of capillary flow (Figure 3-8) wherein the liquid phase is abandoned preferentially
at the edge of the drying droplet (Faers, 2007). During evaporation, the active ingredient
precipitates out as a residue at the contact area between the droplet and the leaf surface,
resulting in an active ingredient deposition pattern which may be smaller, the same, or larger
than the original droplet footprint (Bukovac et al., 2003).

active ingredient

Figure 3-8. Schematic illustration of an evaporating droplet (modified after Deegan et al., 2000;
Faers, 2007). During evaporation, the air/water interface moves from the solid line to the dashed
line, and the contact line will move from A to B. The active ingredient precipitates out as a residue at
the contact line between droplet and leaf surface.

Generally, oil evaporates more slowly than water. However, surfactants are necessary in a
mixture of oil-water in order to obtain a steady emulsion. Consequently, these surfactants can
reduce the evaporation effect of the oil. In contrast, some adjuvants can have a positive effect
on evaporation. Thickeners increase the viscosity of spray mixtures. These adjuvants are used
to control drift or slow evaporation after the spray has been deposited on the target area.
(Herzfeld and Sargent, 2011). The OD and SC formulations of the zeolite both contained a
thickening agent. However, the WP formulation obtained better results compared to the SC
formulation in reduction of water volatilization. This is most likely due to the composition of
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the structuring agent of the WP formulation. PVP K-30, present in the WP formulation, is a
polyvinyl polymer and, as indicated by Spanoghe (2005), some colloids, i.e. polyvinyl polymers,
tend to absorb water and so reduce the rate of evaporation.

Secondly, the surface tension of all formulations was examined. Besides the fact that the
surface tension influences the droplet size in a spray, it also influences the evaporation rate
(Tu and Randall, 2001). As observed during the evaporation experiment, the oil dispersion
gave superior performance in lowering surface tension, followed by the WP and SC
formulations, respectively. Some adjuvants, i.e. surfactants, reduce surface tension by nature.
Almost all surfactants reduce surface tension in the spray droplet, which ensures that the
formulation spreads out and covers the plant with a thin film rather than beading up.
Vegetable-derived oils (from soya bean, cotton seeds, etc.) also decrease surface tension, but
they are not as effective as other surfactants at increasing spreading, sticking, or penetration
(Miller and Westra, 1996). The WP formulation obtained better results compared to the SC
formulation. This can most likely be explained due to the composition of the carrier of the WP
formulation. Ultrasil VN 3, present in the WP formulation, is an organosilicon surfactant. It is
known that organosilicones have the superior surface tension reducing ability. These products
can give complete coverage on the target surface, resulting in better efficacy (Spanoghe,
2005).

Generally, the surface tension of all formulations decreased with increasing concentration.
Increasing the concentration of a surfactant in a tank mix generally decreases the surface
tension, which in turn increases the probability that a droplet will adhere to a leaf and spread
onto its surface. Adding too much surfactant, however, sometimes negatively affects this
wetting and spreading ability. For instance, too much surfactant can cause excessive runoff,
resulting in less adhesion of the droplets to a leaf surface. Hence, it is best to decrease surface
tension until the surfactant concentration reaches the CMC. At this point, addition of more
surfactant does not decrease surface tension and does not necessarily translate into better
control results (Tu and Randall, 2001).

Another important property related to the surface tension is the contact angle. This contact
angle is the result of interaction between the droplet and the target surface. Generally, at
normal use rates, the lower the surface tension is, the smaller the contact angle on target
surfaces will be. This relationship was also observed in the current study. Zabkiewicz et al.
(1985) reported that formulations with contact angle from 50 degrees or less are considered
as having good wetting capability, while complete wetting is possible if the value is 20 degrees
or less. Even this criterion seems to be somewhat arbitrary. The results of the contact angle
measurements showed a good wetting capability for the oil formulation, starting at
1000 mg.I .
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The heterogenic composition of surfaces of plants may cause difficulty in covering the surface
with the formulations. Surfactants are particularly important when applying a plant protection
product to waxy or hairy leaves (Herzfeld and Sargent, 2011). Both leaf surfaces of the test
species, apple and tomato, are hairy. However, apple leaves have a more smooth surface area
compared to the hairy tomato leaves. Although surface roughness may aid in the deposition
of dusts, it hinders the deposition of aqueous preparations. Roughness counters wettability
because air entrapped in the cavities reduces the contact area between the surface and the
liguid. A smooth leaf surface may be perfectly wettable by water, while a rough leaf surface
repels water, which results in a contact angle above 100°. The composition of leaf surfaces
changes with age, nutrition and weather during development. Hairs and cuticle are less
developed on young leaves than on mature leaves. The cuticle is thinner on young and
succulent leaves than on mature and hardy leaves and, thus, has greater hydrophilic
properties. Leaves formed during cloudy weather may have less wax and smoother surfaces
than those formed during sunny weather. Surfaces with little wax and smoothness are more
easily wettable than those with a lot of wax and roughness (Lukens, 1971). Decreasing contact
angles with increasing age are most probably caused by the accumulation of noncuticular
material and its chemical constituents, although cuticular abrasion may also play a role (Hoad
et al., 1992; Neinhuis and Barthlott, 1998; Bringe et al., 2006). Leaf surface particles influence
plant-water relationships.

In this study, lower contact angles were observed on tomato leaves compared to the apple
leaves, which can probably be explained due to the young tomato leaves that were used
during the experiment. However, Yu et al. (2009) observed that adding a surfactant to an
active ingredient increased the maximum coverage 4.5-10.1 times on the hairy leaves and 3.4-
4.1 times on the waxy leaves. For the droplets with the same size, the opposite effect was
noticed without the surfactant. On hairy leaves, droplets containing the surfactant continued
to spread and demonstrated a different behaviour from similarly treated droplets on waxy
leaves. Here, lipophilic compounds penetrate waxy, hydrophobic plant leaves more easily than
hydrophilic compounds (Mashaya, 1993).

Subsequently, the effect of the different formulations on rainfastness was examined. A PPP’s
rainfastness, or its ability to withstand rainfall, is an important factor affecting the efficacy of
foliar-applied PPPs. Generally, it is best to avoid PPP application when rainfall is likely.
However, weather can be unpredictable, so it is best to choose a product with good rainfast
characteristics. Based on the observed results, it can be said that the OD and WP formulations
were more rainfast compared to the SC formulation. It is known that the oil in an OD
formulation improves rain resistance (Tu and Randall, 2001). In contrast, WP formulations are
more susceptible to wash-off. Dusts are finely ground mixtures of the active ingredient with
clay, talc, or other such materials, and they usually contain a low percentage of active
ingredients. This allows rain to easily wash off the active compound. Wettable powders are
similar to dusts, but contain a wetting and dispersing agent. They also have a more
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concentrated active ingredient than dusts, but are still generally prone to wash-off. However,
organosilicone surfactants are commonly used to improve rainfastness, to reduce surface
tension, and to enhance spreading ability (Wells and Fishel, 2014). This surfactant, present in
the WP formulation under the name of Ultrasil VN 3, is most likely responsible for a better
rainfastness compared to the suspension concentrate formulation. Additionally, the
formulations were more rainfast when applied onto hairy tomato leaves, compared to the
smoother apple leaves.

Finally, spray deposition and coverage are the major components of spray performance.
Water sensitive papers were used to detect the coverage by the different formulation droplets
sprayed with different nozzles. All spraying parameters were kept constant, what resulted in
a better reflection of the differences between the formulations and the applied nozzles. The
flat fan and hollow cone nozzles were more efficient at depositing formulation droplets on the
water sensitive papers. A good spray distribution was observed at both pressures, i.e. 3 and
6 bar. Flat fan nozzles usually operate between 1-4 bar, while hollow cone nozzles usually
operate between 5-20 bar (Teejet, 2011). This means that the applied 6 bar was too high when
using flat fan nozzles, and therefore explains the low amount of droplets observed. Because
the high pressure, the fine droplets sprayed on the water sensitive papers, became one big
droplet. As a result, the water sensitive papers coloured completely blue, making it difficult to
distinguish the individual droplets by the applied software. Subsequently, the applied 3 bar
was too low when using hollow cone nozzles. This explains the better distribution observed at
6 bar. However, in this experiment no specific disadvantage was observed. When using the air
induction and wide angle nozzles, larger droplets were observed on the water sensitive
papers. The recommended pressure range of both nozzles was between 2-8 bar and 1-6 bar,
respectively.

Looking at the different formulation types, the WP formulation obtained the best coverage.
This can be explained due to the smaller droplets of the WP formulation. As a rule, smaller
droplets provide better coverage, but larger droplets are less likely to drift. The OD and SC
formulations are more viscous compared to the WP formulation. This increase in viscosity will
typically increase the drop size (Flint, 1993). Next, the better coverage of the WP formulation
can also be explained by the physicochemical properties discussed above. In all tests, the OD
and WP formulations were more efficient. However, oils often result in an increase in droplet
size (Spanoghe, 2005), what may be an explanation of the observed results.

-132 -



FORMULATION OF ZEOLITES

In conclusion, the OD and WP formulations yielded the best results related to contact

formation and deposition. In order to select one formulation type, the advantages and

disadvantages of these two formulations were taken into account (Table 3-6). Especially, the

phytotoxicity property exerts a great influence on making the choice. In some cases, however,

a powder formulation has advantage over the liquid formulations when oil-incompatible

materials have been applied to the crop. For example, use of an oil-based formulation on a

crop treated with elemental sulphur can cause severe phytotoxicity (Jackson et al., 2010).

Table 3-6. Advantages and disadvantages of the oil dispersion and wettable powder formulations.

Advantages

Disadvantages

Oil dispersion

Ideal for active ingredients
not stable in water

Good sticking properties
Easy to handle

Little visible residues on
treated surfaces

Bulk storage difficult

Tank cleaning can be an issue
Physical instability on storage
May cause unwanted harm to
plants

Difficult to dose

Easily absorbed through skin

Wettable powder

Easy to storage

Easy to transport

Not expensive

No solvent

Less likely to cause
unwanted harm to treated
plants, animals and
surfaces

Less odour

Dust

Inhalation hazard while mixing
Require good and constant
agitation

Often clog nozzles and screens
May be difficult to mix and
measure

May leave white deposit on
surfaces

Abrasive

This phytotoxicity was also confirmed by phytotoxicity studies conducted by CEMAS
(Berkshire, UK) in the scope of the ECO-ZEO project. They observed that the OD formulated
product at rate of 60 kg zeolite.ha™ on apple and tomato showed extensive leaf tissue damage

(white/brown necrotic lesions), leaf death, with chlorosis in the growing tips of tomatoes

(Figure 3-9). Therefore, the WP formulation was selected for further research.
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Figure 3-9. Apple (A) and tomato (B) leaves just after spraying (1) and 2 days after spraying (2) with
the oil formulation.

5  DEVELOPED ZEOLITE FORMULATIONS

Galenika Fitofarmacija (Belgrade, Serbia) developed two different WP formulations for each
of the two selected zeolites in Chapter 2 (Table 3-7). All tests were also carried out with zeolite
type LTA, which was used in the ECO-ZEO project. Two LTA formulations were developed, i.e.
800 SC and 850 WP. The numbers in the formulation name refer to the zeolite concentration,
in g.I'}, present in the formulation.

Table 3-7. Zeolite formulations to be tested in the next chapters.

Material name Framework type code Product name Supplier Formulation
Beta-zeolite BEA H-BEA-25 Clariant, Germany 850 WP
950 WP
Zeolite Y FAU CBV 720 Zeolyst, The Netherlands 850 WP
920 WP
Zeolite A LTA Zeolite 4A FMC, Spain 800 SC
850 WP
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Chapter 4

FUNGICIDAL ACTIVITY OF ZEOLITES

As zeolites deposit a particle layer on the leaf surface, it may block liquid film formation, which
eventually prevents disease propagule germination. Therefore, zeolites can be used as a
potential fungicide. This chapter focuses on the fungicidal activity of the selected zeolites and
its formulations against Venturia inaequalis and Botrytis cinerea. First, antifungal bioassays,
together with incidence and severity assesments were carried out (Part A). Based on these
results, the fungicidal activity of the adjuvants present in the formulations was examined
(Part B).

1 INTRODUCTION

Plants cannot escape from pathogens or stress factors, such as droughts and floods. That
is why they have developed complex mechanisms to defend themselves from attacks
(adaptive response) (Dangl and Jones, 2001). In order to activate such defence
mechanisms, plant hormones interact with each other in a synergetic or antagonistic way
(cross talk), whereby a plant can regulate its immune system. Pathogens can abuse these
interactions to disrupt the immune system of their host (Pieterse et al., 2009). Such
pathogens can be divided into two broad classes, i.e. necrotrophic pathogens that directly
kill host cells and use the cell contents, and biotrophic pathogens that do not kill the host
cells directly but penetrate inside the apoplast and obtain nutrients through specialized
structures such as haustoria. Many pathogens go through both life styles and are called
hemibiotrophic (Kunkel and Brooks, 2002; Pieterse et al., 2009).

Fungicides are chemical compounds or biological organisms that destroy or inhibit the
growth of these fungi or fungal spores. The use of fungicides for an effective control of
plant diseases has become crucial in the last decades in agriculture since it is estimated that
fungal infections cause yield reductions of almost 20% of crops worldwide (Gullino et al.,
2000). Fungicides can be classified by their mode of action. They can have effects on
membranes, nucleic acids and protein synthesis, signal transduction, respiration, mitosis
and cell division. Hereby, a distinction can be made between site-specific and multi-site
inhibition (Yang et al., 2011).
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Between 1940 and 1970, organic antifungal compounds with broad-spectrum activity were
developed by the newly emerging plant protection industry. Most of these fungicides are
multi-site inhibitors that are active on thiol groups of glutathione and proteins (Bernard and
Gordon, 2000; Hahn, 2014). Additionally, these inhibitors are contact fungicides that have a
preventive action by killing or inhibiting fungi or fungal spores before the mycelia can grow
and develop within the plant tissues. However, once the infection is established, this fungicide
may not have any effect. Thus, this kind of fungicides can be used only as protectants (Dias,
2012).

A new generation of fungicides was developed in the 1960s. These fungicides have a specific
mode of action towards a target protein in the fungal pathogens and are highly active. Most
of these site-specific fungicides are systemic, i.e. they can penetrate the cuticle and are
distributed within the plant, which increases their activity (Hahn, 2014). Additionally, these
kind of inhibitors can kill the fungus after the mycelia has penetrated the parenchyma of the
plant tissue, stopping the dispersal or infection within the plant (Dias, 2014). Based on these
properties, this kind of fungicides have a protectant and curative activity.

Only few years after the introduction of site-specific fungicides, resistance development in the
pathogen populations and the loss of fungicide activity were observed. Botrytis cinerea was
one of the first fungi for which resistance was described. Since then, the awareness of the
resistance problem has increased and it became a major focus of fungicide research (Hahn,
2014).

In order to overcome these resistances, alternative PPPs are needed. In this study fungicidal
activity of zeolites on two important and wide spread diseases is studied.

1.1 BOTRYTIS CINEREA
1.1.1 THE DISEASE

Botrytis cinerea Persoon: Fries (teleomorph: Botryotinia fuckeliana (de Bary) Whetzel) is one
of the first described genera of fungi and has been recognized as a genus since Micheli erected
it in 1729. B. cinerea is probably the most common and most widely distributed plant
pathogenic fungi of economically important crops including vegetables (e.g. tomato,
cucumber, lettuce), ornamentals (e.g. rose, gerbera), bulbs (e.g. onion) and fruits (e.g.
grapevine, strawberry, kiwifruit) (Elad et al., 2004; Zhang et al., 2007b). Based on its scientific
and economic importance, B. cinerea, the causal agent of grey mould, has been recently
ranked as number 2 among the top 10 fungal pathogens in molecular plant pathology (Dean
et al.,, 2012).
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The fungus (Figure 4-1) is most prevalent in temperate and subtropical areas where it
commonly resides on the leaf surface (Leroux, 2007). It is a facultative parasite of a wide range
of plants, which attacks many organs including leaves, stems and fruits as a nectrotroph, often
with heavy losses after harvest. It is also a saprophyte on senescent and dead plant material
(Elad et al., 2004).

Figure 4-1. (A) Botrytis cinerea conidiophore with mature conidia in situ, (B) conidium germinating in
absence of water droplet on abaxial surface of rose petal (C) Botrytis cinerea on tomato leaves
(Ingram and Meister, 2006; Williamson et al., 2007; Chavera et al., 2013).

Greenhouse tomatoes are susceptible to a wide variety of diseases and pests. Among all
diseases, Botrytis is the most common disease (Bardin et al., 2008; Nicot and Baille, 1996).
Under humid conditions, the fungus produces a noticeable grey mould fruiting layer on the
affected tissues that is characteristic of Botrytis diseases. Some of the most serious diseases
caused by Botrytis include calyx end rot, blast and neck rot, blight or grey mould, bulb rot,
corn rot, and others. Botrytis also causes secondary soft rots of fruits and vegetables during
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storage, transit, and marketing (Agrios, 2005). Stem lesions resulting mainly from infection of
pruning by germinated spores of Botrytis are one of the most devastating symptoms in heated
tomato greenhouses (Bardin et al., 2008; Decognet et al., 2010).

Conventional fungicides have been used to control B. cinerea. However, several investigations
conducted all over the world have indicated that chemical control against grey mould of
tomatoes was not effective, due to the development of resistant strains (Locke and Fletcher,
1988; Yourman and Jeffers, 1999; Rosslenbroich and Stuebler, 2000). Alternative methods for
suppressing B. cinerea are therefore required.

1.1.2 TaxoNomy

The shortened taxonomic classification of B. cinerea is presented in Table 4-1.

Table 4-1. Short taxonomy of Botrytis cinerea (Williamson et al., 2007).

Kingdom Fungi

Phylum Ascomycota
Class Leotiomycetes
Order Helotiales
Family Sclerotiniaceae
Genus Botryotinia
Species Botrytis cinerea

Preferred common name Grey mould

1.1.3 LIFE CYCLE

Botrytis cinerea is a necrotrophic fungal pathogen that secretes toxic molecules and lytic
enzymes that kill host cells, which leads to decomposition of the plant tissue and consumption
by the pathogens for their own growth (Van Kan, 2006). The life cycle of B. cinerea is
summarized in Figure 4-2 (Agrios, 2005).

The fungus overwinters as mycelia or as sclerotia in/on plant debris and in soil. In spring, these
sclerotia detach from the fungus and germinate. The organism grows and produces mycelium
or conidia spores (Delcan and Melgarejo, 2002; Beever and Weeds, 2004). Sporulation is very
important for the reproduction and spread of B. cinerea. It plays a key role in the development
of epidemics, as the pathogen produces millions of spores within one week after inoculation,
especially during favourable conditions. These spores are easily disseminated over large areas
(Nicot et al., 1996).
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Figure 4-2. Life cycle of Botrytis cinerea (Agrios, 2005).

Botrytis cinerea exploits different infection modes of entry. Tubes of germinated conidia
penetrate through injuries, natural openings like stomata, or intact, healthy plant tissues
(Ernesto et al., 1998). Once the pathogen has entered the cells, haustoria are separated from
the host cytoplasm by a host membrane that is contiguous with the plasma membrane.
Hyphae consequently grow throughout the leaf, penetrating mesophyll cells where they form
additional haustoria (Glazebrook, 2005). During the progress of infection, the fungus increases
its biomass within the host tissue (Ernesto et al., 1998). After one week, conidiophores emerge
from the stomata, and mature conidia are formed (Glazebrook, 2005). For some Botrytis spp.,
sclerotia develop in dead plant tissue and form the fungal overwintering stage. Fungal mycelia
can also last over winter in woody stem remains, where they form sclerotia that will germinate
in the spring.

Mature conidia detach and are airborne and may also be carried on the surface of splashing
rain drops (Williamson et al., 2007). In the field, spores landing on tomato plants germinate
and produce an infection when free water from rain, dew, fog, or irrigation occurs on the plant
surface. Dying flowers are a favourable site for infection, but infections can also result from
direct contact with moist infested soil or plant debris. In the greenhouse, stem lesions develop
either by direct colonization of wounds or through infected leaves. The presence of external
nutrients, such as pollen grains in the infection droplet, increases infection (Elad et al., 2004).
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This infection causes disintegration and collapse of the cells, which softens the tissue causing
Botrytis blight or grey mould disease. With further growth, the mold spreads to produce new
conida, and fresh spores are released. This process continues until the cold weather forces the
organism into hibernation.

1.2 VENTURIA INAEQUALIS
1.2.1 THE DISEASE

Apple scab, caused by the fungus Venturia inaequalis Cooke (Wint.) (anamorph: Spilocaea
pomi (Fr.) or Fusicladium pomi (Fr.) Lind), is the most important disease of apple worldwide.
It occurs in almost every country where the cultivated apple (Malus x domestica) is grown
(Carisse and Bernier, 2002).

Figure 4-3. (A) Venturia inaequalis conidia erupting through the cuticle of a crabapple leaf, (B)
conidium germinating and formation of an appressorium adhering to the leaf surface (C) Venturia
inaequalis on apple leaves (Chevalier et al., 1991; Carisse and Jobin, 2006; Bowen et al., 2011; Walke,
2015).
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Apple scab (Figure 4-3) is more severe in temperate regions with cool, moist climates during
early spring, such as Belgium (MacHardy, 1996). It is not known when scab first appeared in
orchards. The first report on scab was published by Fries in Sweden in 1819 (Fries, 1819), but
the oldest evidence of the existence of scab dates from 1600, in a painting by Michelangelo
Caravaggio (‘The Supper at Emmaus’; Figure 4-4), held at the National Gallery in London
(MacHardy et al., 2001).

Figure 4-4. ‘The supper at Emmaus’ by Michelangelo M. da Caravaggio (MacHardy et al., 2001).

The Apple Scab fungus itself does not kill the tree, but the fungal infection causes damages to
leaves and fruits, which results in severe reductions in fruit quality and vyield. In case of
insufficient control of apple scab, the economic losses can increase up to 70% of the
production value (Gupta, 1992). On the one hand, yield loss is caused by direct infection of
fruits and pedicels. On the other hand, severe leaf damage can lead to a weakened tree with
reduced flower bud formation (Verma and Sharma, 1999). Important losses occur also due to
the development of scab in storage (Tomerlin and Jones, 1983).

1.2.2 Taxonomy

The shortened taxonomic classification of V. inaequalis is presented in Table 4-2.

Table 4-2. Short taxonomy of Venturia inaequalis (Bowen et al., 2011).

Kingdom Fungi

Phylum Ascomycota

Class Dothideomycetes
Order Pleosporales
Family Venturiaceae
Genus Venturia

Species Venturia inaequalis

Preferred common name Scab
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1.2.3 LIFE CYCLE

V. inaequalis is a hemibiotrophic fungus, which means that it does not only grow on/in living
leaves, but also has a necrotrophic phase. The life cycle of V. inaequalis can be subdivided into
two phases: a sexual or primary phase and an asexual or secondary phase (Figure 4-4). The
primary phase mainly takes place in winter, the secondary in summer (MacHardy, 1996;
Verma and Sharma, 1999).

Primary phase - V. inaequalis overwinters predominantly as pseudothecia (sexual fruiting
bodies) in infected fallen leaves on the orchard floor. The primary infection is initiated in spring
and mainly caused by ascospores (sexual spores). These ascospores are released by rainfall
from the pseudothecium and are discharged over a period of five to nine weeks (Verma and
Sharma, 1999). The optimal temperature for the formation and maturation of ascogonia is 8-
12°C and 16-18°C, respectively (Turechek, 2004). When leaves on the orchard floor become
wet from rain, the ascospores are released into the air. This release is favoured by sunlight
and mainly takes place during the day (Rossi et al., 2001). These sexual spores have an inner
and outer cell wall. The inner cell wall is thick and elastic and protects the ascospores from
winter conditions, whilst the outer cell wall is thin and fragile (Jha et al., 2009).

The risk of infection is greatest early in the growing season, when leaves and fruit are young
and most susceptible (Schwabe, 1979; Schwabe et al., 1984; Xu and Robinson, 2005). Air
currents carry the ascospores into the trees and onto developing flowers, leaves and fruitlets,
where they adhere quickly by contact and resist removal by more rain. Stronger wind can
transport them throughout the orchard to neighboring or more distant orchards. The spores
are spread up to 200 m from the source (Turechek, 2004). If the leaves and fruitlets remain
wet, the ascospores germinate. The germ tubes penetrate through the cuticle, either directly
or via an appressorium (Keitt and Jones, 1926; Smereka et al., 1987). They develop into
multilayered, pseudoparenchymatous structures, termed stromata, which are presumed to
obtain nutrients from the subcuticular space. The stromata, and the conidia that they produce,
cause the characteristic leaf and fruit lesions that give the disease the name of scab or, in
some countries, black spot.

Secondary phase - Conidia (asexual spores) are disseminated by wind and rain from lesions
and allow secondary infection to occur within the orchard throughout the fruit development
period. These spores are responsible for an increase in disease when suitable weather
conditions occur during the growing season. Unlike the ascospores, conidia are released at
any time of the day or night and stay in the air in both dry and wet weather. Wind carries them
throughout the orchard. They spread by clothing, picking bags, insects and birds. Conidia are
less widely spread than ascospores (less than 100 m from the source) and infect mostly the
originating plant (Turechek, 2004). Once the conidia are deposited on leaves or fruits, they
require free moisture and relative humidity above 95% to germinate. A few days later, new
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velvety scab lesions will appear, bearing more conidia. This cycle of secondary infections
continues during summer, with the right weather conditions. Pseudothecia are formed on
fallen infected leaves by the union of mycelium from compatible mating types. They mature
during winter to build up an inoculum for the start of a new disease cycle in spring (Bowen et
al., 2011).

Apple tree
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ascospor?p a Ascospore

Penetration by

\ germinating ascospore
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germinating conidium Subcuticular \ Infecti
mycelium nfection

Mature
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Figure 4-4. Life cycle of Venturia inaequalis (Bowen et al., 2011).
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This part aimed to verify the effect of different zeolites on the growth of Botrytis cinerea and
Venturia inaequalis. First of all, antifungal activity bioassays were carried out. Subsequently,
incidence and severity assesments were presented.

A.2 MATERIALS AND METHODS
A.2.1 TEST ITEMS
A.2.1.1PLANT MATERIAL

The efficacy test was carried out on two different plant species. Measurements were
conducted on cuttings of apple trees (Malus domestica vc. Golden Delicious) obtained from
Schrama Nurseries, Biddinghuizen, Netherlands. The trees were approximately 26 cm high and
their stem diameter at soil surface was approximately 2.3 mm. Subsequently, measurements
were conducted on tomato plants (Solanum lycopersicum L. vc. Admiro) obtained from BPK,
Duffel, Belgium. The plants were approximately 19 cm high and their stem diameter at soil
surface was approximately 4.3 mm. All the plant materials were divided into twelve groups: 2
control and 10 treatment groups. Each group consisted of 5 plants.

A.2.1.2 MYCELIUM PRODUCTION

Mycelium of Botrytis cinerea (CBS 120092, Utrecht, The Netherlands) and Venturia inaequalis
(CBS 121310, Utrecht, The Netherlands) was derived from fungal cultures grown on potato
dextrose agar (PDA). The PDA was purchased from Becton Dickinson and Company, Le Pont
de Clair, France. Botrytis cinerea plugs were transferred routinely on PDA at 22°C for 6 days in
the dark. New subcultures of B. cinerea were made weekly. The mycelium growth of
V. inaequalis is very slow and was grown for 4 weeks (2 cm colony diameter).

A.2.1.3CONIDIAL PRODUCTION

Botrytis cinerea - A suspension of blended mycelium was used for conidial production. Botrytis
cinerea was grown on PDA at 22°C under UV/dark (12h/12h) for 10 days. Spores were washed
from the plates with distilled water containing 0.01 M glucose and 6.7 mM KH2POa.

Suspensions were filtered through cheesecloth and the conidia concentration was determined
with a haemocytometer. The final spore concentration was adjusted to 5.10° spores.ml. To
synchronize conidia germination, the suspensions were kept for 2h at 22°C before being used.

Venturia inaequalis - Venturia inaequalis was isolated from infected leaves from unsprayed

apple trees in PCFruit, Sint-Truiden, Belgium. Dry leaves were conserved at -20°C. The
inoculum was prepared by blending the leaves with distilled water. Suspensions were filtered
through cheesecloth and the conidia concentration was determined with a haemocytometer.
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The final spore concentration was adjusted to 5.10° spores.ml?. To synchronize conidia
germination, the suspensions were kept for 2h at 22°C before being used.

A.2.1.4FUNGICIDE MATERIALS

The three zeolite types, BEA, FAU and LTA, together with two formulations of each type were
compared with a commercial fungicide and a control treatment (Table 4-3).

Table 4-3. Fungicide materials used in this study.

Treatment Material name Formulation type Manufacturers
1 BEA Technical product Clariant

2 BEA 850°? WP Fitofarmacia
3 BEA 950° WP Fitofarmacia
4 FAU Technical product Zeolyst

5 FAU 850° WP Fitofarmacia
6 FAU 920° WP Fitofarmacia
7 LTA Technical product FMC

8 LTA 800 SC Fitofarmacia
9 LTA 850 WP Fitofarmacia
10 (A) Thiram (Hermosan 80) WG Taminco
10 (B) Chlorothalonil (Daconil 50) SC Syngenta
11 Negative control / /

12 Positive control / /

3 bThe formulations with a similar letter contain the same adjuvants.

A.2.2 MEASUREMENTS
A.2.2.1 ANTIFUNGAL ACTIVITY IN VITRO BIOASSAY

In vitro tests are usually performed as a first stage in the selection of active substances against
the fungal pathogens. A mycelial plug from Botrytis cinerea or Venturia inaequalis was placed
at the centre of a PDA plate amended with the substances to be tested (Table 4-3). The plates
were incubated at 22°C for 3 days (B. cinerea) and 8 weeks (V. inaequalis) and examined for
an inhibition zone.
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Fungal colony diameters were determined as a measure of inhibition (I) of fungal growth and
compared to those on control plates without active ingredients:

T,
I=(1-=) . 100
C,

where T; is the colony radius of the test plate (cm) and C; is the colony radius of the control
(mm).

The experiment was performed twice with 4 plates per treatment. Different concentrations
(400 mg.I"t, 4000 mg.I"* and 20000 mg.I") of the active ingredients were tested to estimate the
biological activity.

A.2.2.2DISEASE INCIDENCE AND SEVERITY ASSESSMENT

Inoculations with a B. cinerea or V. inaequalis suspension were carried out on apple trees and
tomato plants under greenhouse conditions (at 26 + 1°C, 70% RH and 16:8 (L:D)h). The conidial
suspension was sprayed until runoff. Immediately after inoculation, the plants were incubated
in a growth chamber at 90% RH for 48 h at 26°C to provide optimal infection conditions. Each
treatment consisted of 5 plants and the experiment with the apple trees and tomato plants
were carried out taken into account all leaves and 5 leaves per plant, respectively. Disease
development was evaluated after 3 weeks. Incidence and severity were calculated visually.

Disease incidence (DI) was recorded as the proportion of diseased plants:

N,
DI=— .100
T

where Njis the number of infected leaves and T, the total number of leaves.

Disease severity (DS) was assessed based on the size and number of necrotic spots on a leaf
surface (Figure 4-5). A 0-4 intensity scale was used, whereby: 0 = no symptoms observed; 1 =
lesions covered less than 25% of leaf surface; 2 = lesions covered 25-50% of leaf surface; 3 =
lesions covered 50-75% of leaf surface; 4 = lesions covered more than 75% of leaf surface or
dead leaf.
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The values obtained for each replication and each treatment were transformed to severity
values (the percentage of apple scab or grey mould) with the following expression:

yn;.i
T|.V

DS= . 100

where n; is the number of leaves in class i, i is the class value; T; is the total number of leaves
and V is the highest class value.

A.2.3 DATA ANALYSIS
A.2.3.1 ANTIFUNGAL ACTIVITY IN VITRO BIOASSAYS

Statistical analysis of the antifungal activity bioassay was examined using a one sample
Kolmogorov-Smirnov test to assess the normality of the measured fungal colony radius. The
Mann-Whitney test was used to compare the differences between the control and treated
samples. A p value of < 0.05 was considered statistically significant. Statistical analysis was
performed using a statistical software program (SPSS Version 12.0, Chicago, USA).

A.2.3.2DISEASE INCIDENCE AND SEVERITY ASSESSMENT

Disease incidence and severity were analysed based on the Kolomogorov-Smirnov tests,
followed by a Mann-Whitney test, in order to determine normality and to compare the
differences between the control and treated samples. A p value of < 0.05 was considered
statistically significant. Statistical analysis was performed using a statistical software program
(SPSS Version 12.0, Chicago, USA).

-153 -



SN A \ <t (% AT
O ' AR Y R4
} i // : / / \‘/ b S S ~

2.5% 10% J & " N\ ,/A‘\ A

= .
A A A AN AN RS AR AR
SN O N :\ ‘/ \ g o ™ >
- i - v e |

[uny
9]
X
S N
\ \'
P
-t
7 ‘
NS
P R
f
&
!
\)\

//

f/
7.

-*'-

-
N
&
g

L] 1 | \
Ao | A
.‘ L | “ /
¥ / \ t 5=
/ N\ / »
7 / > / >
\ A f N ... ! )

2.5% 15% 25% 50% 75%

Figure 4-5. Scale to quantify the severity of (A) Venturia inaequalis on apple
leaves and (B) Botrytis cinerea on tomato leaves (Marin-Sanchez, 1990;
Chavera et al., 2013).
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A.3 RESULTS
A.3.1 ANTIFUNGAL ACTIVITY IN VITRO BIOASSAY

The inhibition effects of 9 zeolites and 1 chemical product (Table 4-3) were evaluated against
two fungi, V. inaequalis and B. cinerea. The diameter of the growth inhibition zone was
measured after the exposure of these fungi to different concentrations of the toxicants (Figure
4-6). The obtained results are listed in Table 4-4. Significant differences were observed for
almost all zeolites and used concentrations compared to the control. More information about
the data analysis can be found in Appendix E (Tables E-1 and E-2).

Figure 4-6. Antifungal activity of BEA 950 WP on the hyphal growth of (A) Venturia inaequalis and
(B) Botrytis cinerea. The used concentrations were from left to right 0, 400, 4000 and 20000 mg.|™.

Control treatments in all experiments revealed that all the studied fungi grew extensively.
Inhibition of all fungi was observed with increasing zeolite concentrations, as shown in Figure
4-6. Data in Table 4-4 showed that the mycelium growth of both fungi was most affected by
zeolite LTA and its formulations. These products reached a growth inhibition by about 100%
at the highest concentrations of 4000 and 20000 mg.I™.
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Table 4-4. Growth inhibition (+ SE) of the fungicide materials (Table 4-3) against Venturia inaequalis
and Botrytis cinerea compared to the control (n=8).

Inhibition (%)

Concentration (mg.I) 0 400 4000 20000
Venturia inaequalis
BEA 0.00+1.08 2.51+0.97 6.92+1.23 7.80 +1.08
BEA 850 WP 0.00+1.08 3.79+0.99 7.61+1.55 28.19+0.71
BEA 950 WP 0.00+1.08 8.00 +1.99 18.39 + 0.64 36.31+0.99
FAU 0.00+1.08 4.02 +0.88 20.74 +1.73 27.78 +1.00
FAU 850 WP 0.00+1.08 13.68 + 1.57 28.33+0.68 39.30 + 1.06
FAU 920 WP 0.00 +1.08 14.04 + 1.36 28.35+1.81 49.44 +0.93
LTA 0.00+1.08 30.12 + 0.58 100.00 + 0.00 100.00 +0.00
LTA 800 SC 0.00+1.08 42.96 + 0.60 100.00 + 0.00 100.00 + 0.00
LTA 850 WP 0.00+1.08 45.77 +0.60 100.00 + 0.00 100.00 + 0.00
Hermosan 80 0.00+1.08 100.00 + 0.00 100.00 + 0.00 100.00 + 0.00
Botrytis cinerea

BEA 0.00+1.45 4,68 +2.25 8.83 +3.80 39.63 +2.60
BEA 850 WP 0.00+1.45 5.44 +4.32 70.68 +1.49 72.67+2.78
BEA 950 WP 0.00+1.45 34.46 +0.71 54.24 +1.39 73.78 +1.00
FAU 0.00+1.45 4.96 +2.30 5.30+2.98 21.78 +2.22
FAU 850 WP 0.00+1.45 16.56 + 4.06 36.04 + 0.72 61.05+1.79
FAU 920 WP 0.00+1.45 21.97+1.70 31.18 +1.55 74.45 +1.31
LTA 0.00+1.45 3.14+4.15 91.12+0.49 100.00 + 0.00
LTA 800 SC 0.00+1.45 29.63 + 3.58 89.09 +1.99 100.00 + 0.00
LTA 850 WP 0.00+1.45 31.29+1.84 88.06 + 0.67 100.00 + 0.00
Daconil 50 0.00+1.45 90.53 +1.03 93.77+1.04 94.59 + 0.35

Zeolites BEA and FAU also resulted in inhibition of the fungi, especially for B. cinerea. However,
compared to the inhibition percentages obtained by zeolite LTA and its formulations, zeolites
BEA and FAU showed less effect on fungal growth. Inhibition percentages of V. inaequalis after
exposure to 20000 mg.I"* of zeolite BEA and its formulations were 7.80%, 28.19% and 36.31%
respectively. The exposure to 20000 mg.I"t of zeolite FAU and its formulations resulted in
inhibition percentages of V. inaequalis of 27.78%, 39.30% and 49.44%, respectively. It can be
noticed that similar growth inhibition rates were observed after the fungicidal treatment with
zeolite LTA at a concentration of 400 mg.I2.
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On the other hand, higher inhibition values were observed for B. cinerea after exposure to the
same products. Zeolite BEA and its formulations reached inhibition percentages of 39.63%,
72.67% and 73.87%, respectively, at a concentration of 20000 mg.I%. Finally, zeolites FAU and
its formulations reached inhibition percentages of 21.78%, 61.05% and 74.45%, respectively,
at a concentration of 20000 mg.l"t. Again, zeolite LTA obtained better results at lower
concentrations, i.e. between 400-4000 mg.| .

In general, all of the tested compounds showed antifungal activity. However, it can be
concluded that the formulations resulted in higher growth inhibition values compared to the
industrial product. For example, the inhibition percentage of B. cinerea resulted in 3.14% after
exposure to 400 mg.I! of zeolite LTA. At the same concentration, the formulations of this pure
technical zeolite, i.e. zeolite LTA 800 SC and LTA 850 WP, were about 10 times more effective
at inhibiting the growth of B. cinerea. This was a general observation for most zeolite types
and concentrations for both fungi.

Despite the observed inhibition of the fungi after exposure to the zeolites and especially after
exposure to zeolite LTA and its formulations, the chemical products still revealed the highest
inhibition effect (ca. 100%) at all concentrations against the tested fungi.

A.3.2 DISEASE INCIDENCE AND SEVERITY ASSESSMENT

Apple trees and tomato plants showed after the inoculation with V. inaequalis and B. cinerea
incidence disease symptoms, such as chlorosis, wilting, root and foot rot, stem rot and
necrosis. As shown in Figure 4-7, incidence of all the above mentioned symptoms ranged from
11.46-56.75% for apple trees and from 8.00-92.00% for tomato plants, respectively. Data
analysis showed that there were significant differences in the incidence of the inoculated
plants treated with the zeolite (Table 4-3) compared to the positive untreated inoculated
control. This was especially the case for the apple trees. The lowest incidence for the apple
trees was obtained after using the LTA zeolites and the chemical product. Besides the chemical
product, the industrial zeolites BEA and FAU indicated less incidence for the tomato plants.
However, this reduction was not significantly and no clear dose-response relationship was
seen for all treatments.
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Figure 4-7. Effect of fungicide spray treatments (Table 4-3) on Venturia inaequalis (A) and Botrytis
cinerea (B) incidence on leaves (0-4 scale). The used concentrations were 400 (), 4000 (O) and
20000 (E) mg.I". The white bar (O) represents the disease incidence of control plants that were not
inoculated (negative control), while the black bar () represents the disease incidence of control
plants that were inoculated (positive control). Asterisks indicate significant differences in disease
incidence between sample and positive control treatments (n=5).

Apple scab and grey mould can cause varying degrees of damage to the apple trees and
tomato plants. That is why the symptoms on the leaves were scored using a scale, ranging
from 0 (no disease symptoms) to 4 (lesions covered more than 75% of leaf surface or dead
leaf). The observed disease severity and the disease class distribution are shown in
Figures 4-8 and 4-9, respectively.

As demonstrated in Figure 4-8, the proportion of the affected plant area was lower for the
apple trees than for the tomato plants. Data analysis illustrated that the disease severity
showed significant differences between the inoculated plants treated with the zeolite
(Table 4-3) compared to the positive control. This was especially the case for the apple trees,
for which all the treatments showed significant differences. The disease severity of the tomato
plants treated with the chemical product and the industrial zeolites BEA and FAU was
significant lower compared to the positive control.
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Figure 4-8. Effects of fungicide spray treatments (Table 4-3) on Venturia inaequalis (A) and Botrytis
cinerea (B) severity on leaves (0-4 scale). The used concentrations were 400 (O), 4000 (O) and
20000 (=) mg.It. The white bar (O) represents the disease severity of control plants that were not
inoculated (negative control), while the black bar (W) represents the disease severity of control plants
that were inoculated (positive control). Asterisks indicate significant differences in disease severity
between sample and positive control treatments (n=5).

More clarification for the obtained results is illustrated in Figure 4-9. The apple trees had more
leaves without symptoms, which is also visible in Figure 4-7, and showed little signs of class 1.
When symptoms of V. inaequalis were present, it was visible on more than 25% of the leaf
surface area. Looking at the tomato plants, only the chemical product showed most leaves
without symptoms. A lot of B. cinerea was noticed, but most symptoms were present on less
than 75% of the leaf surface area.
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Figure 4-9. Bar stacks represent the disease severity of the fungicide materials (Table 4-3) as the
relative frequency of occurrence of disease classes (0-4) for Venturia inaequalis (A) and Botrytis
cinerea (B). For rapid visual evaluation of the data, a coloring scale with Class 0: DI =0 (m), Class 1:
1< DI<25(@), Class 2: 26 < DI <50 (@), Class 3: 51 < DI <75 (W) and Class 4: DI > 75 (H) was used
(n=5).

A very close relationship between incidence and severity is depicted in Figure 4-10. The best
linear relationship between pairs of transformed incidence and severity was obtained by
logarithmic (In) transformation, which provided the highest coefficient of determination. The
regression equation obtained from In-transformed data and untransformed data showed a
very high correlation between incidence and severity for both fungi. The variance of disease
severity increased, as general means of disease incidence also increased. The general
regression equations obtained from the analysis of pooled data for V. inaequalis and B. cinerea
respectively, were In (DS) = 0.6492.In (DI) + 1.5905 and In (DS) = 0.6206.In (DI) + 1.4572.
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Figure 4-10. Relationship between incidence and severity of Venturia inaequalis (A) and Botrytis
cinerea (B) with logaritmic (In) transformation.
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A.4 DISCUSSION

In the present work, antifungal activity bioassays were performed using only non-systemic
products, i.e. both zeolites and conventional products were based on inhibition by contact.
The results showed that zeolite LTA and its formulations obtained the highest effect in terms
of growth inhibition. As described in Chapter 2, this zeolite is a hydrophilic zeolite, in contrast
to zeolites BEA and FAU. Zeolites BEA and FAU obtained high growth inhibition values, but
only when a concentration of 20000 mg.I"* was used. However, in comparison to chemical
products, the control of both diseases still needed very high concentrations of zeolite. Both
chemical fungicides inhibit the fungi by multi-site contact activity (Yang et al., 2011).

Multi-site activity fungicides are widely used in agronomic activities due to the broad
spectrum of disease control activity, but may have side effects on other microorganisms due
to their multiple biochemical sites impacts (Yang et al, 2011). Chlorothalonil
(tetrachloroisophthalonitrile), a widely used phthalonitrile fungicide, can reduce the activity
of an antioxidant enzyme that plays an important function in the cellular respiration process.
This can have a deleterious effect on the PPP degrading microbial community so that inhibition
of degradation becomes apparent (Singh et al.,, 2002). Previous research found that
chlorothalonil can influence bacterial growth in soil, which may have ecological consequences
on N cycling (Chen et al.,, 2001). Other multi-site activity fungicides such as thiram
(bis(dimethylthiocarbamoyl) disulfide) inhibited the growth of denitrifying bacteria, perhaps
due to their nonspecific effects on biochemical compounds that contain thiol in target cells
(Milenkovski et al., 2010). Increasing interest is directed towards biological control.

In many parts of the world, farmers and growers are accustomed to very high levels of disease
control achieved by using fungicides. Similar levels of disease control are unlikely to be
achieved with many novel disease control methods, like polymer or particle films, or adhesion
inhibitors. However, the problems of fungicide resistance, breakdown in host resistance and
increased public concern for the environment means that the development of new disease
control methods cannot be ignored (Walters, 2009). The concept of hydrophobic particle film
technology for the control of diseases was introduced by Glenn et al. in 1999. The authors
suggested that disease control was achieved because plants were enveloped in a hydrophobic
particle film barrier that prevented pathogen propagules or water from directly contacting the
leaf surface. Puterka et al. (2000) found that hydrophilic particle films can also provide plant
disease control. However, it is not well understood how particle films influence infection by
disease organisms. Years of research have shown that hydrophobic kaolin particle films failed
to control some diseases like Cladosporium carpophilum or Podosphaera leucotricha on
peach, although it did control Monilinia fructicola (Lalancette et al., 2005). In contrast,
hydrophilic kaolin particle films did not control any of the peach pathogens, leading the
authors to suggest that hydrophobicity and deposit density may be important factors for

-161 -



CHAPTER 4

effective disease management (Lalancette et al., 2005). Puterka et al. (2000) also observed
that neither hydrophobic nor hydrophilic particle films controlled pear scab.

However, based on the results of the antifungal activity bioassays, it can be deduced that the
multi-site contact activity mode of action of the conventional PPPs had more effect compared
to the desiccating mode of action of the zeolites. This non-specific action of the conventional
fungicides implies that numerous metabolic steps in fungal organisms are affected. They bind
to or irreversibly modify reactive groups of numerous enzymes and other biologically
important compounds. The chemically most reactive group in biological systems is the thiol
residue of cysteine. Blockage of essential cysteine residues is the major cause for the
fungitoxic action of non-specific fungicides (Koller, 1999).

It is known that both conventional PPPs, thiram and chlorothalonil, are rapidly absorbed by
spores of susceptible fungi and bind to thiol groups after uptake into fungal cytoplasm. The
attachment to thiol groups with subsequent disruption of enzyme activity appears to be the
major mechanism of action (Carlile and Coules, 2012). This mode of action is probably faster
and more efficient.

Subsequently, higher growth inhibitions were observed for the tested formulations. This may
be caused due to the adjuvants present in the formulations. Looking at the composition of the
different adjuvants, listed in Table 4-5, it is noteworthy that three of the four discussed
adjuvants are composed of sodium alkylnaphthalene sulfonate. On the other hand, Rhodorsil
EP is composed of polydimethylsiloxane.

Table 4-5. Composition of the adjuvants present in the zeolite formulations based on the MSDS files.

Adjuvants Composition
a Agrilan 789 Dry Acrylic copolymer
b Morwet EFW Powder Sodium alkylnaphthalene sulfonate
c Rhodorsil Antim EP Polydimethylsiloxane
d PVP K-30 Polyvinylpyrrolidone
e Ultrasil VN 3 Silicon dioxide
f Morwet D425 Sodium sulfonated aromatic polymer
g SAG 1572 Polysiloxane
h Supragil WP Sodium di-isopropylnaphthalene sulfonate
i Reax 88B Sulfomethylated sodium lignosulfonic acid
i Rhodopol 23 Xanthan gum
k Amebact C 2,2,2- (Hexahydro-1,3,5-triazine 1,3,5 tryl) triethanol
| Soprophor FL Ethoxylated polyarylphenol phosphate amine
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Based on the information at the PPP database, sodium alkylnaphthalene sulfonates are used
as insecticide, fungicide, microbiocide or adjuvant (PAN, 2014). The most common use is first
listed. This means that this substance, present in de tested formulations, is able to kill insects,
fungi (molds, mildews, others) and microbes (bacteria, viruses, fungi). Therefore, it can be
used as an adjuvant to increase effectiveness of an active ingredient. Subsequently,
polydimethylsiloxane is used as insecticide and adjuvant (PAN, 2014). These findings confirm
the possible antifungal activity of the adjuvants, especially against B. cinerea.

Nevertheless, laboratory studies can obtain different results compared to studies carried out
on a whole plant. Glenn et al. (1999) applied hydrophobic kaolin to plants in order to develop
an artificially hydrophobic plant surface that would repel water. Water-repellent surfaces
facilitate the removal of particulate depositions (spores, conidia, hyphae) through the
deposition and subsequent runoff of rain, fog or dew. In single-leaf laboratory studies, fungal
infection could be completely eliminated; however, on the whole plant and field plot scale,
studies found complete coverage by the hydrophobic kaolin was impossible and so failed to
control apple scab (Puterka et al., 2000). Therefore, it was important to examine the effect of
zeolites against V. inaequalis and B. cinerea on plants. In this study, incidence and severity
were used as measures to estimate the effect of zeolites. Since measures of incidence are
more easily acquired and more reliable than measures of severity and since severity is more
useful than incidence for certain objectives, a combination of incidence and severity facilitates
the evaluation of disease intensity.

It was observed that none of the zeolite totally prevents apple scab or grey mould. However,
the apple trees treated with zeolites showed significant differences compared to the positive
control. The LTA formulations also showed the lowest disease incidence and severity for the
apple trees. Looking at the tomato plants, the zeolites showed less effect. With the exception
of the industrial zeolites BEA and FAU, no significant differences compared to the positive
control were observed. Finally, the chemical product exhibits a good effect against both
diseases. However, a clear linear relationship between the disease incidence and disease
severity was noticed.

The observed fungicidal acitivty of the zeolites can be explained by the plant surfaces that
provide chemical and physical cues, which are important factors in the development of
infection structures of many plant pathogenic fungi. It is therefore no surprise that disrupting
these processes, by coating the leaf with polymer films or applying agents that interfere with
spore adhesion, can reduce infection and provide disease control (Walters, 2009).
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Additionally, adhesion of fungal spores to the plant surface is thought to be the essential first
step in the infection process. Once a spore has successfully adhered to the leaf surface, germ
tube formation is rapid, whereas if conidia fail to adhere to the substrate, viability is rapidly
lost. Once formed, germ tubes must also adhere to the plant surface, since this process is
important in the perception of signals for further formation of the appressorium. The
importance of spore adhesion to successful infection of plant surfaces suggests that disruption
of this process could be useful in disease control (Walters, 2009). Zekaria-Oren and Eyal (1991)
found that surfaces coated with film-forming polymers interfered with fungal penetration of
the leaf and that the efficacy was related to thickness and uniformity of the coat on the leaf
surface. They also observed that both the orientation of the germinating spores towards the
stomata and the formation of appressoria were altered on coated surfaces, which may be the
result of the disruption of mechanisms responsible for orientation of the germinating spores
towards the stomata and appressorium formation.

Regardless the obtained fungicidal activity of the zeolites, it was striking that the disease
severity on the tomato plants treated with the industrial zeolites BEA and FAU was lower
compared to the formulated zeolites. Even significant differences were observed between
these industrial zeolites and the positive control. This may be caused by the presence of the
adjuvants in the formulations. Many studies have demonstrated a strong negative correlation
between the amount of epicuticular wax and permeability of agricultural chemicals. The
epicuticular waxes are a significant barrier to the penetration of a PPP spray into plant organs
(Jenks and Ashworth, 1999). However, most agricultural sprays are formulated with adjuvants
like wetting agents, spreaders, or stickers to facilitate doplet retention, distribution, and
penetration into the plant surface.

Subsequently, as described in Chapter 3 (Section 4), both leaf surfaces of the test species,
apple and tomato, are hairy. However, apple leaves have a more smooth surface area
compared to the more hairy tomato leaves. Additionally, the epicuticular layer of the apple
leaves contained a higher amount of wax compared to the tomato leaves. This epicuticular
wax layer prevents the formation of stable, macroscopic water phases and, hence, the
germination of the spores of many plant pathogens (Allen et al., 1991; Juniper, 1991;
Liakopoulos et al., 2001).

Based on this information, it is most likely that the adjuvants present in the zeolite
formulations penetrated more easily into the tomato leaves due to the lower amount of wax
present in the epicuticular layer. This can damage the tomato leaves and make them more
vulnerable for fungal diseases, especially for a fungus that establishes itself on injured tissues
and can persist as a saprophyte for long periods. Compared to V. inaequalis, B. cinerea is a
necrotrophic fungal pathogen and it is known that many necrotrophs sporulate abundantly on
lesions as well as on dead plant material (Elad et al., 1994).
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Subsequently, the interaction with germination takes places on the plant surface, whereas the
interaction with sporulation is in necrotic lesions (Elad et al., 1994). This causes the interaction
time between zeolites and germinating propagules to be shorter as a results of the already
damaged tomato leaves due to the adjuvants.

Despite the better antifungal activity of the industrial zeolites, no further research was carried
out on this matter. As described in Chapter 3 (Section 1.1), a PPP is rarely used or applied in
its pure form. First of all, these zeolites are not soluble in water and therefore require
adjuvants to form stable suspensions or emulsions when these zeolites are mixed with water
in the spray tank. This is necessary in order to prevent sedimentation of the active ingredient.
Additionally, adjuvants also improve the physicochemical and spreading properties, the
biological activity and the safety issues of the active ingredient.
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Adjuvants in formulations are compounds that modify the effects of other compounds. They
can be used in PPPs e.g. to increase the performance of the active ingredients or to make the
formulation chemically more stable (Chapter 3). Also, an adjuvant may improve the efficacy
of a PPP, which may lead to a reduced concentration or total amount of PPP required to
achieve a given effect. However, it can be questioned whether these adjuvants also have a
biological effect on their own. In order to clarify the results obtained in Part A, the following
sections present the results of antifungal activity and bacterial gene profiling assays of the
different adjuvants present in the tested zeolite formulations.

B.2 MATERIALS AND METHODS
B.2.1 TEST ITEMS
B.2.1.1 MYCELIUM PRODUCTION

Mycelium of Botrytis cinerea (CBS 120092, Utrecht, The Netherlands) and Venturia inaequalis
(CBS 121310, Utrecht, The Netherlands) was derived from fungal cultures grown on Potato
Dextrose Agar (PDA). The PDA was purchased from Becton Dickinson and Company, Le Pont
de Clair, France. Botrytis cinerea plugs were transferred routinely on PDA at 22°C for 6 days in
the dark. New subcultures of B. cinerea were made weekly. The mycelium growth of
V. inaequalis is very slow and was grown for 4 weeks (2 cm colony diameter).

B.2.1.2 BUILD-IN ADJUVANTS

The adjuvants present in the formulations used in this thesis are summarized in Table 4-6,
together with the different compositions of the tested formulations. However, for reason of
confidentiality, the exact concentrations of applied adjuvants in the formulations are not
known. Nevertheless, an assumption was made of the percentages used in the formulations.
With the exception of amebact C, which was present at 0.025%, all other adjuvants were
assumed to be present at 3% of the tested formulation.

B.2.2 MEASUREMENTS
B.2.2.1 ANTIFUNGAL ACTIVITY IN VITRO BIOASSAY

In vitro tests are usually performed as a first stage in the selection of active substances against
the fungal pathogens. A mycelial plug from Botrytis cinerea or Venturia inaequalis was placed
at the centre of a PDA plate amended with the adjuvants to be tested (Table 4-6). The plates
were incubated at 22°C for 3 days (B. cinerea) and 8 weeks (V. inaequalis) and examined for
an inhibition zone. Fungal colony diameters were determined as a measure of inhibition of
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Table 4-6. Adjuvants present in the used formulations.

Treatment Adjuvants Use Manufacturers BEA 850 FAU 850
wp? wpP

Control / /

a Agrilan 789 Dry dispersing agent AkzoNobel X X

b Morwet EFW Powder  Surfactant AkzoNobel X X

c Rhodorsil Antim EP anti-foam Rhodia X X

d PVP K-30 structuring agent ISP X X

e Ultrasil VN 3 Carrier Evonik X X

f Morwet D425 dispersing agent AkzoNobel

g SAG 1572 anti-foam Momentive

h Supragil WP wetting agent Rhodia

i Reax 88B dispersing agent MeadWestvaco

j Rhodopol 23 thickening agent Rhodia

k Amebact C Biocide Ametech

| Soprophor dispersing agent Rhodia

2 Colours according to the composition of the formulations.
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fungal growth and were compared to control plates without adjuvants. The experiment was
performed twice with 4 plates per treatment. The zeolite formulations in this study contained
3% of each adjuvant, with the exception of Amebact, C which was present at a concentration
of 0.025%. The adjuvant concentrations tested in this bioassay were calculated taken into
account a zeolite concentration of 4000 mg.I2.

B.2.2.2 ToXIC MODE OF ACTION

The following paragraphs describe the protocol of the experiment developed by Antwerp
University.

Bacterial strains

A gene expression assay can be used as a screening tool for the presence of toxicity in complex
and poorly characterized matrices. Therefore, the toxic mode of action of the different
selected compounds was evaluated using a gene expression assay. The performance of a
battery of stress promoter::reporter gene fusions in genetically engineered Escherichia coli
strains was investigated. All bacterial strains used, except SfiA, are based on an E. coli K-12
derivative SF1, which contains the lac4169 mutations, deleting the complete lac operon, and
rpsL. All reporter constructs are promoter::LacZ fusions, present as single copies on the
bacterial chromosomal. The SfiA strain is part of the SOS chromotest derived from E. coli
GC4436 with a deletion in the lac operon carrying a SfiA::LacZ fusion in order to measure the
responses to DNA damaging agents. Table 4-7 illustrates the selected list of 14 transgenic
E. coli strains, belonging to different toxicological endpoint classes, e.g. DNA damage,
oxidative stress, protein denaturation, membrane damage, osmotic stress, general cellular
stress and heavy metal presence. The integration of 14 endpoints in one test enables a more
complete characterization of the mode of action of the toxicants or mixtures compared to one
endpoint test.

Growth, dosing, and lysis

Cultures were inoculated from frozen aliquots 15 to 18 h before use, in 2 ml volumes of Luria
Bertani broth base (LB) (Difco Laboratories, Beckton Dickinson) supplemented with NaCl to
5 g.I'%. Precultures were grown overnight in 50 ml centrifuge tubes at 37°C and 250 rpm. The
turbidity at 600 nm of the overnight cultures was checked to exceed 2.0 before proceeding
with the assay.

Bacterial plates - At the end of the incubation, 50 ul of all cultures was aseptically added - one
strain per row - to 250 ul of LB in column 12 of a 96-well sterile flat bottomed polystyrene
microtiter plate (Sterilin, International Medical Products, Belgium) (Figure 4-11). Columns 2
through 11 were filled with 200 pl of LB and received 25 ul from the prediluted strains in
column 12. Column 1 was used as a blank and received 225 pl of LB. Strains were grouped on
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Table 4-7. Stress gene promoters fused to the LacZ gene and their functional grouping (modified from Dardenne et al., 2007 and Orser et al., 1995).

Type of stress response Promoter Gene product/function Responsive to
Oxidative stress KatG Hydrogen peroxidase | Oxidative stress
Zwf Glucose-6-phosphate dehydrogenase Oxidative stress
So0i28 Superoxide inducible gene Superoxide radical generating agents
Nfo Endonuclease IV Ss and dsDNA breaks, oxidative DNA damage
Membrane damage MicF Antisense RNA to 5' OmpF Membrane integrity, osmotic stress
OsmY Periplasmic protein Osmotic stress
General cell lesions UspA Universal stress protein Growth arrest
ClpB Proteolytic activation of ClpP Protein perturbation
Heavy metal stress MerR? Regulation of the mercury resistance operon (mer) Heavy metals
DNA damage Nfo Endonuclease IV Ss and dsDNA breaks, oxidative DNA damage
RecA General recombination and DNA repair SOS response
UmuDC DNA repair Radiation and/or chemically induced DNA damage
Ada Adaptive response to alkylation DNA damage, mainly methyl adducts
SfiA Inhibitor of cell division SOS response
DinD Unknown function within the DNA damage inducible DNA damage
response

2 The promoter MerR was not considered for further analysis since it strongly and specifically reacts to specific heavy metal ions, i.e. mercury and cadmium,
and no such inductions were observed in the dataset.
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two plates in accordance to their background and maximum expression level, i.e. one plate
receiving the KatG, MicF, OsmY, UspA, RecA and Zwf fusions, whilst the second plate received
the ClpB, UmuDC, MerR, Ada, DinD, S0i28, Nfo, and sfiA fusions. The assay was performed in
triplicate in 96 well plates.

225ul LB 200ul LB 250ul LB
l A +promoters
[

L=
00000000000 "
00000000000 "

00000000005
000000 0000¢

Figure 4-11. A 96-well sterile microtiter plate used for growth, dosing and lysis.

Chemical plates - New plates were prepared containing the compounds to be tested, i.e.
200 pl of all compounds (at a concentration 10 times higher than the highest test
concentration) was added - one product per row - in column 11. Columns 2 to 10 received
100 pl of the used solvent (water). Columns 5 to 11 received an increasing concentration of
the compound in a 1/2 serial dilution (Figure 4-12). Columns 2 to 4 served as negative controls
for determining the basal B-galactosidase expression level for every promoter and were
therefore only dosed with solvent.

Figure 4-12. A 96-well sterile microtiter plate used for the 1/2 serial dilution.
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After 90 minutes of resuscitation (37°C and 200 rpm) the optical density of the bacterial plates
containing the E. coli strains was measured at 600 nm to check uniformity. Subsequently,
these bacterial plates received 25 ul of the solutions present in the chemical plates. After
90 minutes of exposure (37°C and 200 rpm), optical density (600 nm) was measured again and
the cells were lysed for B-galactosidase measurement, i.e. 30 pl of a 4% Triton X100,
0.5 mg.ml! Polymixine B solution was added as a lysing agent. The plates were then returned
to the incubator for 15 min (37°Cand 100 rpm) to allow lysis. The maximum test concentration
used for each compound (Table 4-6) was 100 mg.|™.

B-galactosidase assay

Immediately after the 15 min lysis period, 60 ul of lysate was transferred to assay plates
containing 200 pl of reaction buffer [10.70 g.I'* Na;HPO4-2H,0; 5.50 g.I'! NaH,PO4-H,0,
0.75 g.I't KCl; 0.25 g.I't MgS04-7H,0 adjusted to pH 7.0 and supplemented with 0.8 mg.ml?
O-nitrophenyl-B-D-galactopyranoside (ONPG)]. All salts in the reaction buffer were purchased
from UCB, Belgium. The assay plates were incubated at room temperature for 10 or 30 min
for the first and second set of plates, respectively. The hydrolysis of ONPG (colorless) to ONP
(O-nitrophenol) (yellow) by B-galactosidase was measured spectrophotometrically at 420 nm
and was used as a measure for activity of the promoters. All measurements were performed
on Biotek ELx808 spectrophotometers operated through the KC4 software distributed by the
same supplier.

Calculations

Activity of the promoter was calculated taking into account the growth inhibition of the used
strain. The results are presented as fold inductions at a given dose i, relative to the control
values and were calculated through a set of formulas as follows (Nobels et al., 2011):

Activity,

Fold induction; = —
Average ACtIV'tynegative controls

PE SE
OD420 nm- OD2320 nm |
90 min

Activityi = 0.19 [
PD . PE SE
(0DEo nm X 90 m'n)((ODsoo nm~ ODg00 nm )X 5

with i the activity at a given dose, OD the optical density, PE the post exposure, SE the start
exposure (= post dose) and PD the pre-dose.
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B.2.3 DATA ANALYSIS
B.2.3.1 ANTIFUNGAL ACTIVITY IN VITRO BIOASSAY

A one sample Kolmogorov-Smirnov test was used to assess the normality of the measured
fungal colony radius. The Mann-Whitney test was used to compare the differences between
the control and treated samples. A p value of < 0.05 was considered statistically significant.
Statistical analysis was performed using a statistical software program (SPSS Version 12.0,
Chicago, USA).

B.2.3.2 TOXIC MODE OF ACTION

The presented fold inductions are the mean of three independent replicates. Fold inductions
were considered significant when the following criteria were met: (a) presence of a
concentration response relationship (R?> > 0.5, significant at p < 0.05 for six degrees of
freedom) and a positive slope different from 0 (p < 0.05) in a linear model, and (b) statistically
significantly higher signal than the blank (Dunnett’s test p < 0.05) (Nobels et al., 2010). The
different stress responses were grouped into five major classes as defined in Table 4-7. The
results after exposure to a certain stressor were evaluated starting from the bacterial gene
expression profiles that met the statistical criteria as mentioned above. To take into account
the dose response curves, the number of significantly induced responses per concentration
range was used for each gene (maximum of seven). For each group, the results were
represented as percentages of the number of significantly induced responses per
concentration range for the relevant genes. A score of 100% stands for an induction at all the
tested concentrations for all the appropriate genes.

B.3 RESULTS
B.3.1 ANTIFUNGAL ACTIVITY IN VITRO BIOASSAY

Based on the results obtained by the antifungal activity bioassays for zeolites in Part A of this
chapter (Section A.3.1), it was concluded that the formulations might have an influence on the
biological performance of the zeolites against the fungi. This was especially the case for the
fungus B. cinerea. The formulations of zeolites BEA (O O) and FAU (O O) showed an increased
inhibition percentage compared to the non-formulated zeolites BEA and FAU for all tested
concentrations. The used adjuvants in these formulations, listed in Table 4-8, also show a clear
effect on the inhibiton of both V. inaequalis as B. cinerea. The biggest effect on inhibition was
found by Morwet EFW Powder and Rhodorsil, both present in the formulations of zeolites BEA
and FAU.
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At the concentration of 400 mg.I"! the formulations (@ @) of zeolite LTA also showed an
increased inhibition percentage compared to the non-formulated zeolite LTA. The influence
of the used adjuvants became clear for formulation LTA 800 SC (@), of which the adjuvants
Morwet D425 and Supragil WP obtained a higher inhibition percentage compared to the other
adjuvants. However, for formulation LTA 850 WP (O), the influence of the used adjuvants was
not clearly noticeable. More information about the data analysis is found in Appendix E
(Tables E-3 and E-4).

Table 4-8. Growth inhibition (+ SE) of Venturia inaequalis and Botrytis cinerea by the adjuvants
(Table 4-7) compared to the control (n=8).

Inhibition (%)

Venturia inaequalis

Botrytis cinerea

Control 0.00 +0.37 0.00+0.18
a O O Agrilan789 Dry 22.38+0.20 2.01+0.23
b O O MorwetEFW Powder 75.68 +0.32 73.15+0.23
¢ O O Rhodorsil Antim EP 43.49 +0.17 30.59 + 0.69
d O O PVPK-30 16.09 + 0.27 8.34+0.93
e O O UltrasilVN3 15.74 +0.28 9.27 +0.69
f O Morwet D425 55.08 + 0.78 80.33+0.20
g 0O SAG 1572 12.61 +0.32 25.47 + 1.37
h O Supragil WP 33.84 +0.27 51.90 + 0.54
i o Reax 88B 8.03+1.29 12.38+1.01
j o Rhodopol 23 21.69+0.14 0.75+1.84
k O Amebact C 2.84+0.18 2.72+0.93
I O Soprophor 15.21+0.41 26.47 +1.41

O : Classification according to the composition of the formulations (see Table 4-6).

B.3.2 ToxiC MODE OF ACTION

Next to the fungal growth inhibition more, information regarding the toxicity of the selected
adjuvants was obtained through a bacterial gene profile assay (BGPA) with 14 different
toxicologically relevant stress genes. The dose-response profiles (Figure 4-13) illustrate
inductions comparable to the results obtained with the antifungal activity in vitro bioassays
for zeolites (Part A) and the used adjuvants (Part B). Subsequently, the gene expression
profiles showed clear dose-dependent responses in a majority of stress genes for all the
adjuvants.

Looking at the different zeolite formulations, it can be concluded that the formulations of
zeolites BEA and FAU, 850/920/950 WP (O O; see Table 4-6), were composed of two adjuvants

that clearly exhibited toxicity. The dose-response profiles of Morwet EFW Powder and
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Rhodorsil Antim EP show visible peaks of some stress promoters. The fold inductions of these
adjuvants also showed significant inductions at the highest concentration of 100 mg.I"!
(Figure 4-14). For Morwet EFW Powder, all stress genes except for MerR and DinD showed
significant induction. Rhodorsil EP observed significant inductions of six stress genes. The
markers belong to different toxic modes of action, namely oxidative damage (KatG, Zwf, Nfo),
membrane damage (MicF, OsmY) and little DNA damage (Nfo, RecA). The other adjuvants
present in the formulations of zeolites BEA and FAU had no or little toxic effects. Based on the
results, the markers show little or no inductions after exposure to Agrilan 789 DRY (UmuDC,
SfiA) and PVP K-30 (-). Gene expression profiles of Ultrasil VN 3 presented six significant
induced genes at the highest concentration, namely KatG, Zwf, OsmY, RecA, UmuDC and SfiA.

Considering all the above results and the induced stress promoter uspA, which especially
reacts on cell growth, it can be concluded that the above discussed formulations contain
adjuvants that have the potential to influence the antifungal activity bioassays.

The next paragraph discusses the results of the LTA formulations, LTA 800/850 SC/WP (O O;
see Table 4-6). Zeolite formulation LTA 800 SC (@) contained the adjuvants Morwet D425, SAG
1572, Supragil WP, Reax 88B, Rhodopol 23 and Amebact C. Only Supragil WP showed toxic
effects. Its gene expression profile displayed inductions for most promoters. Looking at the
fold inductions in Figure 4-14, significant induction was observed for all stress genes, except
for Soi28, merR, Ada and DinD. Zeolite formulation LTA 850 WP (0O), consisting of the adjuvants
PVP K-30, Ultrasil VN 3 and Soprphor, exhibited the least toxic effect of all formulations.
Nevertheless, Ultrasil VN 3 and Soprophor showed little toxic effects. After exposure to
Soprophor FL, significant inductions at 100 mg.I' were found for genes responding to
oxidative stress (Soi28, Nfo), membrane damage (OsmY) and DNA damage (Nfo, Ada, SfiA).

B.4 DiscussiON

Adjuvants are referred as ‘inert ingredients’, meaning that they are harmless (US-EPA, 1997).
However, this is definitely not the case, i.e. they can be toxic to humans and may have
biological activity of its own (Cox and Surgan, 2006; Surgan et al., 2010). This activity of
adjuvants is also proven by the current study and in a previous study by Nobels et al. (2011),
which alsoillustrated the importance of reporting toxicity in different ways to characterize the
toxicity of a compound.

Based on the results of the antifungal activity bioassays using zeolites as fungicide material, it
can be concluded that the used adjuvants in the formulations also have an effect on the fungal
growth of Venturia inaequalis and Botrytis cinerea. In order to examine this possible effect, a
similar antifungal activity bioassay was carried out using the adjuvants as fungicide materials.

-176 -



Fold induction (-)

Fold induction (-)

Fold induction (-)

3.0
2.8
2.6
24
2.2
2.0
1.8
1.6
14
1.2
1.0

3.0
2.8
2.6
2.4
2.2
2.0
1.8
1.6
14
1.2
1.0

a: Agrilan789 OO

100
0
OWL>I< gy nUex ©
CEqgQ CEERE- 2
o gE 8

c: Rhodorsil EP O O

100
0
OL>qggy 0N ©
*-":‘EQ.UE QDLU%2£§
CEg2ag S32°%5.5°0
o>+ gE )
5 w

e:UltrasilVN3 OO

100
0
OL>cay 0
H‘;’Eo_u; Q_Dh'c%mugg
N (o] Y
LeEgayg T320%5.- &
o>+ gE o
5 (%}

3.0
2.8
2.6
24
2.2
2.0
1.8
1.6
1.4
1.2
1.0

3.0
2.8
2.6
24
2.2
2.0
1.8
1.6
14
1.2
1.0

3.0
2.8
2.6
24
2.2
2.0
1.8
1.6
1.4
1.2
1.0

FUNGICIDAL ACTIVITY OF ZEOLITES

b: Morwet EFW Powder O O

i o
i 0d
E
| c
- .0
=)
(1]
) =]
[=
B (]
Q
_ c
o]
| o
] 100
70"'->'<E<E“' NV x oA o< 0
"""_)EQ.UE Q_DL'U::Q“-.:.:
V] o o — o © .= Sy
ng:; UJE T35
€ @
=
d:PVPK-30 OO
. I
] E
[=
] .2
=
1 [¢]
S
=)
1 [=
()
| 5]
[=
o
n o
] 100
7(9"">'<E<"" NVx oA o< 0
EEEQ_UE Q_QL'U;:%‘E;_;
xEQQY T32®5.- "
o> IS o
€ bt
=
f: Morwet D425 O
- ?
R o
1 E
[=
] .2
=
B ©
S
=
1 c
Q
| Q
(=
]
n o
] 100
7(9“'>'<E<E“_ NUx oN o<« 0
*&;L_’EQ_UE Q_DLU:%“&:
X EnYQQ Ts@¢®g.-"w
o>+ € o
€ bt
=

Figure 4-13. BGPA after exposure to the different adjuvants, using a concentration range of 1.563-
100 mg.It. O : Classification according to the composition of the formulations (see Table 4-6).
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These results showed a clear dose-response effect of the adjuvants on fungal growth. The
adjuvants Morwet EFW and Rhodorsil had an inhibition effect in the BEA and FAU
formulations, while Morwet D425 and Supragil WP had an effect in the LTA 800 formulation.
In this inhibition bioassay, the influence of the used adjuvants was not clear for formulation
LTA 850 WP.

Subsequently, a bacterial multiple endpoint reporter assay was used to evaluate the different
adjuvants at the toxic mode of action level. The results of the bacterial gene expression assays
were categorised into five major modes of action mechanisms, oxidative stress, membrane
damage, general cell lesions, specific stress caused by heavy metals and DNA damage. The
results from this study demonstrated clearly at the gene expression level that inductions of
stress responsive genes occur for the different adjuvants. Noticeably, membrane damage
(MicF, OsmY) and DNA damage (Nfo, RecA, UmuDC, Ada, SfiA, DinD) were the main toxic
modes of action since these genes were significantly induced. It is known that oxidative stress
can cause severe cellular damage at different target levels ranging from protein perturbation
to DNA damage. Therefore, oxidative stress is usually linked to DNA damage and is of major
importance due to its long-term effects (Robbens et al., 2010).

Quantitative gene induction assays offer a bundle of information including not only the nature
or identity of the genes induced, but when a dose-response approach is used, also the level of
the induction in comparison to the reference system. Since each adjuvant can react differently
to the different bacterial strains, no direct comparison was done at equal exposure
concentrations between the gene induction profiles. It is also not possible to compare the fold
induction values within a single gene expression profile, since the worst biological effect on
the E. coli cell cannot be determined obviously. Nevertheless, the test clearly demonstrates
that the most inductions of stress genes occurred for Morwet EFW Powder and Supragil WP.

Morwet EFW Powder and Supragil WP were the only adjuvants that induced ClpB, indicating
protein degradation/perturbation. In E. coli, the heat shock protein ClpB performs its role by
disaggregating and reactivating of insoluble aggregates and thermally aggregated proteins
(Zolkiewski, 1999). This activity of ClpB is crucial for the ability to survive extreme heat stress
in E. coli (Sanchez and Lindquist, 1990; Weibezahn et al., 2004). Because ClpB is the only
known bacterial Hsp100 capable of suppressing and reversing protein aggregation, it is the
ideal biomarker for investigating effects on protein integrity (Zolkiewski, 1999).

RecA regulates the SOS response usually as a result of DNA damage in prokaryotes (Smith and
Walker, 1998; Diez et al., 2000). It has been proposed that upregulation of RecA results in the
induction of the growth arrest gene, UspA (Diez et al., 2000). These compounds exhibited a
tendency to induce DNA damage. The four adjuvants that induced RecA were Morwet EFW,
Rhodorsil EP, Ultrasil VN 3 and Supragil WP. Only Morwet EFW and Supragil WP showed
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induction of UspA and resulted in DNA damage. It is most likely the result of inducing oxidative
damage (Krivoshiev et al., 2015).

It is also interesting to note that RecA induction was accompanied by significant inductions in
the stress genes KatG and Zwf. KatG encodes for hydrogen peroxidase 1, while Zwf encodes
for glucose-6-phosphate dehydrogenase (Wolf et al., 1979; Tartaglia et al., 1989). Both are
considered markers of oxidative damage through distinct pathways. This Oxidative damage
was observed for all four adjuvants that induced the RecA stress gene. The results suggest that
the compounds RecA, KatG and Zwf are able to induce DNA damage, most likely as a result of
inducing oxidative damage.

The MicF gene encodes for an antisense RNA that post-transcriptionally regulates the outer
porin protein F (OmpF) in response to stress stimuli. This downregulation of OmpF expression
plays a central role in the cell’s response to toxic and other environmental factors, since the
ability to quickly control the permeability of molecules through the outer membrane is
important to cell survival (Delihas and Forst, 2001). Only Morwet EFW, Rhodorsil EP and
Supragil WP were able to induce this MicF gene. Noticeably, all significant inductions of MicF
were accompanied by significant induction of KatG, Zwf, or both, indicating a general
contribution of membrane damage by oxidative damaging-mechanisms. These results are in
line with previous studies (Krivoshiev et al., 2015).

Despite the fact that the promoter MerR was not considered for further analysis, high fold
inductions were noticed, which leads to a distortion. There high values are due to the very
high sensitivity of this marker and are negligible in this experiment. It strongly and specifically
reacts to specific heavy metal ions, i.e. mercury and cadmium, and no such inductions were
observed in the dataset (Nobels et al., 2011).

5 GENERAL CONCLUSION

Based on the results in Part A of this chapter, it can be concluded that the tested zeolite
products had an antifungal activity and influence the growth of V. inaequalis and B. cinerea.
The tested formulations obtained better results compared to the non-formulated zeolites,
which raised the question whether the observed effect was due to the zeolite itself or the
adjuvants added to the formulation. In order to answer this question properly, in Part B of this
chapter, antifungal activity bioassays were provided for the adjuvants. Additionally, a bacterial
multiple endpoint reporter assay with universally stress related endpoints was used to obtain
more information about the toxicity and toxic mode of action of the used adjuvants in the
zeolite formulations. From the twelve adjuvants used in the formulations, the assay correctly
reflected the mode of action in an antifungal way. The results indicated that the tested
substances showed toxic effects, suggesting that these adjuvants were responsible for the
antifungal activity.
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Chapter 5

INSECTICIDAL ACTIVITY OF ZEOLITES

Since zeolites may have the following effects, i.e. dessicate the insect’s body, induce lower
hatching and oviposition rates, reduce the attractiveness of visual cues, etc., they can be used
as a potential insecticide. This chapter focuses on the insecticidal activity of the zeolites on
two chewing insects, i.e. T. absoluta and L. decemlineata.

1 INTRODUCTION

Insects are the most diversified group of Eukaryotes and are highly variable in many traits
(Grimaldi and Engel, 2005). They are estimated to consume approximately 10% of all plant
biomass produced annually. The exact amount of consumed plant biomass depend on a
number of factors, such as the type of vegetation and the geographical location. A further
consideration is the mode of feeding of the insect (Walters, 2015; Yoshizawa and Lienhard,
2016).

The types of mouthparts of an insect determine its feeding habits. Two groups can be
distinguished, i.e. chewing insects and sucking insects (Sheaffer and moncada, 2009). Chewing
insects have mandibles for chewing plant tissues whilst feeding. The damage from chewing
insects can be readily seen as root damage, leaf mining, defoliation and boring of tissues.
Sucking insects have a piercing mouthpart called a labrum that is used to puncture plant tissue
and suck the fluid out of the plant. During feeding, these insects may cause additional damage
because they can inject toxins or transmit plant pathogens, such as viruses or bacteria, into
the plant (Sheaffer and moncada, 2009).

Insecticides are used to control insect pests. The more immediate pest control remedies that
have been used over the years to reduce pests include cultural, chemical, physical, mechanical
and biological control and the use of biopesticides (Fiola and Gill, 2011). Conventional
insecticides are among the most popular chemical control agents because they are readily
available, rapid acting, and highly reliable. A single application may control several different
pest species and usually forms a persistent residue that continues to kill insects for hours or
even days after application. Because of their convenience and effectiveness, insecticides
quickly became standard practice for pest control during the 1960's and 1970's. Overuse,
misuse, and abuse of these chemicals have led to widespread criticism of chemical control
and, in a few cases, resulted in long-term environmental consequences (Philips, 2010).
Alternative methods are needed in order to control the insect pests.
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One of the alternatives is the use of zeolites as an insecticide. The use of zeolites as a biofilm
matrix for controlling arthropod pests has not been sufficiently addressed in the literature.
However, as mentioned in Chapter 1, similar physical control methods based on the use of
kaolin have already been described. Physical controls are methods that physically keep insect
pests from reaching their hosts. Kaolin acts as a physical barrier preventing insects from
reaching the plant. It also acts as a repellent by creating an unsuitable surface for feeding or
egg-laying. The dried clay particles can act as an irritant to the insect and can trigger an
excessive grooming response. While there are other physical methods to remove pests, such
as vacuuming, squashing or trapping them, none of these are very effective and are usually
too time consuming or expensive on a large scale to be recommended (Brust, 2016).

Subsequently, zeolites will be used as contact insecticides on plants. Based on the fact that
these zeolites also can have an abrasive effect, it was assumed that they could damage the
mouthparts (mandibles) of chewing insects. This assumption lead to the assessment of the
insecticidal effect of zeolites on two chewing insects, i.e. Tuta absoluta and Leptinotarsa
decemlineata, in the current thesis.

Nowadays, biological control methods based on the predators Nesidiocoris tenuis (Hemiptera:
Miridae) and Macrolophus pygmaeus (Hemiptera: Miridae) can be used to regulate the T.
absoluta population (Urbaneja et al., 2009). Alternative control methods based on the use of
insect’s sex pheromones have also been developed for this purpose (Cocco et al., 2012;
Guedes and Picanco, 2012; Megido et al., 2013). Nevertheless, in many countries (South
America, Italy, Spain, etc.) chemical control methods are still considered as the main method
to control T. absoluta. In order to decrease the damage caused by T. absoluta, horticultural
growers applied insecticides (Moreno et al., 2012; Urbaneja et al., 2012). These chemical
products were applied more than twice a week during a single cultivation period, which
resulted not only in food and environmental contamination, but also in higher production
costs and reduction of natural enemies of the pest (Filho et al., 2000). Furthermore, extensive
use of insecticides led to the development of resistance in insect populations. An increase of
developed resistance in T. absoluta populations was also reported in South America (Siqueira
et al., 2000, 2001; Lietti et al., 2005; Urbaneja et al., 2012). These studies have illustrated that
T. absoluta developed resistance to many classes of insecticides when resistance management
strategies were not properly established. Accordingly, high risks were involved in the use of
insecticides based on spinosyns, one of the few classes of insecticides still effective against T.
absoluta in South America (Silva et al., 2011; Gontijo et al., 2013). Campos et al. (2015)
detected already low levels of resistance of T. absoluta to spinosad.

Currently, diamides are also used against lepidopteran pests. Diamides are a new group of
insecticides that have been classified as ryanodine receptor modulators (IRAC, 2014).
However, after several years of field applications, cases of resistance development to
diamides have been reported for some lepidopteran species. Especially in Italy, very high
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resistance levels to diamides were clearly detected (Roditakis et al., 2015). Subsequently, the
introduction of the European Directive on the sustainable use of PPPs (2009/128/EC) requires
that all professional users of PPPs follow the general principles of integrated pest
management (IPM). Thus, the implementation of environmentally safe alternatives, reducing
the use of chemicals, should contribute to the sustainability of tomato production.

The Colorado potato beetle (CPB) is the principal insect pest of potatoes in North America and
Europe, and also well known for the high level of resistance to many insecticide classes
(Casagrande, 1987; Weber and Ferro, 1994; Weber, 2003; Alyokhin, 2009). Many methods
have been used to control CPB, including hand-picking, bird predation, introduction of natural
enemies, trapping, border sprays, trench traps, propane flamers, crop rotation and resistant
varieties containing glycoalkaloids and toxin genes from Bacillus thuringiensis (Mota-Sanchez
etal., 2006). However, these methods have not been widely effective and growers still depend
primarily on the use of chemical insecticides for CPB management (Casagrande, 1987). Due to
this intensive use and the adaptability of CPB, whole classes of insecticides have failed because
of the development of resistance (Bishop and Grafius, 1996). Since the introduction of
dichlorodiphenyltrichloroethane (DDT), CPB resistance has followed a familiar pattern: new
chemistries provided good to excellent initial control, but the CPB developed resistance within
1-3 years and newer compounds had to be introduced soon thereafter. The beetle has
developed resistance to virtually every insecticide used for its control (Forgas, 1985).
Currently, there are 42 active ingredients across several classes, including organophosphates,
carbamates and pyrethroids, with reported resistance in CPB, which makes the CPB to be
ranked among the top ten most resistant species to insecticides in the world (Mota-Sanchez
et al., 2002; Whalon et al., 2005).

In addition to the applied product, insecticide susceptibility also varies during the life stage of
aninsect (Tomé et al., 2012). Although the egg stage is often perceived as the most vulnerable
stage, it is a difficult target for insecticide application because of the sessile condition of the
eggs at concealed sites (Beament, 1952; Smith and Salkeld, 1966; Martin et al., 2010; Koppel
et al., 2011). In addition, the egg structure and physiology protect the developing embryos
and minimises insecticide penetration (Beament, 1952; Zschintzsch et al., 1965; Koppel et al.,
2011). The insect eggshell is a compound set of envelopes, remarkably effective in providing
the oocyte protection against possible disadvantageous environmental influences like
desiccation, water loss, bacterial infection and physical destruction. On the other hand, the
eggshell enables gas exchange and maintenance of the water balance (Furneaux and Mackay,
1976; Al-Dosary et al., 2010).

In the current thesis, the insecticidal effect of zeolites on T. absoluta and L. decemlineata was
assessed. The treatments on T. absoluta were mainly targeted against eggs and larvae.
Ovicidal and larvicidal properties were studied by spraying the eggs directly (topically) or by
treating leaves before oviposition (residually). An additional experiment was performed to

-187 -



CHAPTER 5

assess whether the used products had repellent or attractant properties to adult females. This
oviposition behaviour of females was determined by choice tests. Finally, a small bioassay was
performed to determine the effect of the non-formulated zeolite LTA on the Colorado beetle
L. decemlineata. Indicative toxicity and growth inhibition tests on larvae were carried out.

1.1 TUTA ABSOLUTA

Tuta absoluta (Lepidoptera: Gelechiidae), known as the South American tomato leafminer or
pinworm, is one of the most devastating pests for tomato crops (Solanum lycopersicum L.),
both in greenhouse and open field locations in different parts of the world (Moreno et al.,
2012). It originated from South America and was first described in Peru in 1917 as
Phthorimaea absoluta (Meyrick, 1917) (Desneux et al., 2010). Recently, T. absoluta has also
become a serious threat to tomato production in the Mediterranean region (Seplyarsky et al.,
2010). In Europe, this pest was first detected at the end of 2006 in the northern part of
Castelldn de la Plana in eastern Spain (Urbaneja et al., 2009). Since then, it has rapidly invaded
other European countries and spread throughout the Mediterranean basin, including parts of
North Africa and the Middle East where it immediately reached damaging levels on tomato
production (Desneux et al., 2010, 2011; Kilic, 2010; Tropea Garzia et al., 2012).

This pest attacks leaves, flowers, stems and especially fruits at any developmental stage, from
seedlings to mature plants. In the absence of control strategies, fruit damage can reach 100%
(Desneux et al., 2010). The damage is caused by the larvae mining the leaves and often also
the tomato fruits. The larvae feed on the mesophyll, which affects the photosynthetic capacity
of the crop, decreases the production and makes the tomatoes unsuitable for the market
(Urbaneja et al., 2012; Van Damme et al., 2014).

1.1.1 Taxonomy

The shortened taxonomic classification of the Tuta absoluta is presented in Table 5-1.

Table 5-1. Short taxonomy of Tuta absoluta (USDA, 2011).

Taxonomy of Tuta absoluta

Kingdom Animalia

Phylum Arthropoda

Class Insecta

Order Lepidoptera
Family Gelechiidae
Genus Tuta

Species Tuta absoluta
Preferred common name tomato leafminer
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1.1.2 LIFE CYCLE

During the life cycle, T. absoluta goes through four stages: egg, larva, pupa, and adult
(Figure 5-1). The duration of these stages is directly related to the diet throughout
development and environmental factors such as temperature.

Eggs: Eggs of the tomato leafminer are cylindrically shaped. They measure about 0.38 mm
long by 0.21 mm wide. Newly laid eggs are creamy white and turn yellow to yellow-orange
during development. As the embryo develops, eggs turn dark and the outline of the larval
head capsule can be seen through the chorion; this is called the blackhead stage. Egg hatching
takes place 4-6 days after egg lying (USDA, 2011).

Lavae: After hatching, young larvae penetrate leaves, aerial fruits (like tomato) or stems, on
which they feed and develop. The tomato moth has four larval stages, well defined and
different in size and colour (Desneux et al., 2010). The first two larval instar correspond to the
critical phase of the species, which has a high mortality rate (79.8%), mainly due to predators
and chemical control. The larval period is the most damaging period which is completed within
12-15 days.

The body of the larvae, which is cylindrical or slightly dorsoventrally flattened, and their head
capsule diameter are the best characteristics to differentiate between larval instars. The
classification of the different instar larvae, based on body length and head capsule diameter,
is shown in Table 5-2. As mentioned above, their colour changes during development from
creamy white to deep green. The last instar takes on a pinkish coloration.

Table 5-2. Larval measurements for Tuta absoluta (Vargas, 1970).

Instar Body length (mm) Head capsule diameter (mm) Number of specimens
Mean Range Mean Range

1 1.61 1.40-1.90 0.153 0.15-0.18 44

2 2.80 2.45-3.10 0.253 0.24-0.28 37

3 4.69 3.85-5.65 0.399 0.35-0.43 53

4 7.72 5.50-9.20 0.834 0.70-0.98 37

In tomato plants, young larvae can mine leaves, stems, shoots, flowers, and developing fruit;
later instars can attack mature fruit (Vargas, 1970). As the larva develops and feeds, larval
mines increase in length and width. In case of a severe attack, all leaf tissue is consumed
leaving behind a skeletonized leaf and large amounts of frass (fecal pellets). These larvae also
spin silk shelters in leaves or tie leaves together (Vargas, 1970).
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When larvae are ready to moult they stop eating and purge their stomach contents, causing
their coloration to return to creamy white. Fully-fed larvae usually drop to the ground on a silk
thread and pupate in the soil, although pupation may also occur on leaves (Desneux et al.,
2010).

Pupae: Pupation may take place in the soil, on the leaf surface or within mines, depending on
environmental conditions. When T. absoluta does not pupate in the soil, a cocoon is usually
built. Newly formed pupae are greenish and turn dark brown as they mature. Pupae have a
cylindrical shape that is wider at the rear than at the front end. Its dimensions are about 5 to
6 mm long and 1 to 2 mm width. Male pupae are lighter (3.04 £ 0.49 mg) and smaller (length
4.27 £ 0.24 mm and width 1.23 + 0.08 mm) than female pupae (4.67 £ 0.23 mg; 4.67 + 0.23
mm and 1.37 £ 0.07 mm) (Fernandez and Montagne, 1990). After 8-15 days adults emerge
fully formed.

Adults: Adults are micro Lepidopteran about 6-7 mm long. Their wings are narrow and long
and they have long and filiform antennae. The moth has an indistinct wing pattern, being a
variable mottled grey, brown and cream colour. There is no obvious sexual dimorphism,
although males have a grey belly, while females have a creamy white belly. Females are also
wider and more voluminous than the males. The wing span of females is 9.0 to 13.0 mm while
that of males is 8.5 to 12.0 mm. The sex ratio of males and females is 1 to 3.

Tuta absoluta mainly tends to have nocturnal habits, and adults usually remain hidden during
the day. This pest has a high reproductive potential and there may be 10-12 generations per
year. The first mating usually occurs the day after adults emerge. The oviposition period lasts
an average of 4 days and the average number of eggs per female is 52. Females usually lay
eggs on the underside of leaves or stems, and to a lesser extent on fruits. A single female can
lay a total of about 260 eggs during her lifetime. Adult males live longer than females. In the
laboratory, mated males lived 26.47 + 7.89 days while virgin males lived 36.17 + 6.55 days.
Mated females lived 23.24 + 5.89 days while virgin females lived 27.81 + 10.78 days
(Fernandez and Montagne, 1990). Both genders mate multiple times.

The total life cycle is completed within 29-38 days, depending on environmental conditions.

Studies have shown that development takes 76.3 days at 14°C, 39.8 at 19.7°C and 23.8 at
27.1°C (Barrientos et al., 1998).
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Figure 5-1. Tuta absoluta life cycle (Arné and Gabarra, 2010).

1.2 LEPTINOTARSA DECEMLINEATA

Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae) is a phytophagous beetle that
feeds predominantly on Solanum tuberosum (L.), better known as the potato plant. The
yellow-orange beetle with ten black stripes on the elytron is generally present in all potato-
growing areas (EPPO, 2004). The CPB was first discovered in the U.S. in 1811 by Thomas Nuttal
and subsequently described in 1824 by Thomas Say. These wild specimens, collected in the
Rocky Mountains, feed mostly on buffalo bur, Solanum rostratum. The insect's association
with the potato plant, Solanum tuberosum (L.), was not known before 1859 when it began
destroying potato crops about 100 miles west of Omaha, Nebraska. The insect began its rapid
spread eastward, reaching the Atlantic Coast by 1874 (Jacques, 1985). In 1877 the first
European population of CPBs was discovered in Germany. By the end of the 20™" century, the
pest had become a problem all over Europe, Asia and Iran (Jolivet, 1991; Weber, 2003).
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The evolution of the name Colorado potato beetle is curious because the origin of the beetle
is believed to be in central Mexico, not Colorado. However, Walsh (1865) observed a
considerable beetle population feeding on S. rostratum in Colorado, which resulted into the
generally accepted common name ‘Colorado potato beetle’.

The CPB is considered to be the most important insect defoliator of potatoes. Both adults and
larvae devour entire leaves without discriminating among leaf tissues. Approximately 40 cm?
of potato leaves are consumed by a single beetle during the larval stage (Ferro et al., 1985;
Logan et al., 1985), and close to 10 cm? of foliage per day are consumed during the adult stage
(Ferro et al., 1985). Once the foliage is gone, beetles can feed on stems and tubers. Colorado
potato beetle is very prolific, with one female laying 300-800 eggs. If left uncontrolled, the
beetles can completely destroy potato crops (Alyokhin, 2009).

1.2.1 Taxonomy

The shortened taxonomic classification of the Leptinotarsa decemlineata is presented in
Table 5-3.

Table 5-3. Short taxonomy of Leptinotarsa decemlineata (EPPO, 2004).

Taxonomy of Leptinotarsa decemlineata

Kingdom Animalia

Phylum Arthropoda

Class Insecta

Order Coleoptera

Family Chrysomelidae

Genus Leptinotarsa

Species Leptinotarsa decemlineata
Preferred common name Colorado beetle

1.2.2 LIFECYCLE

The complete life cycle of L. decemlineata consists of four stages: egg stage, larva, pupa and
adult (Figure 5-2).

Eggs: Following the copulation, the yellow-orange eggs are deposited on the underside of
plant leaves in batches of 20-30. This is mainly on potato or other crop plants, nearby weeds
or sometimes directly on the soil. The eggs have a typical elongate-oval shape with a length of
1.5 mm and a width of 0.7 mm.
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Larvae: The larvae of L. decemlineata have a large red arched abdomen with black spots on
both flanks. The abdomen consists of nine segments. The last segment (posterior) has a
tubelike structure that has an adhesive function. The colour and size of the head and the
pronotum, a sclerotized structure that is situated above the first pair of legs, are the main
characteristics to distinguish between the different developmental stages. In Table 5-4, an
identification key is given to recognize a specific larval stage.

Table 5-4. Larval measurements for Leptinotarsa decemlineata (Rombouts, 2011).

Character (top view) (top view) (side view)

< — e

r—" -
J

e ——

I 5

- K

Larval instar Head width (mm) Pronotum Average body length (mm)
1 0.6 1.5

s
2 1.0 3.0
3 1.6 — 5.0

4 2.4 8.0

When the larvae emerge from their eggs, they are called neonates. They are about 1.5 mm in
length with a black head and pronotum. In this first larval stage, they stay mostly around the
egg mass and cause little damage to the plant. The second-instar larvae are about 3 mm in
length with a small head and black pronotum. They are dispersed on the plant, but still cause
only small damage. In the third larval stage, the larvae are about 5 mm long. The head is clearly
bigger and the pronotum is not full black. The larvae eat non-stop and cause severe damage.
The fourth-instar larvae are about 8 mm in length. This stage is clearly recognizable, because
the pronotum is more orange than black. These larvae, together with the third-instar larvae,
do significant damage to the plant leaves.

The time it takes an organism to complete a larval stage is dependent on the temperature
(optimal temperature: 30°C) (EPPO, 2004). It varies from 2.5-4 days for the first 3 stages and
the last stage can take up to 9 days (Boiteau and Blanc, 1992; EPPO, 2004).

Pupae: At the end of the fourth-instar stage, the larvae burrow themselves into the soil. The
pre-pupal stage can take as long as the fourth-instar stage. The larvae are called pupae as soon
as a moult encapsulates them. This stage is called the metamorphosis and takes 5-7 days
before the transformation into adults takes place. In this stage, the sex of the beetle can be
determined (Boiteau and Blanc, 1992).
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Adults: After the metamorphosis, adult beetles emerge from the soil. Their body is about 10
mm in length. The elytron shows a characteristic pattern with 10 black stripes on a yellow
background. In the adult stage, the beetles cause severe damage to plants. Copulation and
subsequent deposition of eggs is their most important occupation all year round, except for
the winter. The adult beetles hibernate in the soil down to 10 cm under the surface. When
temperature conditions get better (68 days a temperature above 10.5°C) they emerge from
the soil, feed and deposit their eggs on the plants (EPPO, 2004).

Figure 5-2. Leptinotarsa decemlineata life cycle (Rombouts, 2011).
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2  MATERIALS AND METHODS
2.1 TUTA ABSOLUTA
2.1.1 PLANTS

Tomato seedlings (Solanum lycopersicon L. cv. Madison F1) were obtained from the company
BPK Duffel N.V. (Duffel, Belgium) and placed in a greenhouse at 25 + 1°C, 65 + 15% RH and
16:8 (L:D)h.

2.1.2 INSECTS

Eggs of T. absoluta were obtained from a laboratory colony maintained on tomato plants in
controlled conditions (25 + 1°C, 65 + 15% RH, 16:8 (L:D)h) at the Institute for Agricultural and
Fisheries Research (ILVO) in Merelbeke, Belgium. This colony was started in 2011 with
individuals collected in commercial fields of an organic tomato cultivation in Sint-Martens-
Lennik, Belgium.

2.1.3 INSECTICIDE MATERIALS

The three zeolite types, BEA, FAU and LTA, together with two formulations of each type were
compared with a commercial insecticide and a control treatment. Additionally, two biological
equivalents of the zeolites, namely kaolin and its commercial formulation ‘Surround’
(Tessenderlo Kerley, US) were taken into account (Table 5-5).

Table 5-5. Insecticide materials used in this study.

Treatment Material name Formulation type Manufacturers
Z-1 BEA Technical product Clariant

Z-2 BEA 850? WP Fitofarmacia
z-3 BEA 950° WP Fitofarmacia
Z4 FAU Technical product Zeolyst

Z-5 FAU 850° WP Fitofarmacia
Z-6 FAU 920° WP Fitofarmacia
Z-7 LTA Technical product FMC

Z-8 LTA 800 SC Fitofarmacia
Z-9 LTA 850 WP Fitofarmacia
C-1 Spinosad (Conserve Pro) SC Dow Agrosciences B.V.
B-1 Kaolin Technical product Sigma Aldrich
B-2 Kaolin (Surround) WP Tessenderlo Group

3,bThe formulations with a similar letter contain the same adjuvants.
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2.1.4 TOPICAL AND RESIDUAL BIOASSAYS

To evaluate the toxicity of zeolites against T. absoluta eggs and larvae hatched from these
eggs, a test was designed, based on topical and residual exposure bioassays. For the topical
exposure bioassays, eggs were collected from tomato leaves in the laboratory colony after 24
hours of oviposition and gently transferred to tomato leaf discs. To keep the tomato leaf discs
turgid for more than one week, they were deposited on top of an agar layer (1.5%
concentration) in petri dishes of 35 mm diameter. Subsequently, the test products (Table 5-5)
were sprayed on the leaf discs with eggs in the open dishes. A fine nozzle sprayer, connected
to a 100 ml erlenmeyer, was used at a pressure of 1 bar. The spray was applied for 5s until the
leaf discs became uniformly moist. The residual exposure bioassays followed a similar
protocol, with the exception that the eggs were placed on the tomato leaf discs 24 hours after
spraying. For both topical and residual bioassays, three concentrations were tested, i.e. all test
products were dispersed in distilled water to obtain concentrations of 400, 4000 and
20000 mg.I"t. Control treatments consisting of distilled water were also included. There were
eight replicates per treatment and one replicate consisted of one leaf disc with 5 eggs. All
treated petri dishes were kept in controlled conditions (25 + 1°C, 65 £ 15% RH, 16:8 (L:D)h)
until they were evaluated. Egg mortality was determined by scoring the number of non-
hatched eggs 9 days after treatment and larval survival was determined by scoring the number
of living larvae in the leaf discs 9 days after treatment.

2.1.5 CHOICE TESTS FOR OVIPOSITION BEHAVIOUR

Oviposition site preference of T. absoluta female adults was studied by using a simultaneous
choice arrangement. For these tests, groups of 5 adult females and 5 adult males
(distinguished using morphological characteristics of pupae under a stereomicroscope) were
released within a cage (30 x 30 x 30 cm) and allowed to mate (van der Walt et al., 2008). After
24 hours, two plants were placed inside the cage, i.e. one that had been exposed to one of
the test products (Table 5-5) and one untreated plant. Three concentrations were tested, i.e.
all test products were dispersed in distilled water to obtain concentrations of 400, 4000 and
20000 mg.It. Control treatments, i.e. a cage containing two untreated plants, were also
included. Each product was tested in four separate cages.

The experiment was completely randomized. After 24 hours, the number of eggs deposited in
each plant was counted to assess the oviposition preference of the T. absoluta females. This
short time period was chosen to exclude the possibility that suitable oviposition sites would
become saturated during the course of the experiment.
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2.2 LEPTINOTARSA DECEMLINEATA
2.2.1 PLANTS

Potato plants (Solanum tuberosum L. cv. Bintje) were grown in a small greenhouse
compartment (2 x 2.5 x 4m) at the faculty of Bioscience Engineering at Ghent University,
Belgium.

2.2.2 INSECTS

Eggs of L. decemlineata were obtained from a laboratory colony maintained on potato plants
in controlled conditions (25 £ 1°C, 65 + 15% RH, 16:8 (L:D)h) at the laboratory of agrozoology
at Ghent University in Ghent, Belgium. Every other day, potato leaves containing deposited
eggs were placed in a petri dish to hatch after 4-9 days. These eggs were laid by the female
beetles at the backside of the leaves in clusters of 30 eggs.

2.2.3 INSECTICIDE MATERIAL

The non-formulated zeolite 4A of type LTA (FMC, Spain) was selected for the insecticidal
bioassays and growth-inhibitory assays against L. decemlineata.

2.2.4 INSECTICIDAL AND GROWTH-INHIBITORY BIOASSAYS

First-instar larvae of L. decemlineata emerging from the eggs (also called neonates) were put
on potato leaves treated with zeolite LTA. Three concentrations were tested, i.e. zeolite LTA
was dispersed in distilled water to obtain concentrations of 10, 1000 and 10000 mg.I. Control
treatments, consisting of distilled water, were also included. An amount of 0.1% of a spreader
sticker (Tween 20) was added to all solutions.

The potato leaves were sprayed until run-off with a manual commercial sprayer. After drying,
the leaves were placed in petri dishes, i.e. three replicates for each treatment and control.
Each replicate contained ten larvae. The experiments were performed in a growth chamber
at 25+ 1°C, 65 £ 15% RH and 16:8 (L:D)h.

The larvae were weighted before and after the experiment. Larval growth inhibition and
mortality were scored after 8 days of continuous feeding on treated leaves, assayed relative
to the control.
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2.3 DATA ANALYSIS

Normality of the data was first tested using the Kolmogorov-Smirnov test. When a Levene’s
test indicated homoscedasticity, the means were separated using Tukey’s multiple
comparison test to identify which treatments were significantly different. If the conditions for
ANOVA were not satisfied, the non-parametric Mann-Whitney test was used, followed by
multiple comparisons of mean ranks for all groups.

Mortality data obtained from concentration-response bioassays were corrected by the
mortality observed in the control treatment (Abbott, 1925) using the formula:

P-P
Corrected mortality (%) = —2 100
100 - P,

where P is the percent mortality of treated insects and Py is the percent mortality of insects in
the control treatment. This adjusted value is permissible when the mortality in the control
treatment does not exceed 20 percent or when mortality data are based on a sufficiently large
number of replications.

The mortality values were analysed using a four-way analysis of variance (ANOVA) with the
following factors: product, dose, life stage and application method. When a Levene’s test
indicated homoscedasticity, the means were separated using Tukey’s multiple comparison
test to identify which treatments were significantly different. If the conditions for ANOVA
were not satisfied, the nonparametric Mann-Whitney test was used, followed by multiple
comparisons of mean ranks for all groups.

The oviposition activity of adult females was expressed by an oviposition activity index (OAl)
calculated using the formula:

N - N
N; + N,

OAl =

where Nt is the number of eggs laid on plants exposed to the test solution and N¢is the number
of eggs laid in control treatment (Kramer and Mulla, 1979). The OAIl ranges from -1 to +1,
meaning that O indicates a neutral response, a negative value indicates deterrence and a
positive value indicates a stimulant effect. A Kolmogorov-Smirnov was used to indicate the
normality. A Student’s t-test (P < 0.05) was used to test for significant differences between the
number of eggs laid on the treated and the control plants.
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The individual larval weight was determined for each treatment and control, which made it
possible to calculate the growth inhibition as follows:

_TL

C
Growth inhibition (%) = . 100

L

where Ty is the larval weight gain of the treated larvae and C. is the larval weight gain of the
larvae in the control treatment.

3 RESULTS
3.1 TUTA ABSOLUTA
3.1.1 ToPICAL AND RESIDUAL BIOASSAYS

Results from bioassays testing the effects of topical and residual exposure are shown in
Figure 5-3. The mortality registered in the control treatments was lower than 10% in all assays
(Appendix F, Tables F-1 and F-2). Therefore, the corrected mortality was used to present the
results.

In general, and particularly in the topical application method, a trend was visible with higher
mortality values for the formulated zeolites as compared to the mortality values for the non-
formulated zeolites. Comparing the different types of zeolites, zeolite FAU (Z-4, 5, 6) resulted
in the highest egg mortality (ovicidal effect), followed by zeolite BEA (Z-1, 2, 3) and zeolite LTA
(z-7, 8, 9). Zeolite FAU (Z-4, 5, 6) showed high mortality rates of eggs + larvae. Despite the low
egg mortality of the zeolite LTA formulations (Z-8, 9) in the topical application method, the
egg + larval mortality of these zeolite formulations yielded better results compared to the
formulated products of the other zeolites BEA and FAU. This indicates a more larvicidal effect
of the LTA formulations. However, all these observations were not significantly different.

Despite no significant differences between the zeolite products, it can be deduced that the
outcome of this bioassay was affected by the application method. To verify this statement, a
four-way analysis of variance (ANOVA) was performed (Table 5-6).

No four- or three-factorial interactions were observed between the factors dose, application
method, product and insect life stage for the mortality of eggs and eggs + larvae. However,
significant interactions (P < 0.05) were obtained for application method x product and
application method x life stage, which indicates that the product and the life stage influenced
the effect of the application method on the mortality of T. absoluta. The main factors
application method (P < 0.01) and life stage (P < 0.001) also had a significant impact on the
mortality. Therefore, the data was split and analysed separately (Table 5-7). Nevertheless, the
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effect of application method and life stage on the mortality of Tuta absoluta showed no clear
interactions between the different factors.

A: Topical
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Figure 5-3. Percentage of corrected mortality (+ SE) of Tuta absoluta eggs (bars) and eggs + larvae
(area) in topical (A) and residual (B) exposure bioassays, using different concentrations of the
insecticide materials (Table 5-5), i.e. 400 (O,0), 4000 (3,0) and 20000 (m,m) mg.I. Asterisks indicate
no significant differences (P < 0.05) between eggs and eggs + larvae mortality (n=8).
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Table 5-6. Four-way ANOVA results indicating the effect of dose, application method, product and

life stage on the mortality of Tuta absoluta.

Factor F df P
Dose 3.234 1 0.074
Application method 6.925 1 0.010°
Product 1.057 1 0.306
Life stage 45.472 1 0.000¢
Dose x application method 0.043 1 0.836
Dose x product 0.001 1 0.971
Dose x life stage 0.004 1 0.947
Application method x product 4.883 1 0.029°
Application method x life stage 3.938 1 0.049°
Product x life stage 0.772 1 0.381
Dose x application method x product 0.000 1 0.996
Dose x application method x life stage 0.043 1 0.836
Dose x product x life stage 0.003 1 0.958
Application method x product x life stage 0.144 1 0.705
Dose x application method x product x life stage 0.000 1 0.989
Error 128

ab ¢ Significant differences, with a: P <0.05, b: P < 0.01 and c: P < 0.001.

Table 5-7. Three-way ANOVA results taking into account the effect of application method and life

stage on the mortality of Tuta absoluta.

Factor F df P F df P
Application method Topical Residual

Dose 0.977 1 0.327 2.854 1 0.096
Product 0.539 1 0.465 7.433 1 0.008°
Life stage 8.745 1 0.004° 54.011 1 0.000°¢
Dose x product 0.001 0.980 0.001 1 0.980
Dose x life stage 0.029 0.866 0.014 1 0.906
Product x life stage 0.611 0.437 0.177 1 0.675
Dose x product x life stage 0.002 1 0.967 0.001 1 0.974
Error 64 64
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Table 5-7. Three-way ANOVA results taking into account the effect of application method and life
stage on the mortality of Tuta absoluta (continued).

Factor F df P F df P
Dose 1.990 1 0.163 1.395 1 0.242
Application method 0.278 1 0.600 8.548 1 0.005°
Product 0.015 1 0.904 1.458 1 0.232
Dose x application method 0.114 1 0.736 0.000 1 1.000
Dose x product 0.000 1 0.989 0.003 1 0.956
Application method x 4.446 1 0.039° 1.345 1 0.251
product

Dose x application method 0.000 1 0.995 0.000 1 0.990
x product

Error 64 64

b ¢ Sjgnificant differences, with a: P <0.05, b: P <0.01 and c: P < 0.001.

Notwithstanding the difference between the application methods, little biological effect on
eggs was observed when a zeolite particle film was sprayed topical or residual onto leaves.
Although T. absoluta egg viability was little affected by the zeolites, the mortality of neonate
larvae hatching on treated leaves was significantly higher for all zeolites. Larval mortality
increased sharply to 60%, indicating that the zeolites have larvicidal properties. These larval
survival results were also significantly different from the control.

Nevertheless, differences of the mortality rates were observed when using zeolites compared
to the alternative products. First of all, the hatching percentage recorded for kaolin was
slightly reduced compared to that of the control treatment for both application methods
(7.14% and 4.29%). Moreover, kaolin had very little or no larvicidal effect compared to the
zeolites. The opposite effect was observed when using the commercial formulation of
spinosad. In both exposure treatments, it was observed that almost all of the larvae that
hatched out of egg masses treated with spinosad died within 48 hours. Spinosad was the least
active in its indirect ovicidal activity at all concentrations tested, yielding 21.64-29.48%
mortality for concentrations ranging between 400-20000 mg.IX. Figure 5-3 clearly points out
the significant differences between the zeolites and their formulations regarding the chemical
plant protection product.
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Treatment Control Sample OAI
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Figure 5-4. Oviposition response of Tuta absoluta to plants treated with different concentrations of
the insecticide materials (Table 5-3). White bars indicate the mean percentage of eggs laid on control
leaves, green bars indicate the mean percentage of eggs laid on leaves treated with a concentration
of 400 (O), 4000 (@) and 20000 (M) mg.I\. Asterisks indicate significant differences (P < 0.05) in
oviposition activity between treated and control leaves (n=4).
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3.1.2 CHOICE TESTS FOR OVIPOSITION BEHAVIOUR

The results of the oviposition bioassays are illustrated in Figure 5-4. Although T. absoluta
females laid significantly more eggs on the leaves treated with 20000 mg.I* of zeolite 5, the
overall number of eggs did not differ significantly from the control. On the other hand, a slight
trend was observed in the oviposition activity of the wettable powder (WP) formulations. The
WP zeolites showed a positive OAIl response at concentrations of 4000 and 20000 mg.I!
compared to the industrial products. Spinosad and Surround elicited a negative OAl response
at the three tested concentrations. Our findings also indicate that T. absoluta females
manifested a little preference for ovipositing on kaolin surfaces.

3.2 LEPTINOTARSA DECEMLINEATA

Zeolite LTA was screened for insecticidal activity against first instar larvae of L. decemlineata.
The obtained mortality and weight gain after 8 days of continuous feeding on leaves treated
with different concentrations of zeolite LTA are presented in Figure 5-5. Based on these results
it was concluded that zeolite LTA had a significant insecticidal activity at 10000 mg.I". Larvae
feeding on potato leaves treated with 10 and 1000 mg.I"! of zeolite LTA showed no significant
differences with the control.

A significant decrease in weight gain was also noticed for larvae feeding on leaves treated with
10000 mg.I"! of zeolite LTA. Larvae feeding on potato leaves treated with 10 and 1000 mg.|
of zeolite LTA showed no significant differences with the control.

100 r 0.06 r
*
L T T
s | = 0.05
Q —
s < 004 |
Z 60 r ‘s
= 2 003
£ 40 | <
s ‘s 002 |
=
LM i | =
0 0.00
0 10 1000 10000 0 10 1000 10000
Concentration (mg.I) Concentration (mg.l)

Figure 5-5. Mortality and weight gain of Leptinotarsa decemlineata larvae after 8 days of continuous
feeding on leaves treated with different concentrations of zeolite LTA, i.e. 0 (O), 10 (O), 1000 (=) and
10000 (m) mg.I". Asterisks indicate significant differences (P < 0.05) in mortality and weight gain
between sample and control treatments (n=3).
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4  DISCUSSION

Zeolits can have several modes of activity as insecticide. First, it can act as a physical barrier,
preventing insects from reaching vulnerable plant tissue, and it can act as a repellent by
creating an unsuitable surface for feeding or egg-laying. The uniform white film may also
disrupt the insect’s host-finding capability by masking the color of the plant tissue.
Furthermore, particles of zeolites can act as an irritant to the insect. After landing on a treated
surface, particles of zeolites break off and attach to the insect’s body, triggering an excessive
grooming response that distracts the pest. Finally, zeolites can absorb and adsorb epicuticular
lipids, causing death by desiccation.

4.1 TUTA ABSOLUTA
4.1.1 ToOPICAL AND RESIDUAL TOXICITY

Topical and residual toxicity tests were performed on the eggs of Tuta absoluta in order to
examine whether zeolites could have a desiccating effect on eggs or not. Egg exposure to
zeolites is of great importance against the tomato leafminer. Although the chorion surface
layer has limited permeability to ovicidal and toxic substances, some chemicals can pass
through it. These compounds can adversely affect embryonic development or causing death
(Trisyono et al., 2000; Consoli et al., 2001; Galvan et al., 2005; Nation, 2008; Fogel et al., 2013).
In particular, before egg hatching, egg exposure to zeolites seemed to significantly affect the
development process by weakening the first instar larvae and increasing their mortality.
Exposure of larvae to insecticidal compounds occurs through direct body contact as well as
ingestion of residues on leaf surfaces (Dagli and Bahsi, 2009). There should be no difference
between the numbers of surviving larvae for both application methods because the larvae
were not treated after hatching.

Based on the Si/Al composition, described in Chapter 2, zeolite 1 (Si/Al: 11.84) and zeolite 4
(Si/Al: 15.40) can both be classified as hydrophobic zeolites, while zeolite 7 (Si/Al: 1.15) can
be classified as hydrophilic. It was noticed that the ovicidal effect of the tested zeolites
correlated well with their hydrophobic properties. This is in contrast with the phenomenon
observed by Hoffmann et al. (2008). They noticed a correlation between the ovicidal activity
of neonicotinoids against the plum curculio Conotrachelus nenuphar (Coleoptera:
Curculionidae) and the octanol-water partitioning coefficient (log Kow) of these compounds.

Hydrophilic compounds are unlikely to reach target sites within the embryo, since the lipid
layers of the insect chorion provide a general barrier to hydrophilic materials (Hoffmann et al.,
2008). However, the results of the adsorption experiment, described in Part B of Chapter 2,
indicated that hydrophobic zeolites preferentially adsorb the intermediate and non-polar
PPPs. Therefore, it can be presumed that the more hydrophobic zeolites are more attached to
the hydrophobic egg surface and are more able to desiccate the eggs and the leaf surface. Low
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relative humidity can prevent embryo development and egg hatching (Guarneri et al., 2002).
Norhisham et al. (2013) found that dehydration of the Dinoderus minutus Fabricius
(Coleoptera: Bostrychidae) egg leads to contraction and shrinking of the chorion and the
embryo. This effect on eggs caused by loss of water has also been reported by Woods and
Singer (2001) on Lepidoptera. Eggs of Lepidoptera in general have no special morphology or
physiology equipments for water uptake, although the eggshell of some species may be more
porous over its ventral surfaces than on lateral or upper surfaces (Woods and Singer, 2001).

The lower hatching rates of the T. absoluta eggs for the residual application were rather
unexpected. A decrease in adhesion of the insect eggs on the leaf surface can be an
explanation for the higher mortality in the residual trials. Adhesive fluids have been repeatedly
reported to surround insect eggs and glue them to substrates (Adiyodi and Adiyodi, 1976;
Hilker et al., 2005). The eggs of many lepidopteran species are tightly glued onto the lower
leaf surface (Hilker and Meiners, 2006).

Plants can also have an impact on the mortality, which explains the higher mortality for the
residual bioassay. The eggs of herbivorous insects are usually closely associated with leaf
surfaces. As a consequence of living in these microclimates modified by their host plants, these
eggs may take advantage of the leaf physiology (Potter et al., 2009). However, eggs laid on a
leaf are enclosed by the leaf’s boundary layer, consisting of leaf volatiles and atmospheric
gases, what may affect embryonic development (Woods, 2010). A plant may respond to insect
eggs by the formation of necrotic tissue at the site of egg deposition, where humidity
decreases and local temperature increases (Balbyshev and Lorenzen, 1997; Little et al., 2007;
Shapiro and De Vay, 1987). As a result, the egg will probably desiccate and the stressed
embryo will die (Woods, 2010).

Subsequently, it is possible that larvae hatch at the side of the leaf surface and directly
penetrate into the leaf. The probability that the zeolite particles and newly emerged larvae
come into contact with each other increases for the residual method.

In addition to the zeolites, other products were also tested, such as kaolin, Surround and
spinosad. Kaolin and Surround are products that control insects by creating a particle barrier
on plant surfaces that irritates and repels them, rather than actually killing these insects
(Glenn and Puterka, 2005). Although the low effect on hatching rate, there appeared to be a
slight tendency to reduced hatching when eggs are laid onto kaolin residues. Similar results
were also observed in other studies (Unruh et al., 2000; Larentzaki et al., 2008; Bengochea et
al., 2014).
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As for spinosad, the obtained results were in line with those obtained by Temerak (2005) and
Hanan and Samya (2014), who found that spinosad produced 100% mortality of the egg
masses of Spodoptera littoralis (Lepidoptera: Noctuidae) after hatching. Spinosad was the
least active in its indirect ovicidal activity at all concentrations tested by Hanan and Samya
(2014), recording 0-45% inhibition for concentrations ranging between 0.1-100 mg.I%.
However, the high toxicity of spinosad on lepidopterous eggs was also supported by Boiteau
and Noronha (2007), who found that spinosad residues caused high immediate (24h after
exposure) contact mortality in the European corn borer, Ostrinia nubilalis (Lepidoptera:
Crambidae). Dagli and Bahsi (2009) also noticed that topical exposure of Orius majusculus
(Hemiptera: Anthocoridae) adults to spinosad resulted in greater mortality compared to the
mortalities during residue tests. These findings can be explained by the fact that spinosad is
effective on target insects through both ingestion and contact exposure. It is more a potent
larvicide, which is in line with our findings of 100% larval mortality. Nevertheless, it can also
have an ovicidal effect, mostly when it is mixed into organic solvents (Boiteau and Noronha,
2007). It is not highly systemic, but does possess some leaf-penetrating characteristics, which
clarifies the high egg mortality after topical exposure (DOW, 2015). This indicates that
spinosad can penetrate the egg, causing the exposed egg to stop further development.

4.1.2 CHOICE TESTS FOR OVIPOSITION BEHAVIOUR

Zeolites work by creating a barrier film by covering the leaves with a white powdery film,
which adheres and irritates insects. Additionally, using zeolites on plants can help to repel
many types of insects. Identification of suitable oviposition sites is a critical feature of insects’
life history because it ultimately influences the survivorship of their progeny (Huang et al.,
2005). Oviposition behaviour is influenced by visual, tactile and olfactory cues, with the first
considered being of primary importance when zeolites are used (Guha et al., 2012). As
described in Chapter 1, the layer of particle film covering the leaves reduces the attractiveness
of visual cues and prevents insects from recognizing and finding plant parts on which they
prefer to lay eggs. Subsequently, odour of plants, the plant surface and the plant’s interior
guide egg-laying herbivorous insect females to their host plants and influence the choice of
oviposition sites (Stadler, 2002). To be effective, complete coverage of the plant is necessary.
Hence, high levels of zeolite coverage over the leaves are needed to achieve any sort of control
(Reddy, 2012).

In this study, no significant difference was observed between the number of eggs laid on the
treated leaves and the control leaves. Despite these results, a slight trend was noticed in the
oviposition activity of T. absoluta females exposed to leaves treated with the wettable powder
formulations. However, this effect can be the result of the additives used in the formulations.
Subsequently, olfaction also might have played a role in the increased amount of eggs onto
the treated leaves. The effect of additives is possible here as well, given that some additives
are responsible for a mild attractiveness to female insects.
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The negative oviposition response towards spinosad and Surround can be clarified by the
statements given above. Conversely, a slightly positive preference of the T. absoluta females
for leaves treated with kaolin was noticed, which is in line with the findings of Porcel et al.
(2011).

Nevertheless, all these findings did not significantly differ from each other. Therefore, it can
be concluded that these products had no effect on the oviposition behaviour of T. absoluta.
Even kaolin and its formulated product Surround, which is already commercially used in
agriculture and has insect repellent properties, did not show repellent effects on T. absoluta.

4.2 LEPTINOTARSA DECEMLINEATA

Insects pass through a number of development stages from egg to adult. As a general rule, the
larval stages are targeted at rapid growth through feeding, whilst the adult stages are involved
in reproduction. Therefore, the larval stages are usually the crop destructive steps of the
insect’s life cycle and consequently the most targeted by insecticides.

As observed in the screening test, zeolite LTA was able to reduce the larvae with 80% when
using a concentration of 10000 mg.I". A trend was noticed between this larval mortality and
larval weight, which indicates the possibility that the obtained mortality was the result of
malnutrition. This can be explained by the following two statements, previously discussed in
Chapter 1. Firstly, zeolite particles could be attached to the body of L. decemlineata larvae,
which disrupts the insect’s behaviour to such a degree that it is unable to feed and eventually
starves (Glenn et al., 2001). Secondly, the zeolite layer covering the leaves reduces the
attractiveness of visual cues and, as such, prevents insects from recognising and finding the
plants on which they lay eggs (Leskey et al., 2010). Although there is no guaranteed certainty
of the mode of action, this reduced recognition of the leaves also might have an influence on
the eating behaviour of the insects.

Additionally, Glenn et al. (1999) reported that abrasion and sorption of various inert mineral
particles on insects are considered to be key elements for insect killing activity. This may also
be the cause of the reduction in weight. Beetles are chewing insects, with typically noticeable
mandibles that consume the plant (Korth et al., 2006; Whiting, 2014). It is possible that zeolites
have abrasive effects on these insect mandibles. Minerals in plants have also been shown to
act as physical abrasives to chewing insects (Korth et al., 2006). Djamin and Pathak (1967)
observed that the mandibles of the Asiatic rice borer, Chilo suppressalis (Lepidoptera:
Crambidae) suffer significantly when feeding on high-silica varieties.

The fact that insecticidal activity was noticed at a zeolite concentration of 10000 mg.I"* was
not surprising. As described in the previous section, high levels of zeolite coverage are needed
to achieve any sort of control. This also applies to other natural products used as biopesticide.

- 208 -



INSECTICIDAL ACTIVITY OF ZEOLITES

For example, Surround WP (Engelhart Corporation) contains 95% of the active ingredient
kaolin. When Surround WP is applied to plants, concentrations between 25000-50000 mg.|
are used (Omri, 2004). Neem products, containing azadirachtin as active ingredient, have also
been used at high concentrations as insecticides. For example, the ready to use product
Ozoneem Trishul (Ozone Biotech) contains concentrations between 300-50000 mg.I of the
active ingredient azadirachtin (Ozone Biotech, 2012).

5 CONCLUSION

Based on the results of this chapter, it can be derived that the tested products, BEA, FAU, LTA
and their formulations, had no real insecticidal activity against the eggs of T. absoluta.
Nevertheless, egg exposure to zeolites seemed to affect the development process by
weakening the first instar larvae and increasing their mortality. Subsequently, based on the
choice test, no significant difference was observed between the number of eggs laid on the
treated leaves and control leaves. The small bioassay, conducted in order to examine the
effect of zeolite LTA against the CPB L. decemlineata, indicated mortality and growth inhibition
at high concentrations of 10000 mg.|.
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Chapter 6

EFFECT OF ZEOLITES ON PLANTS

Besides the effect of zeolites against plant diseases and insect pests, zeolites may also have
beneficial effects for the treated plant itself. Zeolites are able to adsorb CO;, which may
influence photosynthesis. Zeolites may also reduce leaf temperature by reflecting the infrared
radiation. These properties lead to a reduction of transpiration rate, which may improve the
water-use efficiency, the yield and the fruit quality. In the following chapter, the possible
beneficial effects of zeolites on plant growth, dry weight, water uptake and photosynthesis
are described.

1 INTRODUCTION
1.1 POSSIBLE EFFECTS OF ZEOLITES ON PLANTS

As described in the previous chapters, particle film technology can be used for controlling
arthropod pests and diseases of agriculture crops. In addition, applying particle films can also
have beneficial effects on the treated plants. Recent work carried out, using a kaolin particle
film, suggests that it generally reduces heat stress, sunburn and drought stress (Jifon and
Syvertsen, 2003; Glenn and Puterka, 2005; Rosati et al., 2007; Reddy, 2012). A higher
photosynthesis rate can also lead to favorable effects on plant productivity, including an
increase in yield and fruit size (Kaszab, 2008). Zeolites are able to adsorb carbon dioxide (CO>)
molecules, which results in an increased of the amount of CO; near the stomata (Figure 6-1).
Because of these findings it is important to examine the influence of zeolites on
photosynthesis and their possible mitigating effects on heat and drought stress.

Figure 6-1. Cryo-SEM image of a stomata in the lower leaf epidermis of tomato (Garcia, 2014;
Hanssens, 2014).
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1.2 IMPORTANT FUNCTIONS OF FOLIAR PLANTS

Leaves perform important processes, such as photosynthesis, transpiration and chlorophyll a
fluorescence. A transverse section of a typical leaf distinguishes three regions, being the
epidermis, the mesophyll and the vascular bundles or veins. Cells of the mesophyll make up
the bulk of the internal leaf tissue and contain large populations of chloroplasts (Pyke, 2007).
Chloroplasts are the organelles where photosynthesis occurs and they provide all of the
reduced carbon in higher plants, from photosynthesis during the day to starch degradation at
night (Walker and Herold, 1977). Figure 6-2 gives an overview of the plant and leaf anatomy.

1.2.1 PHOTOSYNTHESIS

Plants are able to fix atmospheric CO, through photosynthesis using light energy. This unique
process provides the plant with organic compounds (primarily sugars) that are transported
from the leaves (sources) to energy-demanding sinks (e.g. roots, fruits), where they can be
used for storage, as building stones for synthesis of new components or as energy source.

1.2.2 TRANSPIRATION

Next to the important role of the stomata regarding photosynthesis, the stomata are also
responsible for transpiration. Transpiration is the process by which sap flow, which typically is
transported through the plant from roots to small pores on the lower side of the leaves, is
changed into water vapour and is released into the atmosphere. It happens in a proportion of
about 90% through the stomata and 10% through the cuticle (Duca, 2015). In other words,
this process is an inevitable consequence of photosynthesis, because the entry of CO;
molecules through open stomata also allows water vapour from the intercellular spaces and
substomatal cavities to escape to the atmosphere by the same route (Steppe, 2004).

1.2.3 STOMATAL CONDUCTANCE

The stomata play an essential role in controlling both water losses by transpiration and CO3
uptake for photosynthesis and plant growth (Damour et al., 2010). By closing the stomata
plants retain water when sufficient CO; needs are met. The rate of passage of CO;, entering
the stomata is defined as the stomatal conductance. Stomatal conductance can also be
defined as the rate of passage of water vapour exiting the stomata. The inverse of stomatal
conductance is stomatal resistance which is directly related to the boundary layer resistance
of the leaf and the absolute gradient of water vapour from the leaf to the atmosphere (Garcia,
2014).
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It is generally accepted that stomatal conductance decreases in response to rising CO;
concentration. Stomatal response to CO, and the way this response affects photosynthesis
and transpiration have effects on plant water regulation and growth, since CO; used by the
plant mainly passes through stomata (Ainsworth and Rogers, 2007). Although the effect of
CO; on photosynthesis is well characterized, the photosynthetic stimulation observed in CO;
enrichment experiments does not always match theoretical expectations (Long et al., 2004;
Nowak et al., 2004; Ainsworth and Long, 2005; Rogers et al., 2006). Similarly, while stomatal
conductance at elevated CO; is typically reduced, the effect is variable and subject to
environmental feedback (Ellsworth, 1999; Medlyn et al., 2001; Gunderson et al., 2002;
Waullschleger et al., 2002; Naumburg et al., 2003; Leakey et al., 2006).

1.2.4 FLUORESCENCE

When a leaf is illuminated, a certain amount of light energy will be absorbed by the
photosystems in the thylakoid membranes. Each photosystem contains a light harvesting
complex (LHC) which consists of an assembly of pigment molecules, called antenna complex,
and a reaction centre ‘chlorophyll a’-molecule. This green ‘chlorophyll a’-molecule, absorbing
blue and red light, plays a central role in photosynthesis (Raven et al., 2005). Light energy,
absorbed by the ‘chlorophyll a’-molecule, excite an electron of ‘chlorophyll a’ from the ground
state (So) to a higher energy level (S;, red light, 660 nm; S;, blue light, 420 nm). Since the higher
excited states are not stable, electrons will return to the ground state. The electrons first relax
to the lowest vibrational energy level of the first electronic energy level, S1. Subsequently, the
light energy at this state can undergo three fates: it can be used to drive photosynthesis
(photochemistry), it can be dissipated as heat or it can be re-emitted to the ground state as
red fluorescence (Misra et al., 2012).

The three processes occur in competition. Since the sum of rate constants is constant, any
increase in the efficiency of one process will result in a decrease of the other two. Therefore,
determining the yield of chlorophyll fluorescence reveals important information such as the
impact of environmental stresses on photosynthesis (Maxwell and Johnson, 2000).

2 MATERIALS AND METHODS
2.1 PLANT MATERIAL

The experiment was carried out on two different plant species. Measurements were
conducted on cuttings of apple trees (Malus domestica vc. Golden Delicious) obtained from
Schrama Nurseries, Biddinghuizen, Netherlands. The trees were approximately 26 cm high and
their stem diameter at soil surface was approximately 2.3 mm. Subsequently measurements
were conducted on tomato plants (Solanum lycopersicum L. vc. Admiro) obtained from BPK,
Duffel, Belgium. The plants were approximately 19 cm high and their stem diameter at soil
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surface was approximately 4.3 mm. All plant material was divided into twelve groups: one
control and eleven treatment groups. Each group consisted of 5 plants.

2.2 PLANT COATING MATERIALS

The three zeolite types, BEA, FAU and LTA, together with two formulations of each type were
compared with a control treatment. Additionally, two biological equivalents of the zeolites,
namely kaolin and its commercial formulation ‘Surround’ (Tessenderlo Kerley, US) were taken
into account (Table 6-1).

Table 6-1. Plant coating materials used in this study.

Treatment Material name Formulation type Manufacturers
1 BEA Technical product Clariant

2 BEA 850° WP Fitofarmacia
3 BEA 950° WP Fitofarmacia
4 FAU Technical product Zeolyst

5 FAU 850° WP Fitofarmacia
6 FAU 920° WP Fitofarmacia
7 LTA Technical product FMC

8 LTA 800 SC Fitofarmacia
9 LTA 850 WP Fitofarmacia
10 Kaolin Technical product Sigma Aldrich
11 Kaolin (Surround) WP Tessenderlo Group
12 Control / /

3. bThe formulations with a similar letter contain the same adjuvants.

2.3  EXPERIMENTAL SET-UP

At the end of July, 60 apple trees and 60 tomato plants, respectively, were planted in 5| pots.
The apple trees were placed in the open greenhouse facilities of the Laboratory of Plant
Ecology, Faculty of Bioscience Engineering, Ghent University, Belgium. The tomato plants were
placed in the growth chamber at the Laboratory of Phytopharmacy, Faculty of Bioscience
Engineering, Ghent University, Belgium. Two days before starting the measurements, 5 plants
per treatment were sprayed with 4000 mg.|"! of the selected product until runoff (Table 6-1).
The apple trees and tomato plants were respectively treated with the zeolites at the 3™ and
13t™ of August 2015.
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2.4 MEASUREMENTS
2.4.1 GAS EXCHANGE AND CHLOROPHYLL A FLUORESCENCE MEASUREMENTS

Foliar gas exchange and chlorophyll a fluorescence parameters were measured using a
portable photosynthesis system (model LI-6400; Li-Cor Biosciences, Lincoln, Nebraska, USA)
equipped with a fluorescence head (6400-40 Leaf Chamber Fluorometer, Li-Cor Biosciences,
Lincoln, Nebraska, USA). This device is an open differential infrared gas analyser (IRGA), shown
in Figure 6-3.

Figure 6-3. The Li-Cor LI-6400 Portable Photosynthesis System with Li-Cor 6400-40 Leaf Chamber
Fluorometer as a sensor head.

First of all, light response curves were measured on the third fully developed leaf of three
apple trees and tomato plants per treatment. This leaf was selected because a preliminary
test showed that the obtained data remained stable. The light response curves were recorded
using seven light intensities: 0, 50, 100, 250, 500, 1000 and 1500 pumol PAR.m2.s1. This was to
detect the light intensity at which photosynthesis rates reached a saturation level. Further, a
minimum and maximum waiting time of 5 respectively 7 minutes was applied before
measurements on a leaf were recorded to allow stabilisation.

Subsequently, light saturated net photosynthesis (An, umol CO2.m2.s1), stomatal conductance
(g, mol H,0.m™2.s1) and transpiration rate (E, mmol H,0.m?2.s?) were simultaneously
measured on the third leaf of each apple tree and tomato plant. These measurements were
performed at saturating red light (1500 umol PAR.m2.st) achieved with the red light emitting
diode (LED) lamp of the fluorescence head, with an additional 10% of blue light to maximize
stomatal opening, and 400 pmol CO,.mol? in the cuvette. As temperature influences
photosynthesis and transpiration rates, the chamber temperature of the fluorescence head
was set to 25°C-26°C. Chlorophyll a fluorescence was quantified by measuring the light
adapted photosystem Il (PSIl) efficiency (F.'/Fm' = 1-Fo'/Fm'), calculated from maximum
fluorescence after a saturating light flash (Fm’) and minimum fluorescence after a far-red pulse
(Fo').

-218 -



EFFECTS OF ZEOLITES ON PLANTS

Simultaneous with the measurements of the light response curve, stomatal conductance,
transpiration rates and chlorophyll a fluorescence parameters were measured. Ambient
parameters, such as air temperature (Tair), leaf temperature (Tieaf), vapour pressure deficit
(VPD), photosynthetic active radiation (PAR) and relative humidity (RH) were also recorded.
Other variables were calculated, such as the intrinsic water use efficiency (An.gs?) and the
instantaneous water use efficiency (An.E™) (see Section 2.4.4).

These measurements were carried out twice a week during 4 weeks. The apple trees had eight
examination points, while six examination points were sufficient for the tomato plants.

2.4.2 GROWTH MEASUREMENTS

Stem height and diameter at the base of each plant were measured at the beginning and at
the end (after 4 weeks) of the experiment.

2.4.3 BIOMASS MEASUREMENTS

At the end of the experiment, all foliage and stem biomass were collected. Immediately after
harvesting, the fresh weight (Fw, g) of this shoot material was determined. Subsequently,
foliage and stem biomass were stored dried in an oven at 70°C for about 14 days and weighed.
After dry weight (Dw, g) was obtained, the water content was calculated as the difference
between Fw and Dw.

2.4.4 \WATER USE EFFICIENCY

Water is the main abiotic factor limiting plant production. Water use efficiency (WUE) is a
crucial parameter and can be measured at different scales, ranging from measurements on
the leaf to more integrative ones at the plant and crop levels (Figure 6-4) (Medrano et al.,
2015). WUE measurements on plant (integrated) and leaf (gas exchange) level were
conducted in this research.

Integrated water use efficiency (= plant related characteristic)

The biomass WUE was determined as the total shoot biomass increase divided by the total
water consumed by each plant. Just before the start of the experiment 5 plants were weighted
and dried to estimate the initial dry weight. This process was also carried out at the end of the
experiment (see Section 2.4.3). The total shoot biomass increase, during the experiment, was
estimated as the difference between the dry weights at the beginning and at the end of the
experiment. Plant water consumed over the four weeks was estimated from the sum of the
daily water consumption. Plants were daily irrigated with a known amount of water avoiding
water run-off. Containers were weighted two hours after irrigation and the day after just
before irrigation. Water consumption was measured as a difference between both weights,
which include water evaporation and transpiration.
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Gas exchange water use efficiency (= photosynthetic related characteristic)
The intrinsic and instantaneous WUE were calculated based on the gas exchange
measurements, as described in Section 2.4.1.

Yield 1
Crop level Crop production <+ - Crop water use
Water
Biomass 2
Plant level Plant production - — | Plant transpiration
Water

- Leaf transpiration
Leaf level Leaf photosynthesis

t
> >
oa m
N =

—» | Stomatal conductance

Figure 6-4. Different complexity levels for water use efficiency measurements, with 1: WUEyieiq, 2:
WUEpiomass, 3: WUEinstantaneous and 4: WUEinwrinsic. (adapted from Medrano et al., 2015). Above the line,
the measurements were based on the whole plant, while below the line, the measurements were
just based on some leaves of the plant. In this chapter the integrated WUE (2), using a balance, and
the gas exchange WUE (3, 4) using the Li-Cor, were measured.

2.4.5 \WATER UPTAKE LEAVES

In order to determine whether the leaves sprayed with the plant coating materials
(Table 6-1) need more or less water, the four basic (non-formulated) treatments Z-1, Z-4, Z-7
and B-1 were tested. All products to be tested were dispersed in distilled water to obtain
zeolite concentrations of 400, 4000 and 20000 mg.I't. Control treatments, consisting of
distilled water, were also included. For each treatment and concentration, 4 apple and tomato
leaves were sprayed until runoff. Subsequently, the leaves were placed in a known amount of
water (Figure 6-5). Seven days later the residual amount of water was measured.

Figure 6-5. Set-up of the sprayed leaves in a known amount of water in order to calculate the water
uptake of these leaves after seven days.
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2.4.6 CARBON DIOXIDE ISOTHERM

Carbon dioxide isotherms were measured for the zeolites BEA, FAU, LTA and kaolin.
Adsorption isotherms of pure CO; (purity of 99.99%) up to 1 bar were determined at 25°C,
using a Belsorp Max instrument combined with BELCryo system.

2.5 DATA ANALYSIS

A one sample Kolmogorov-Smirnov test was used to assess the normality of the
photosynthetic values. The Mann-Whitney test was used to compare the differences between
the control and treated samples. Statistical analysis was performed with the Software Package
for the Social Sciences (version 10.1 for Windows, SPSS Inc, Chicago, Ill, USA).
A p value of < 0.05 was considered statistically significant.

3 RESULTS AND DISCUSSION
3.1 PLANT RELATED CHARACTERISTICS

3.1.1 GROWTH MEASUREMENTS

Plant height
The height of the apple trees and tomato plants was measured at the start and the end of this

research (Figure 6-6). Visual observations prior to these measurements presumed little
differences in height between test and control samples, which is also reflected in the results.
The average heights of apple trees and tomato plants measured at the start and the end were
respectively, 25.40 cm, 49.00 cm, 18.54 cm and 49.30 cm. For both apple trees and tomato
plants no significant differences were observed. Dieleman et al. (2003) also noticed no effect
of elevated CO; on plant height of pepper plants. These pepper plants were grown in
greenhouses containing an increased CO; concentration. It was observed that the plants can
adapt to being exposed for weeks to high CO, concentrations. This adaptation led to a less
efficient use of the present CO,. A possible method to avoid this adaptation was the use of
pulsed CO,.

Stem thickness

The stem thickness of the apple trees and tomato plants was also measured at the start and
the end of this research (Figure 6-6). Visual observations prior to these measurements also
suggested little difference in thickness between test and control samples, which is also
reflected in the results. The average stem diameters of apple trees and tomato plants
measured at the start and the end were respectively, 3.09 mm, 5.06 mm, 4.34 mm and 5.49
mm. For both apple trees and tomato plants no significant differences were observed.
Dieleman et al. (2003) also noticed no effect of elevated CO, on stem thickness of pepper
plants, which can be explained by CO; adaptation of the pepper plants.
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Figure 6-6. The primary y-axis shows both the initial (O) plant height (+ SE; 1) and stem thickness
(+ SE; 2) as well as the plant height and stem thickness after four (tomato) or five (apple) weeks (O)
of apple trees (A) and tomato plants (B) sprayed with the plant coating materials (Table 6-1). The
differences between the initial and final thickness describe the plant growth (1) and stem thickening
(2). The secondary y-axis presents the plant growth (+ SE; 1) and stem thickening (+ SE; 2) of the
treated samples (=) compared to the the control (-:) (n=5).

3.1.2 BIOMASS MEASUREMENTS

The observed results in fresh weight, dry weight and moisture content of the different apple

trees and tomato plants are presented in Figure 6-7. In general, an increased concentration of

CO; provides a higher crop production (Kimball, 1986). The results of this research show that

the plants treated with the products listed in Table 6-1 produced more biomass compared to

the control sample. However, no significant differences were noticed for the dry weight and

moisture content of the apple trees and tomato plants. Nevertheless, Dieleman et al. (2003)

did notice an effect of elevated CO; on the dry weight of leaves and stems of pepper plants

and, in general, it is said that an elevated CO; concentration ensures a higher crop production
(Kimball, 1986).

-222 -



EFFECTS OF ZEOLITES ON PLANTS

5o ~ 1.A:Apple 16 -1.B: Tomato
14 t
40 r
C B 120
= £ 10
® 30T ®
[ [ -
2 : 8
< 20 £ 6 L
(%] w
£ £ 4l
10
2_
0 0
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
5o . 2.A:Apple 16
C. R
340 o [ 5 I =] &
© - o TR o I 1 = [
E HUAddadltdan EF
5 R E R EE ] 50
%30- EEE R HE e
= z ©
H T I s 8
+20 HH [ sHEN:NzNERE +
“HUUHAUAd A ¢
T o HAHHEEHE A € a4
swo L HEHEEE BB 2
s HEHERHAHHHEHEEHE 3
(=]
0 Q0

Figure 6-7. Fresh weight (+ SE; 1) and composition of the fresh weight (+ SE; 2) of apple trees (A) and
tomato plants (B) sprayed with the plant coating materials (Table 6-1). The total shoot fresh weight
consist of the fresh weights of leaves (1:E) and stems (1:@), and represents the dry weight
(2:@and @) and moisture content (2:Band @) (n=5).

3.1.3 INTEGRATED WATER USE EFFICIENCY

The cumulative water consumption and the measured integrated water use efficiency of the
samples are shown in Table 6-2, respectively. Agronomists and crop physiologists define WUE
rather from an integrative approach, i.e. the accumulated dry matter divided by the water
used by the crop in the same period (Abbate et al.,, 2004). Comparison between
instantaneous/intrinsic (Section 3.2.5) and whole-plant values sometimes reveals a clear
relationship, but often not (Flexas et al., 2010; Medrano et al., 2015).

Both, for the apple trees and tomato plants, significant differences were observed between

the treated and control samples. This is mainly due to the higher dry weight values observed
in the treated plants.
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Table 6-2. Water use efficiency (WUE; + SE) of the apple trees and tomato plants treated with the
plant coating materials (Table 6-1) based on the produced biomass (increase of dry matter) per unit
of water transpired (accumulated water consumption, kg) (n=5).

Initial dry Final dry Increase dry Cumulated water WUEbiomass
f’eweight shoot weight shoot weight shoot consumption (g.kg?)
(8 (8) (8) (kg)

Apple
1 4.11+0.54 13.32+1.65 9.21+1.74 3.21+0.02 2.87 +0.54
2 4.11+0.54 14.32 +1.59 10.21+1.68 2.79 +0.05 3.66 + 0.61
3 4.11+0.54 13.11+1.25 9.00+1.36 3.14+0.11 2.88+0.44
4 4.11+0.54 12.86 + 0.98 8.75+1.12 2.76 + 0.07 3.18+0.41
5 4.11+0.54 13.66 + 0.98 9.55+1.12 2.88 +0.08 3.33+0.40
6 4.11+0.54 13.27 +0.30 9.16 + 0.62 2.88+0.02 3.18 +0.22
7 4.11+0.54 11.69 +1.30 7.58+1.41 3.31+0.12 2.30+0.43°
8 4.11+0.54 12.76 + 0.68 8.65 +0.87 2.92+0.15 2.99 +0.33
9 4.11+0.54 13.58 + 0.48 9.47 +0.72 3.51+0.18 2.72 +0.25°
10 4.11+0.54 12.89 +1.56 8.78 + 1.65 3.28+0.18 2.71+0.52°
11 4.11+0.54 11.76 + 1.60 7.65+1.69 2.72+0.11 2.83 +0.63°
12 4.11+0.54 11.66 +0.79 7.55+0.95 3.06 +0.16 2.49 + 0.34°
Tomato
1 0.23 +0.02 0.90 +0.11 0.67 +0.12 1.33+0.01 0.51 +0.09
2 0.23 +0.02 1.02+0.11 0.79+0.11 1.35+0.00 0.58 + 0.08
3 0.23 +0.02 0.99 +0.09 0.76 +0.09 1.35+0.01 0.56 + 0.07
4 0.23 +0.02 1.05 + 0.07 0.82 +0.07 1.21+0.01 0.68 + 0.06
5 0.23 +0.02 0.90 + 0.06 0.67 +0.06 1.29 +0.02 0.52 + 0.05
6 0.23 +0.02 1.18 +0.17 0.95+0.17 1.32+0.02 0.73+0.13
7 0.23 +0.02 0.89+0.10 0.66 +0.10 1.21+0.01 0.55 +0.08
8 0.23 +0.02 0.92 +0.07 0.69 +0.07 1.34v0.03 0.51 + 0.05
9 0.23 +0.02 0.97 +0.05 0.74 +0.05 1.35+0.01 0.55 +0.04
10 0.23 +0.02 0.92+0.14 0.69+0.14 1.28 + 0.02 0.54 +0.11
11 0.23 +0.02 0.94 +0.07 0.71 +0.07 1.30+0.03 0.55 + 0.06
12 0.23 +0.02 0.85 +0.09 0.62 +0.09 1.34+0.01 0.46 + 0.07°

2 No significant differences between sample and positive control treatments (12).

3.1.4 WATER UPTAKE LEAVES

A small indicative tests was performed in order to examine the effect of zeolites and kaolin on
plant leaves. Literature describes that zeolites and kaolin are able to reduce drought stress by
reducing water vapour losses and absorbing condensed water (Lalancette et al., 2005; Reddy,
2012). Figure 6-8 illustrates a clear effect of zeolite and kaolin use on water uptake. Leaves
treated with higher concentrations of zeolite and kaolin needed more water during the test
period. Both apple and tomato leaves showed the same trend.
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First of all, the water holding capacity is one of the main and most important properties of
zeolites (Tzia and Zorpas, 2012). The water holding capacities, obtained in Part B of Chapter 2
(Section B.3.2), illustrated that zeolites BEA (24%) and FAU (27.95%) were able to adsorb
water, this in contrast to zeolite LTA (2.21%). A resemblance between those results and the
results obtained in this chapter occurs. The leaves treated with zeolite FAU needed less water
than the leaves treated with zeolites BEA, LTA and kaolin, which may be the results of two
factors. First, zeolite FAU adsorbs more water, creating presence of water near the stomata
which can reduce transpiration. Secondly, the coverage of the leaves with zeolites can have
effects on photosynthesis what also can result in a reduced transpiration. However, all the
values obtained at each concentration did not differ significantly from each other.
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Figure 6-8. Water uptake (+ SE) of apple (A) and tomato (B) leaves treated with the non-formulated
plant coating materials, i.e. (1) BEA, (2) FAU, (3) LTA and (4) kaolin at a concentration of 0 (O0),
400 (O), 4000 (&) and 20000 (M) mg.I™ (n=4).

Subsequently, the increased water uptake can possibly be explained as an effect of detached
leaves. Injuries, as a result of detaching the leaves, induce a number of plant hormones, which
may have an effect on the stomata.

Plant water loss is tightly balanced with water uptake to maintain beneficial water status. The
most important control on water transport is the change of stomatal aperture (Kaiser and
Legner, 2007). The pores of the stomata are flanked by specialized cells, known as guard cells.
Within these guard cells, the plant hormone abscisic acid (ABA) is one of the most important
chemical signals that triggers a signaling cascade leading to stomatal closure under abiotic
conditions such as drought. Guard cell control of transpiration and water loss is strongly
associated with drought tolerance (Hopper et al., 2014).

However, sometimes it is possible that the stomata fails to close as a result of their inability
to synthesize ABA. Closure of stomata is not well correlated with the ABA content of leaves in
all plants and stomata sometimes remain open in leaves with high ABA concentrations or stay
closed or partly closed after the ABA concentration has decreased (Kramer and Boyer, 1995).
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Trejo et al. (1993) reported that ABA is rapidly metabolized in mesophyll tissue, and this
probably has contributed to the uncertainty concerning the role of ABA in stomatal closure.

However, detached leaves can also have an influence on these plant hormones and affect the
transpiration rate. Halevy (1956) found that on mild autumn days the rates of transpiration of
orange were similar for detached leaves and potted plants, but on hot, dry days rates of the
latter were 25-50% lower than the rates of detached leaves.

In this study, all tested leaves were incubated at a constant temperature of 26°C. These
conditions can be equated to hot days. Additionally, zeolites have a desiccating effect. They
are able to absorb gaseous water from the air, creating a dry environment. These conditions
can be equated to the conditions whereby Halevy (1956) observed a faster transpiration of
detached leaves, which can explain the results in this tests. The zeolite concentration will also
have an influence on the relative humidity. Therefore, an increase in zeolite concentration will
result in a decrease in humidity, which ultimately will lead to an increase in transpiration rates.

3.2 PHOTOSYNTHETIC RELATED CHARACTERISTICS
3.2.1 CARBON DIOXIDE ADSORPTION ISOTHERM

As previously described in Chapter 1, zeolites are porous materials that are able to adsorb CO;
molecules. The obtained CO; adsorption isotherms of the zeolites used in this research are
displayed in Figure 6-9. As also observed by Honghong et al. (2012), it was found that the
Langmuir equation (type | isotherm) was suitable for describing the adsorption of CO, on
zeolites. Based on this equation it is possible to determine the maximum adsorption capacity
(gm) and energy (K.). The obtained values of these constants gm and K, are presented in
Table 6-3.
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Figure 6-9. Carbon dioxide adsorption isotherms on the non-formulated zeolites BEA (®), FAU (x)
and LTA (O) at 1 bar and 20°C.
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The highest maximum adsorption capacity of CO; was obtained by zeolite FAU and decreased
in the sequence FAU > BEA > LTA. This can be explained by the higher specific surface area
(Seet) of zeolite FAU. Zeolite LTA showed a faster adsorption, what can be described by its
lower Si/Al ratio. Zeolites with a low Si/Al ratio are more polar, what results in a faster
interaction with CO, (Honghong et al., 2012).

Table 6-3. The obtained Langmuir isotherm parameters and zeolite properties of zeolites BEA, FAU

and LTA.
gm (mmol.g?) K. (kPa?) R2(-) Sget (M2.g87) Si/Al
BEA 1.4806 0.0200 0.9994 365 11.84
FAU 1.5306 0.0094 0.9979 661 15.40
LTA 0.7178 0.0800 0.9995 2 1.12

3.2.2 PHOTOSYNTHESIS LIGHT RESPONSE CURVE

Photosynthesis increases with higher CO; concentrations up to a saturation point, beyond
which photosynthesis remains constant (Schulze et al., 2005). In order to determine this
saturation point, a total of 36 light response curves were generated on apple trees and tomato
plants for all the treatments listed in Table 6-1. A representative light response curve for both
plants is shown in Figure 6-10. Apple and tomato leaf photosynthesis is of the Cs type with a
hyperbolic light response that typically saturates at 500-1000 pmol.m2.st. The light
compensation point, i.e. the light level for which the net CO; exchange is zero and respiration
equals photosynthesis, is about 15 umol.m?2.s? for both plants. The maximum mean
photosynthetic rates of apple trees and tomato plants were 8 and 6 pmol.m=2.s%, respectively.

Based on these results it was concluded that the tested apple trees and tomato plants were
in a healthy state. Good rates of photosynthesis per unit leaf area for healthy exposed apple
leaves vary from 15 pmol.m2.s in early summer to about 8 pmol.m2.s? at harvest time
(Lakso, 1994; Wiinsche et al., 1996; Greer, 2015).

Moreover, the maximum photosynthetic rate was also about 8 pmol.m2.sin healthy tomato

plants (Habermann et al., 2003). Similar results were found by Vu et al. (1986) and Machado
et al. (1994).
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Figure 6-10. The average photosynthesis light response curve of apple trees (—~ =) and tomato plants

3.2.3 LIGHT SATURATED NET PHOTOSYNTHESIS

The values of net photosynthesis (An) are summarized in Figure 6-11. A significant increase of
net photosynthetic rate was observed for the treated apple trees compared to the control.
This effect was noticed for the kaolin powder and most zeolites. However, there were no
significant differences among the zeolite/kaolin treatments. A trend towards increased
photosynthesis was noticed during the first two weeks after one treatment. Afterwards,
photosynthesis started to decrease until it reached its initial value.

In contrast with these findings, no significant differences in net photosynthetic rate were
noticed for the treated tomato plants compared to the control ones. However, a similar trend,
as observed within the apple trees, was seen. Photosynthesis was increased during the first
weeks for all sample treatments with the exception of the control, followed by a decrease
until it reached its original rate.

In order to explain these findings, the various abiotic factors that influence the photosynthesis
are taken into account. Photosynthesis responds to changes in many environmental
parameters, such as light, temperature and CO; concentrations (Schroeder et al., 2001;
Lombardozzi et al., 2012). These three main factors, also called the limiting factors, play a
crucial role on leaf level controlling the stomatal aperture (Tuzet et al., 2003; Toole and Toole,
2004; Lombardozzi et al., 2012).
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Figure 6-11. Net photosynthesis (An; + SE) of apple trees (A) and tomato plants (B) treated with the
plant coating materials (Table 6-1) as function of time. Asterisks indicate significant differences
(P <0.05) in A, between sample and control treatments at a certain time examination point. The
black line indicates the average A of the control treatments and the different colours indicate the
different measurements during 4 weeks (n=5).

Light is directly involved in the photolysis of water and excitation of chlorophyll molecules.
Indirectly, it controls stomatal movement, leading to diffusion of CO;. As light intensity
increases, photosynthesis increases up to a certain limit. At very high light intensity,
photosynthesis is inhibited due to other factors. Light intensity requirement varies with the
nature of the plant. However, photosynthesis can also increase in plants exposed to weak light
for a longer period (Sinha, 2004). This depends on the weakness of the light and the exact
exposure duration. In this research photosynthesis was measured at a constant light intensity
of 1500 umol.m2.sX. Therefore light intensity will not affect the observed results.

Additionally, temperature directly influences the rate of photosynthesis by stimulating the
rates of activity of photosynthetic enzymes and the electron transport chain. At low
temperature the rate of photosynthesis increases proportionally with the temperature until it
reaches an optimum. Higher temperatures reduce photosynthesis (Toole and Toole, 2004). An
increase in air temperature indirectly increases leaf temperature, which elevates vapour
pressure deficit (VPD) and stimulates water loss by transpiration (Schulze et al., 2005). This
can also be seen in the results displayed in Figures 6-14 and 6-15. Especially the apple trees
showed a linear relation between the air temperature and the rate of photosynthesis.
Additionally, these figures clearly point out that an increase in air temperature leads to an
increase in leaf temperature. However, a higher leaf-to-air temperature was observed for the
tomato plants.
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As long as water is not the limiting factor, plants will diminish their leaf temperature by
transpirational cooling (Salvucci and Crafts-Brandner, 2004; Damour et al., 2010). As
evaporative demand increases, stomata tend to close to reduce the rate of water loss,
resulting in reduced photosynthesis (Lloyd and Farquhar, 2008). Overall, the stomata are
regulated to maximize carbon gain and minimize water loss (Bonan, 2002). Figure 6-12
illustrates the measured transpiration rates for the apple trees and tomato plants, observed
when measuring the net photosynthesis.

RTHTTTTTY
RUITTTPITITED

Figure 6-12. Transpiration (E; + SE) of apple trees (A) and tomato plants (B) treated with the plant
coating materials (Table 6-1) as function of time. The different colours indicate the different
measurements during 4 weeks (n=>5).

For both species, the observed transpiration rates were within the range reported by Saenger
(2002). According to the latter, transpiration rates vary among species, but range from 0.5 to
6.69 mmol.m2.s1. The lower transpiration rates of the tomato plants can explain the higher
leaf-to-air temperature that was observed in Figure 6-15. For the apple trees, it can be noticed
that the transpiration rates increased when the air and leaf temperature increased. In
contrast, the tomato plants were grown at a constant temperature of 26°C, what resulted in
a constant transpiration of the leaves.

Furthermore, the transpiration rates of the apple trees showed very low values during the first
two weeks compared to the subsequent measurements. Data on relative humidity, illustrated
in Figure 6-14, confirmed a defect of the measuring device. The first three measurements of
the relative humidity were too low, indicating that something was wrong.
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Normally, higher temperatures reduce relative humidity, what leads to an increase in vapour
pressure deficit (VPD). This is also illustrated in Figures 6-14 and 6-15. Consequentially, the
stoma will tend to close what will reduce photosynthesis and transpiration. However, in some
plants, stomata remain open at high temperature even when photosynthesis is significantly
reduced and vapour pressure deficit is very high (Schulze et al., 1972; Lu et al., 2000). This
response has been documented in only a few species and is not well understood, although it
appears to be a strategy that uses transpirational cooling of the leaf to avoid or minimize heat
stress.

The density, size and degree of opening of the stomata have an impact on the rate of
photosynthesis and transpiration. This rate of passage is controlled by stomatal conductance.
Under most environmental conditions, a close correlation between photosynthesis and
stomatal conductance is expected. Stomata close to reduce water loss, resulting in reduced
photosynthesis and transpiration. Alternatively, if biochemical limitations reduce
photosynthesis, intercellular [CO2] increases, resulting in partial stomatal closure. Figure 6-13
represents the stomatal conductance for the apple trees and tomato plants, observed during
the measurement of the net photosynthesis.

0.8 [ A:Apple

0.6

A dd4 40404

hhuhdhhhanin

Figure 6-13. Stomatal conductance (gs; + SE) of apple trees (A) and tomato plants (B) treated with the

plant coating materials (Table 6-1) as function of time. The different colours indicate the different
measurements during 4 weeks (n=5).
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Figure 6-14. The ambient parameters, i.e. air temperature (Ta;), leaf temperature (Tieaf), vapour
pressure difference (VPD) and relative humidity (RH), involved during the measurements on treated
apple trees (Table 6-1). The different data points per treatment indicate the mean (+ SE) of different
measurements during 4 weeks (n=5).
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Figure 6-15. The ambient parameters, i.e. air temperature (Ta;), leaf temperature (Tieaf), vapour
pressure difference (VPD) and relative humidity (RH), involved during the measurements on treated
tomato plants (Table 6-1). The different data points per treatment indicate the mean (+ SE) of
different measurements during 4 weeks (n=>5).
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Similar patterns in stomatal conductance and net photosynthesis were observed. This linear
relation between gs and A, was also confirmed by Yu et al. (2004), who measured responses
of photosynthesis and stomatal conductance of winter wheat to changes in light intensities.
The stomatal conductance of the apple trees also showed very low values during the first two
weeks compared to the subsequent measurements. Generally seen, the apple trees and
tomato plants showed an increase in A, and gs during the first measurements. An increase of
CO2 concentration due to the adsorption of CO> molecules on the zeolites can be a possible
explanation. After a while the elevated CO. concentration reduces gs, which leads to a
decrease in An. This latter has also been observed in previous research (Medlyn et al., 2001;
Long et al., 2004; Ainsworth and long, 2005; Ainsworth and Rogers, 2007). However, the effect
of elevated CO; concentration on A, does not always match the theoretical expectations (Long
et al., 2004; Nowak et al., 2004; Ainsworth and Long, 2005; Rogers et al., 2006). The effect is
variable and subjected to environmental feedback (Ellsworth, 1999; Medlyn et al., 2001;
Gunderson et al., 2002; Wullschleger et al., 2002; Naumburg et al., 2003; Bunce, 2004; Herrick
et al., 2004; Long et al., 2004; Marchi et al., 2004; Morgan et al., 2004; Nowak et al., 2004;
Leakey et al., 2006).

A relation between stomatal conductance and transpiration was also noticed. This can be
linked to the interaction of climatic factors, i.e. temperature and relative humidity, as
discussed before. An experiment conducted with kaolin instead of zeolites showed a similar
increase in gs, Anand E of the treated leaves compared to control ones (Maletsika and Nanos,
2015).

3.2.4 CHLOROPHYLL A FLUORESCENCE

Finally, another potential limiting factor is chlorophyll content, which is qualitatively obtained
as “leaf greenness”. Emission measurements of chlorophyll fluorescence has been used as a
tool to understand the behaviour of plant growth. Water stress and cold stress in plants affect
the normal operation of photosynthesis and these can also been detected by chlorophyll
fluorescence measurements (Khanizadeh et al., 2000; Rennie et al., 2001).

The greater the value of F//Fn’, the greater the maximum efficiency of the PSII
photochemistry (Olvera-Gonzalez et al., 2013). Values obtained for the apple trees and tomato
plants varied between 0.6-0.7 and 0.4-0.5, respectively (Figure 6-16). These values indicate
that the examined apple trees and tomato plants were healthy plants without stress. Mir et
al. (1998) measured chlorophyll fluorescence from apple leaves with surface defects. For
apple leaves with COz injury, healthy regions had F,//Fm’ of approximately 0.75 and decreased
as low as 0.33 in the CO, damaged region. Loukehaich et al. (2011) found that healty regions
of tomato leaves had F,//Fn’ of approximately 0.4-0.6.
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Figure 6-16. Chlorophyll a fluorescence (F,'/Fn'; + SE) of apple trees (A) and tomato plants (B) treated
with the plant coating materials (Table 6-1) as function of time. The different colours indicate the
different measurements during 4 weeks (n=>5).
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3.2.5 GAS EXCHANGE WATER USE EFFICIENCY

As mentioned in Section 2.4.4, gas exchange WUE includes WUEinstantaneous and WUEintrinsic. The
results obtained for the apple trees and tomato plants are presented in Figure 6-17. From a
methodological viewpoint, WUEinstantaneous aNd WU Eintrinsic are similar, but WUEinstantaneous Varies
with atmospheric conditions (temperature and humidity) which affect vapour pressure deficit
(VPD). Since this is not the case for WUEintinsic, this parameter gives a better approach of WUE
(Medrano et al., 2015).

As a result of the constant difference in water vapour concentration between the leaf and the
air, transpiration and stomatal conductance are linear related (Lambers et al.,, 2008). An
improved and higher WUE can be achieved either through lower stomatal conductance and
transpiration, caused by stomatal closure, or higher photosynthetic capacity or a combination
of both (Condon et al., 2002; Ashraf and Bashir, 2003; Long et al. 2004). Therefore, the first
three data points of the apple trees were not taken into account. In Figure 6-17, it can be seen
that WUEintinsic decreases when stomatal conductance and transpiration increases and vice
versa. However, one can have a high stomatal conductance, but plant transpiration can still
be low, because incoming solar radiation and water vapour deficit are for instance reduced.
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Figure 6-17. Instantaneous water use efficiency (WUEinstantaneous OF An.E'%; + SE) and intrinsic water use efficiency (WUEintrinsic OF An.gs %; + SE) of
apple trees (A) and tomato plants (B) treated with the plant coating materials (Table 6-1) as function of time. The different data points per
treatment indicate the different measurements during 4 weeks (n=5).
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Finally, WUE of treated leaves was usually similar to control leaves, suggesting that zeolites
and kaolin did not increase water consumption without increasing CO; fixation (Chaves et al.,
2004). This effect was also observed by Maletsika and Nanos (2015), when using kaolin on
olive trees. Steiman and Bittenbender (2007) also observed that photosynthesis in kaolin
leaves was significantly greater but WUE was not.

4 CONCLUSION

In general, zeolites have some effects on plant and photosynthetic related characteristics. The
measured chlorophyll a fluorescence indicated that all tested plants were healthy and free
from stress. Plant-related characteristics including stem height and thickness were not
significantly influenced by the zeolite/kaolin treatments. Dry weight of the apple trees and
tomato plants tended to increase, but this was not significantly different from the control.
However, the increase had a positive influence on the measured integrated water use
efficiency, which significantly differs from the control. Zeolites do not increase the water
consumption of the whole plant, but increase the water uptake of individual leaves.
Photosynthetic parameters also improved in the zeolite treatments. Photosynthesis of apple
trees increased significantly, which was not the case for the tomato plants. The limiting and
ambient factors showed no striking effects.

All these effects were observed during four weeks. It is noteworthy that the overall results
increased during the first two weeks followed by a decrease during the last two weeks. This
indicates that multiple treatments of the plants are required. This will be necessary for
obtaining a better photosynthetic effect of the treated apple trees and tomato plants
compared to the control.
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Chapter 7

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

In this doctoral dissertation, a roadmap is provided towards the development of a new green
PPP based on zeolites to be used in agriculture. In Chapter 1, the theoretical work is presented.
The following five chapters present the experimental work, which investigated and connected
different aspects related to the use of zeolites in agriculture. Subsequently, the current final
chapter summarizes the main outcomes from this work and discusses the value of zeolites in
commercial practice. Next to that, future perspectives and challenges are presented.

1 GENERAL DISCUSSION
1.1 GENERAL FINDINGS OF THIS STUDY

In the following paragraphs, the main outcomes from this doctoral thesis are summarized.

Chapter 1 summarizes the existing knowledge on zeolites. Since zeolites have important
beneficial effectsonfungal diseases, insect pests and plant properties, they have the potential
to become the future green alternatives that replace conventional PPPs. In Chapter 2, a
theoretical deduction is presented describing the selection of zeolites appropriate for the use
in agriculture. As conclusion, non-phytotoxic, water-holding zeolites with high adsorption
capacities were selected. Seven different zeolite framework types were selected and further
studied. Two zeolite framework types have met these requirements, i.e. zeolite type BEA and
FAU. Additionally, a case-study was performed comparing the adsorption capacity of zeolites
compared to other adsorbents, i.e. MOFs, activated carbon and resins. It could be concluded
that activated carbon and carbonaceous resins exhibited higher adsorption capacities
compared to zeolites and MOFs. However, the high affinity of activated carbon and
carbonaceous resins for the PPPs makes regeneration of these materials difficult. Therefore,
zeolites and MOFs are attractive materials when it comes to regeneration.

Chapter 3 describes the development of two different wettable powder formulations based
on zeolite type BEA and FAU. The effect of these zeolite formulations, together with the ECO-
ZEO formulations LTA 800 SC and 850 WP, on fungal diseases, insect pests and plants was
studied in the next chapters (Chapter 4, Chapter 5 and Chapter 6).

From the results described in Chapter 4, it could be concluded that the test products had an
antifungal activity. The inhibition test showed especially good results against B. cinerea. The
disease incidence and severity assessments showed better results against V. inaequalis. Also,
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the results of the inhibition test made clear that the formulated zeolites obtained better
results, from which it could be hypothesized that the antifungal activity was mainly caused
due to adjuvants present in the formulation. This finding was confirmed by further research
in this chapter.

In Chapter 5, it was demonstrated that the zeolites had no toxic effect on T. absoluta eggs and
no repellent effect on T. absoluta females. In addition, no mortality of L. decemlineata eggs
was observed. However, some growth inhibition occurred, suggesting that the feeding
behaviour of L. decemlineata may have been affected.

Finally, in Chapter 6, the effect of zeolites on plant growth, water use efficiency and
photosynthesis was evaluated. Only the plant photosynthesis was improved. The increase in
photosynthesis was especially observed for the tested apple trees, but not for the tested
tomato plants.

1.2 KEY FINDINGS OF THIS STUDY

Based on the general findings described in the previous Section 1.1, it can be concluded that
there are three key findings in this doctoral thesis, i.e. (1) the adsorption capacity of the
different PPPs by zeolites, (2) the antifungal activity of zeolites and the adjuvants present in
formulations, and (3) the influence of zeolites on the increase of photosynthetic activity.
Subsequently, these findings will be further discussed below.

1.2.1 ADSORPTION OF DIFFERENT CROP PROTECTION PRODUCTS BY ZEOLITES

Environmental problems associated with the use of PPPs are a matter of concern because
PPPs may eventually end up in other parts of the environment, such as in soil or water. It is
estimated that only 80% of the applied PPPs reach their targeted areas (Forster, 2004). One
of the major concerns about the use of these organic compounds in agronomy and
horticulture is their ability to leach into groundwater; especially, the highly mobile PPPs are a
matter of current concern (Kalkhoff et al., 1998; Kolpin et al., 1998; Colella, 2007).

Several techniques have been developed for the removal of PPPs from water. Adsorption on
activated carbon is the most widely used technology for purification of water contaminated
by PPPs and other hazardous chemicals (De Wilde et al., 2009). However, there is an increasing
interest in the use of natural materials (Bowman et al., 2000; Ranck et al., 2005).

Based on the results in Chapter 2, zeolites proved their applicability as adsorbent for treating
waters contaminated with PPPs. Zeolites BEA and FAU obtained the best adsorption capacity,
compared with other zeolites. These results are consistent with the higher values of the
surface area, the Si/Al ratio and the pore limiting diameter of the zeolites. However, the
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mobility of the PPPs also has an influence of the adsorption rate. In general, non-ionic PPPs
are relatively less mobile than ionic PPPs, and consequently their affinity for zeolites is higher
(De Wilde et al., 2009). Therefore, not every zeolite is able to adsorb all PPPs.

When comparing the adsorption capacity of zeolites with other sorbents, such as activated
carbon, polymeric resins and metal organic frameworks, various results were obtained. The
zeolites and MOFs were able to adsorb the PPPs more rapidly in comparison with the other
adsorbents, i.e. the activated carbon and a carbonaceous resin. However, in general, the latter
showed generally the best adsorption capacities for all PPPs. Nevertheless, it should be
noticed that the adsorption tests on MOFs were carried out when the usage and synthesis of
MOFs was still very new at the lab. At this moment, new and more stable types of MOFs are
known, which would result in a better adsorption of PPPs. For example, covalent porous
crystalline polymers or COFs are new nanoporous materials. COFs are covalent porous
crystalline polymers that enable the elaborate integration of organic building blocks into an
ordered structure with atomic precision (Feng et al., 2012).

Zeolites are stable over a wide range of temperatures and acidic conditions (Anderson, 2000).
Therefore, it is not expected to have loss of material during regeneration, which is the
opposite for carbon. As a consequence, zeolites are not used only once and destroyed after
saturation, as often is the case with activated carbon. However, it should be stressed that
activated carbon is effective for adsorption of a broad range of solutes, while zeolites are
selective. Due to their selectivity, zeolites should not be regarded as a replacement for
activated carbon, but rather as an additional, dedicated adsorbent for a limited amount of
target solutes. The activated carbon can remove the high influent concentrations, while the
zeolite can remove the lower influent concentrations or concentrations that show poor
removal with activated carbon (Lenntech, 2016). This has already been proposed for the
adsorption of volatile organic compounds, but can also be applied for the removal of PPPs
from water.

1.2.2 ANTIFUNGAL ACTIVITY OF ZEOLITES OR ADJUVANTS?

The results of Chapter 4 indicate some fungicidal effect of the zeolite formulations. However,
further research confirmed that the adjuvants present in the formulations were responsible
for the observed fungicidal effect. Insecticidal and fungicidal effects of adjuvants applied in
high dosages can create a miscalculation on the activity of an active ingredient. Therefore, it
is important to measure the possible impacts of adjuvants, i.e. toxicity, activity or synergistic
effect.

Such selection tools are already widely used for active ingredients of PPPs and are called
pesticide risk indicators (PRIs). These PRIs combine a range of data of the active ingredient

(application rate data; physical, chemical and toxicological data; etc.) into a single or
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composite index for a comparative analysis of the risks posed by different PPPs (Labite et al.,
2011).

Unfortunately, there is no legislation for adjuvants. The EU regulation (EC) N, 1107/2009
states that it is required that the names and amounts of active ingredients, safeners and
synergists be made public. Adjuvants do not fall into either one of these categories, and are
thus exempt from public disclosure (Beck et al., 2012). This regulation, concerning the placing
of PPPs on the market, has resulted in the withdrawal of many active ingredients. Since this is
not the case for the adjuvants, some commercial products can also be toxic, regardless the
active ingredient (Beck et al., 2012). These miscalculations on activity and toxicity of adjuvants
have already been occurred.

For example, organosilicones may show insecticidal activity to several pests, however, the
mechanism that causes the toxicity to insects and mites has not been adequately determined.
The adjuvant Silwet L-77 has been reported to be effective against insects. Silwet L-77 alone
was toxic to young Diaphorina citri (Hemiptera: Psyllidae) nymphs and increased the toxicity
of imidacloprid and abamectin at lower-than-label rates. The adjuvant Kinetic also showed
toxicity against D. citri, but less compared to Silwet L-77 (Srinivasan et al., 2008; Cocco and
Hoy, 2008). Subsequently, naphthalene derivatives were found to have potent antibacterial
and antifungal activity (Rokade and Sayyed, 2009).

Nevertheless, these insecticidal and fungicidal effects of the adjuvants are not the biggest
concern. This in contrast with the possible toxic effects of some adjuvants. A well-known
example is the commercial product Roundup. Glyphosate is still generally hypothesized to be
the active ingredient for non-target side effects in Roundup. This may be related to adjuvants
in formulation, which are more and more considered as responsible for glyphosate-based-
herbicide toxicity (Mesnage et al., 2010; Williams et al., 2012). This is a general question that
can arise for all PPPs. The detailed known composition of Roundup indicate that major
adjuvants are ethoxylated, such as polyethoxylated alkylamines (POEAs) (Mesnage et al.,
2013). In conclusion, PPP formulations should be studied as mixtures for toxic effects.

1.2.3 THE EFFECT OF THE INCREASE IN PHOTOSYNTHETIC ON FRUITS

It is known that zeolites are able to adsorb CO, molecules and release them slowly into the
environment (Jaramillo and Chandross, 2004; Montanari and Busca, 2008). Based on the effect
of kaolin, it was suggested that zeolites may also have beneficial effects on plants. These
effects include a better light use efficiency, growth and leaf area production, as well as a higher
photosynthesis rate. Furthermore, the water usage decreases because of a lower
transpiration rate, which further accelerates leaf development.
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The results of Chapter 6 illustrated that the zeolites were able to increase the photosynthesis
of the apple trees. Despite no other benefits were observed, the increase in photosynthesis
was an important finding. An increase in photosynthesis can also have beneficial effects on
the fruits. This effect was not studied, but will be discussed in this section.

An increase in fruit yield and fruit size was observed after treating apple trees with a kaolin-
based particle film (Glenn et al., 2002, 2005; Gindaba and Wand, 2015). Next to that, plant
photosynthesis might affect the fruit taste. In general, the concentrations of sugars and
vitamins in mature fruit are modulated by climate (temperature, sunlight, rainfall), whereas
mineral contents are closely related to soil fertility. The availability and transport of
carbohydrates from leaves to fruit determines the sugar content (Zhou et al., 2000).
Environmental factors that improve the plant’s photosynthetic capacity, and therefore sugar
metabolism, can generate sweeter fruit (Zhou et al., 2000).

Finally, sunburn of apples causes large economic losses to growers in several regions of the
world. Fruits are more susceptible to sunburn compared to leaves, mainly because they are
not endowed with efficient mechanisms of using and/or dissipating solar radiation (Jones,
1981; Blanke and Lenz, 1989). As a result, fruit surface temperature may rise to as high as 10
to 15°C higher than air temperature (Parchomchuk and Meheriuk, 1996). The positive effects
of kaolin for controlling sunburn in various fruit have recently been well documented (Glenn
et al., 2002; Le Grange et al., 2004; Melgarejo et al., 2004; Schupp et al., 2002; Wiinsche et al.,
2004). These positive effects for controlling sunburn were also observed during the ECO-ZEO
project. Experiments were carried out on two sensitive apple varieties, i.e. a high susceptible
variety (Granny Smith) and a medium susceptible variety (Golden). Zeolite 4A, as raw material
(non-formulated powder spraying), showed some efficacy similar to kaolin clay.

2 POSSIBLE IMPACT OF ZEOLITES IN AGRICULTURE ON ECONOMIC, ENVIRONMENTAL AND SOCIAL LEVEL

2.1 EcoNOMIC DIMENSION

Natural and synthetic zeolites are the key product segments of the zeolites market. Natural
zeolites accounted for over 60% share of the total zeolite volume consumed in 2014. Synthetic
zeolites are expected to be the fastest growing segment of zeolite market during the forecast
period 2014-2020. This can be attributed to the rapidly growing demand for synthetic zeolite
as a catalyst, adsorbent and detergent builder (Zion RC, 2015).

According to Zion RC (2015), the global zeolite market was valued at around USD 3.50 billion
in 2014 and is expected to reach USD 4.50 billion in 2020, growing at a compound annual
growth rate (CAGR) of around 3.5% between 2015 and 2020. In terms of volume, the global
zeolite market stood at above 3 million tons in 2014 (Figure 7-1).
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Figure 7-1. Global zeolite market from 2014-2020, indicating the consumption volume (H) and
revenue (B) (Zion RC, 2015).

Prices for natural zeolites vary with zeolite content and processing. Prices listed in ‘Industrial
minerals and rocks’ for industrial or agricultural applications were $30 to $70 per ton for
granular products up to 400 um and $50 to $120 per ton for ground material ranging from
400 um to 44 um. Quoted prices should be used only as a guideline because actual prices
depend on the terms of the contract between seller and buyer (Virta, 2001).

Based on private communication with companies specialized in zeolite production and
product formulation, the cost price of the zeolite formulations was calculated. The examples
of formulation LTA 800 SC and LTA 850 WP are demonstrated in Table 7-1 and Table 7-2. The
cost price of the other WP formulations (BEA and FAU) is similar to that of LTA 850 WP. The
calculated cost price of the zeolite formulations makes it possible to compare zeolites with a
commercial PPP. Table 7-3 illustrates a comparative performance of the cost price among the
zeolite formulations and the commercially used PPPs in agriculture. These results
demonstrated that the conventional PPPs are still cheaper to use. Of course, this depends on
the used product. The zeolite formulation may be cheaper compared to some other products,

e.g. kaolin and CpGV.

Given the limited economic advantages, it is questionable whether zeolites will substitute
conventional PPPs. A small increase in PPP cost may be a clear burden for farmers to make the
switch. However, visible residues of the zeolites on fruits or crops are often not acceptable
and additional treatments are needed, e.g. water rinsing, which will increase the production
cost. In some cases this treatment cannot be made without resulting in a depreciation of the
fruit or crop and consequently a lower sale price. Higher cost production and lower sale price
reduce the farmer’s benefit.
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Table 7-1. Cost price calculation of LTA Zeolite 800 SC.

LTA Zeolite 800 SC

For 1000 |

Product €.kg? Customs (€) Shipping (€) € Material (kg) Value (€)
Zeolit 4A FMC Foret 0.50 0.02 0.001 0.53 800.00 420
Active substance 420
MORWET D425 5.30 0.25 0.011 5.57 30.00 167
SAG 1572 13.00 0.62 0.026 13.65 0.30 4
SUPRAGIL WP 3.90 0.19 0.008 4.10 10.00 41
REAKS 88 B 5.00 0.24 0.010 5.25 10.00 53
Rhodopol 23 0.28 0.28 20.00 6
Amebact C - - - - - -
Water 0.01 - - 0.01 580.00 5
Additives 275
Scotch tape 0.57 2.0 1
box 0.35 83.34 29
Blank labels 0.01 83.3 0
Bottle HDPE 0.14 1000.0 143
Cap bottle 0.03 1 000.0 34
Label 1l 0.02 1 000.0 16
Packaging material 224
Working cost 5.00 10.0 50

Recap LTA Zeolite 800 SC
Active Substance 0.42
Additives 0.27
Packaging material - 0.22
Complete Material Cost - 0.92
Working cost 0.05
Complete Production Cost 0.97

Table 7-2. Cost price calculation of LTA Zeolite 850 WP.
LTA Zeolite 850 WP
For 1000 |

Product €.kg? Customs (€) Shipping (€) S€ Material (kg) Value (€)
Zeolit 4A FMC Foret 0.50 0.02 0.001 0.53 850.00 446
Active substance 446
PVP K-30 19.90 0.96 0.040 20.90 50.00 1045
Ultrasil VN 3 1.66 1.66 68.00 113
SOPROFOR 2.60 0.12 0.005 2.73 30.00 82
Additives 1240
Scotch tape 0.57 2.0 1
box 0.48 50.0 24
Blank labels 0.01 50.0 0
Foil 5.63 12.0 68
Packaging material 93
Working cost 5.0 10.0 50

Recap LTA Zeolite 850 WP
Active Substance 0.45
Additives 1.24
Packaging material - 0.09
Complete Material Cost - 1.78
Working cost 0.05
Complete Production Cost 1.83
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Table 7-3. Comparative performance of the total PPP cost among the zeolite formulations and the commercially used PPPs.

Total PPP cost of the active ingredients used in this study®

Active ingredient Zeolite Thiram Chlorothalonil Spinosad Kaolin

Commercial product Zeolite 800/850/920/950 SC/WP Hermosan 80 WG Daconil 50 SC Conserve ProSC  Surround WP

Formulation type SC/WP WG SC SC WP

Active ingredient contents (%) 80/85/92/95 80 50 12 95

Application method Spray Spray Spray Spray Spray

Application rate (kg product.ha?) 50-60 2.2 1.5 0.8 25-40

N, applications 4 4 2 3 4

Price (€.kg™ or €.I) 1-2 11.7 22 120.81 3.16

PPP cost per application (€.ha?) 50.00/100.00-60.00/120.00 25.74 33.00 96.65 79.00-126.40

Total PPP cost (€.ha?) 200.00/400.00-240.00/480.00 102.96 66.00 289.94 316.00-505.60
Total PPP cost of other commercially used active ingredients®

Active ingredient Metalaxyl Mancozeb Cymoxanil Fenoxycarb CpGV Copper oxychloride

Commercial product Xilug plus Mancopec 80 Curzate 60 WG Insegar Madex Top Nucop 50 WP

Formulation type WP WP WG WG EC WP

Active ingredient contents (%) 25 80 60 25 10% granuls.I? 50

Application method Spray Spray Spray Spray Spray Spray

Application rate (kg product.ha?) 1.2 3.2 0.2 0.6 0.1 4

N, applications 4 4 5 2 10 4

Price (€.kg* or €.17) 33.49 6.12 58.05 150.00 405.00 5.57

PPP cost per application (€.ha™) 40.19 19.58 11.61 90.00 40.50 22.28

Total PPP cost (€.ha) 160.75 78.34 58.05 180.00 _ 89.12

2 The colours indicate (1) a lower cost price (@) to those of the zeolite formulations (O), (2) a cost price similar (3) to those of the zeolite formulations and (3)
a higher cost price (m) to those of the zeolite formulations.
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2.2 ENVIRONMENTAL DIMENSION

According to the EU directive 67/548/EEC and Regulation (EC) N, 1272/2008, the used zeolites
in this study are not considered to be dangerous for the environment. However, zeolites have
a low solubility in water, what constitutes a transport pathway into the sediment. Additionally,
inorganic compounds such as zeolites are not biodegradable. Subsequently, the application of
these formulated products at concentrations around 60 kg.ha™! to the target crop will have an
impact on the soil levels of sodium, aluminium and silicate. Consequently, the use of zeolites
can have an effect on the present soil microorganisms, predators, parasitoids and pollinators.

2.2.1 SoOIL QUALITY

The total level of any nutrient or element in soil does not necessarily translate as plant
availability and therefore, the conditions under which these elements may become plant
available and potentially toxic or harmful to the plant should be considered.

Since zeolites are composed of silica and alumina, an increased level of these minerals in soil
is expected after repeated applications. An increase of silica levels will add to the overall cation
exchange capacity (CEC) of the soil in time. However, this will depend on the soil pH and its
management, which can have a major effect on plant nutrient availability.

Whilst aluminium is not an essential element for either plants or animals, it can be
translocated into the plant where it accumulates and, at certain levels, become toxic to plant
growth. Aluminium is solubilized from silicates and oxides (non-toxic forms) to AI**, which is
phytotoxic only under conditions of low pH. In extremely acid soils, only those species adapted
to acid soils can tolerate high soil available aluminium level. In conclusion, the zeolites used in
this study are likely to be used in managed orchards, nurseries and vineyards. Consequently,
it is unlikely that very low pH conditions would be found, which would exacerbate any problem
with increasing aluminium in the soil.

Extra-framework cations, like sodium, can also influence soil quality. Sodium is also not
considered to be a plant essential element. However, excess of sodium under certain soil
conditions may cause problems to crop health. Sodic soils tend to have poor structure with
unfavourable physical properties, such as poor water infiltration and air exchange, which can
reduce plant growth.

It is expected that serial applications of the zeolite LTA formulations, which contain more
sodium compared to the other zeolites, will increase the level of sodium in the soil. Other
zeolites that do not have a high level of sodium have been used successfully in soil remediation
and as soil amendments and there is evidence that the contribution to the CEC in the soil is of
benefit.
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2.2.2 AGRO-BIODIVERSITY

Soil microorganisms are of great importance to the stability of the soil ecosystem and as such
for the adequate growth of the crop. Therefore, soil microbial activity must be considered
when assessing the environmental risks associated with new and existing agrochemicals.

Microorganisms are important to the fertility of soil as their degradation of organic matter
and pollutants add to the pool of nutrients available to higher and lower plants. ECO-ZEO had
identified two important soil nutrients, nitrogen and carbon, for eco-toxicological studies in
soil within the context of EU directive 91/414/EEC. Based on the results, no statistical
differences between the control and sample treatments were observed.

Additionally, among wild species that are important for the crop sustainability, predators,
parasitoids and pollinators are the three groups that need to be preserved in order to maintain
their ecosystem services. Predators and parasitoids of key crop pests are central elements in
plant protection for avoiding pest populations to reach damaging levels, and therefore for
reducing the amount of PPPs used in the crop. Pollinators are elements of general benefit for
both crop and non-crop plants, and it is crucial for the good health of the agro-ecosystem to
preserve their abundance and diversity. In order to evaluate the toxicity of zeolites to natural
enemies and pollinators, ECO-ZEO performed some toxicity tests.

In apple orchards, the effect of the zeolites was evaluated on the parasitoid Trichogramma
evanescens (Hymenoptera: Trichogrammatidae) and the predatory mite Amblyseius swirskii
(Acari: Phytoseiidae). For the tomato crop, the effect of zeolites was evaluated on the predator
Macrolophus pygmaeus (Heteroptera: Miridae) and the parasitoid Diglyphus isaea
(Hymenoptera: Eulophidae). Tests on the pollinator Bombus terrestris (Hymenoptera: Apidae),
are also required for product registration (Sterk et al., 2002). The results of the ECO-ZEO
project indicated that the zeolites were not toxic to natural enemies (both predators and
parasitoids) and pollinators, since it did not cause mortality to these beneficial insects.

2.3  SOCIAL DIMENSION

According to the European directive 2009/128/EC, that establishes a framework to achieve a
sustainable use of PPPs, farmers must reduce the risks and impacts of PPPs use on the
environment and human health.

Since zeolites are not considered to be dangerous according to the EC Regulation 1272/2008
and its amendments, the substitution of conventional PPPs by the zeolite formulations will
improve the working conditions of the farmers. Eye, skin and respiratory sensitization are also
significantly lower than for conventional PPPs, what reduces the risks PPP operators, workers
and bystanders.
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3  CONVERSION OF THIS POOL OF KNOWLEDGE INTO LEGALIZED INDUSTRIAL PRACTICE

One of the most important key challenges for result oriented agricultural research is to convert
science into legalized industrial practice. An overview of the different stages of innovation is
given by Technology Readiness Levels (TRLs). It should be viewed as one of several tools that
are needed to manage the progress of research and development activity within an
organization and it illustrates how a technology is near to the market.

Technology Readiness Levels measure how ready equipment is for use now in an operating
plant. The levels are a nine-point scale and based on a qualitative assessment of maturity
(Table 7-4). Each level characterizes the progress in the development of a technology, from
the idea (level 1) to the full deployment of the product in the marketplace (level 9). Of course,
innovation does not stop there, but may continue into full deployment and market diffusion,
as is clear from the dynamic theories of innovation briefly considered next (Ekins, 2009).

Table 7-4. Scientific research maturity road map to convert science into market competitive
industrial practice.

TRL Technology Readiness Level

{ 9 System proven in operational environment with competitive manufacturing
8 System complete and qualified, full industrial engineering
System prototype demonstration in operational environment

Pilot plant Technology demonstrated in industrially relevant environment

demonstration Technology validated in industrially relevant environment

Technology validated in lab

Basic scientific Experimental proof of concept

research Technology concept formulated

Basic principles observed

The TRLY9 is the only true valuable technical, economical and commercial proven
demonstrated research maturity level to convert science into market competitive and
legalized industrial practice. At this level, the elevated risks are truly identified, eliminated
and/or minimized during the scale up process.

In general, the synthetic and natural zeolite types are rather well researched and have a large
number of publications. However, innovative formulations and combinations would be of high
interest in the agriculture, whereas end-users interest can only be raised if matured research
at higher TRL levels is reached. At the end of this study, a TRL level around 4 was reached.
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4  FUTURE RESEARCH
4.1 A GENERAL PURPOSE

Despite the possible adverse effects on soil quality, zeolites are environmentally friendly and
sustainable products for agriculture and no negative effects were observed against natural
enemies. The overwhelming advantage of zeolites is that its mode of action is unlikely to suffer
resistance as the mechanism is physical rather than chemical. And although the control is by
no means excellent, zeolites may well deserve a place as part of an integrated control system
particularly in early stages of the fruit or crop development. In this way, the farmer has to use
less chemical products, what makes the harvested products healthier for food consumption.
The farmer will also have an additional protection against sunburn, resulting in fewer losses
through damaged fruit.

Although the development of a PPP based on zeolites could be a big step forward in the view
of a more sustainable agriculture, there are still many fiels for improvement and additional
research is required.

First of all, the main difference between the use of zeolite formulations and other PPPs is the
difference in application rate. Most PPPs are applied at rates between 1 and 5 kg.ha,
whereas zeolite formulations will be applied around 60 kg.ha. This is a major disadvantage
from the commercial point of view. The extra costs and inconvenience to the farmer in using
a product with such high application rates are considerable and will make zeolites the least
desirable of competing products. Ideally, a study should aim at reducing that high application
rate. A possibility is to apply other compounds that generate some synergistic effects.

Another interesting topic for further investigation is the formulation of the zeolites. In this
study, the used formulation type has both advantages and disadvantages. A first disadvantage
is the fact thatitis a ‘dust’, which makes it not the most appropriate formulation to work with.
Secondly, the formulation is insoluble in water and it is difficult to keep the product in
suspension. Notwithstanding, easy storage and transporting of a powder formulation is an
advantage. Nevertheless, the used formulations in this study and in the ECO-ZEO project
should first be adapted to the results obtained by the physico-chemical experiments.

One of the main challenges is to obtain a good coverage and equal distribution of the zeolites
onto the plant leaves. Next, the zeolite formulations are not rainfast, which is also a
disadvantage compared to chemical products. Despite the fact that the WP formulation
obtained the best results compared to the other formulation types, all evaluated properties
could and should be improved before using them in further experiments.
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Additionally, the used zeolite formulations are rather contact products instead of systemic
products. The benefit of this mode of action is that the product will not be present inside the
fruit. However, the zeolite formulations will leave a visible deposit on the fruit and crops. Most
consumers will interpret the deposit to be a chemical PPP and therefore poisonous. This
misunderstanding will be very ingrained and will put off many people from buying these
products. It is something unknown, something new, and people tend to follow their familiar
habits. Consequently, the farmer has to wash the fruits, which will eventually lead to an
increased cost. Further research should be dedicated to solve this visual problem after
applying the zeolite formulations, e.g. develop a special kind of product for cleaning fruits
before harvest.

The mode of action of the tested products only relied on the zeolite properties. The use of
synthetic compounds that might induce a symbiotic or slow release effect was not considered.
Combining of zeolites and synthetic compounds could allow low dose rates, which reduces
the PPP’s load.

Although there is a market for organic products, there is an even bigger one for synthetic
compounds that work at low concentrations of a few kg.ha*. An EU-wide study could work
out a screening using fungal and arthropod species and test different materials for instance
natural zeolites, clays and bio-char with effective co-formulates. When it would be possible to
develop a product with outstanding efficacy, the existing problems might be tolerated.

Finally, the use of zeolites as slow-release media of organic compounds, chemical PPPs,
pheromones, etc. can be very interesting research topic. Next to that, the zeolites may also
be chemically modified, which can be another research topic.

Nevertheless, it will be difficult to convince farmers to apply the zeolites. One application
requires a high amount of product and the above described threats make it easier for the
farmer to apply the well-known chemical products. It is not easy to compete with other
farmers these days. The use and effect of zeolite products is still not known, which makes the
farmers uncertain/reserved to use this product. A lot of marketing will be needed to convince
the farmers.
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4.2 A SPECIFIC PURPOSE
4.2.1 EFFECT OF ZEOLITES AGAINST LEAF SUCKING SOFT-BODIED INSECTS

Zeolites are based on interference with visual cues and physical interference, which keep
insect pests from reaching their hosts by means of a barrier or trap (Boiteau et al., 2014).
According to their mode of action, zeolites can be classified as contact poisons and repellents,
what makes them able to control any insect, i.e. chewing insects as well as sucking insects
(Reiley and Shry, 2002).

The modes of action of zeolites were derived from the known modes of action of kaolin, which
is commercially used in agriculture as Surround WP. One of the first modes of action of particle
films in general, and in particular Surround WP, is host camouflaging, i.e. making plants
unrecognizable for their enemies. By camouflaging, Surround WP reduces pest oviposition and
the overall pest population in the microclimate of the plant foliage (Glenn and Puterka, 2005).
Additionally, the particle layer on the leaf surface interferes with the insect’s feeding
behaviour and affect egg laying by hindering their anchorage on the leaf surface. It was also
found that the small particles attach to the insects, which irritates and repels them from the
crop. This results in a lower egg laying of the surviving insects. Subsequently it was found that
the body and wings of some adults became soiled, making the insects less mobile and
preventing them from reaching the laying site (host location) on plants. The insects became
less vital, because they lost much energy in order to try to remove the particles from their
body and eventually starve (Glenn and Puterka, 2005).

In this PhD thesis the effect of zeolites was examined on eggs and larvae of hard-bodied
chewing insects. However, the mode of action of kaolin is mainly focused on adults. That is
why it is important that future research will investigate the effect of zeolites on adults over a
prolonged period of time.

Subsequently, only hard-bodied insects were taken into account in this thesis. Despite the fact
that the experiments were performed on larvae, which are soft-bodied, it will be important to
take along soft-bodied insects in further testing. This will especially be important when
applying adult insects. Because the exoskeleton of the soft-bodied insects is not as robust as
with hard-bodied insects, it is thought that zeolites would tear microscopic holes in surfaces
of soft-bodied insects, and would slice between the exoskeleton plates of hard-bodied insects.
In hot, dry weather the injured insects rapidly dehydrate and die (McPartland et al., 2000).
Soft-bodied insects that are easily to rear are aphids (Hemiptera: Aphidoidea). These species
were also suppressed by the use of kaolin (Alavo and Abagli, 2011).
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Finally, only chewing insects were taken into account in this thesis. It was thought that zeolites
could have more effect on chewing insects, because of their possible abrasive effects on the
insect’s mandibles. However, future tests also have to take into account a leaf sucking insect
in order to get a clear overview about the mode of action of the zeolites. For example, kaolin
is very effective against the leaf sucking insect pear Psylla Cacopsylla pyricola (Hemiptera:
Psyllidae). The psylla do not like to lay their eggs on sprayed trees, and the coating also irritates
psylla nymphs. These nymphs secrete a sticky substance, known as honeydew, as they feed.
The pear psylla nymphs pass through five instars, four of which are almost completely encased
in honeydew (Bradley et al., 2009; Civolani, 2012). However, zeolites can have a desiccating
effect on this substance, which can cause death.

4.2.2 EFFECT OF ZEOLITES ON SUNBURN

A very interesting topic for further investigation is the effect of zeolites on sunburn. While
sunlight is essential for the health of all crops, excessive sunlight and heat can take a heavy
toll on fruits, increasing stress on trees and reducing fruit quality and quantity (Omri, 2004).

The primary cause of solar injury is excessive heat damage. However, research in other crops
suggests that ultraviolet radiation (UV) may also contribute to the solar injury. Ultraviolet
radiation is required for synthesis of anthocyanin in apple, however, excessive environmental
UV may be harmful to the plant (Glenn et al., 2002). The temperature of the sun-exposed fruit
surface of apples is often 10 to 18°C higher than the maximum shaded air temperature. As a
general guide, sunburn of apples can occur when shaded air temperatures are above 30°C and
fruit surface temperatures are above 45°C (Schrader et al., 2003).

As described in Chapter 1, kaolin provides a proven solution to these environmental factors
that affect apple orchards, which results in a higher-quality and more-marketable fruits.
Figure 7-2 gives an example of thermal infrared images of apples with and without a reflective
kaolin particle film. It can be seen that the treated apple was 4°C cooler than the control at
the hot spot (39°C versus 43°C) (Volker, 2014). Based on this information, it can be deduced
that zeolites are also able to reduce heat stress and sunburn on several crops. However,
further research is needed in order to verify this statement and whether the existing method
can be optimized.
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Figure 7-2. Thermal infrared images of apples with and without a reflective kaolin particle film
(Volker, 2014).

4.2.3 EFFECT OF ZEOLITES ON ULTRAVIOLET SENSITIVE PLANT PROTECTION PRODUCTS

It is known that sunlight may cause UV degradation of PPPs. Many investigators have focused
on this effect, in order to use UV radiations as a photochemical treatment to break down these
PPP molecules (Kundua et al., 2005). However, sunlight photodegradation is one of the most
destructive pathways for PPPs after their release into the environment.

In function of the efficacy of PPPs, it is important that they do not photodegrade during the
time they are exercising their biocidal activity. On the other hand, for environmental
considerations it is important that they can eventually be converted to innocuous, and
preferable mineral, photoproducts (Burrows et al., 2002).

As mentioned in this PhD thesis, zeolites may be able to protect plants against these UV
radiations in function of heat stress and sunburn. Therefore, these zeolites may also be able
to protect PPPs applied on crops against early photodegradation. This effect will have some
important benefits. Firstly, an increase in photostability of PPPs on crops will reduce the
application frequencies or application rates of PPPs. Secondly, less photoproducts will be
formed that can accumulate on the crops and can cause potential harm (Burrows et al., 2002;
Andreu and Pico, 2004; Virag et al., 2007; Eyheraguibel et al., 2009).
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Indicative studies were performed with zeolite FAU and bentazon, which is subject to a fast
photodegradation (Eyheraguibel et al., 2009). After 1 hour exposure to UV radiation, 99% of
the technical grade bentazon dissolved in water was decomposed, while adsorbed on zeolites
the decomposition of bentazone was about 9%. Despite some effects of zeolites on
photostability were already noticed by other researchers, the obtained result is very
interesting in view of further research topics (Sopkova and Janokova, 1998; Kvachantiradze et
al., 1999).

4.2.4 EFFECT OF ZEOLITES AS SLOW RELEASE AGENT

Based on the results of the adsorption tests, described in Part C of Chapter 2, it was noticed
that zeolites were not able to compete with activated carbon for the removal of PPPs from
contaminated water. Nevertheless, the zeolites obtained good adsorption results. For this
reason, the adsorption of PPPs on zeolites may perhaps be applied in a different way, i.e. as
slow release carriers.

Zeolites as slow release carrier for pesticides can have benefits, such as the extension of PPP
residual activity and the reduction of (1) PPP application rates, (2) PPP levels in the
environment and (3) PPP toxicity (Dasgupta and Roberts, 1991).

As mentioned in Chapter 1, zeolites are already used as slow release carriers. However,
regardless to the use of zeolites as slow release fertilizers, zeolites are not widely used as slow
release PPPs in agriculture. A lot of research is still needed before this can be changed.

It would be very useful to investigate the use of zeolites as carrier for biopesticides, i.e.
pheromones, plant extracts and biological products in particular. Additionally, taken into
account the beneficial effects of zeolites as plant protection agent, the use of zeolites as
carrier might also induce some synergistic effects, which makes this topic incredibly
provocative.

4.2.5 THE USE OF METAL-ORGANIC FRAMEWORKS

Twinty years have passed since the term “metal-organic framework” (MOF) first appeared in
the literature (Yaghi and Li, 1995). The nanoporosity and incredibly high surface area of this
material (> 3000 m2.g7%) initiated a new field of supramolecular chemistry. MOFs possess
unique properties among the various classes of microporous and mesoporous materials,
creating interest for an unprecedented range of applications. A small number of MOFs and
related materials, such as zeolite imidazolate frameworks (ZIFs), are now available
commercially, although only as specialty chemicals (Meek et al., 2011).
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It has to be said that MOFs are a rapidly growing class of nanoporous materials. In 2005,
another family of highly accessible porous materials, based on the effective assembly of
different specific builders, has emerged. These solids are formed by the covalent combination
of rigid and stable organic builders to construct novel robust porous covalent organic
frameworks (COFs) (Coté et al., 2005). COFs are covalent porous crystalline polymers that
enable the elaborate integration of organic building blocks into an ordered structure with
atomic precision.

Within this important group of organic materials, those based on exclusively aromatic builder
units, named as porous aromatic frameworks (PAFs), are especially remarkable and are still
more robust and stable than conventional COFs or even MOFs, maintaining intrinsic electron
rich structure, capability to be functionalized and high porosity (Diaz and Corma, 2016).

These COFs and, in particular, their sub-group based on PAFs are an interesting and emergent
materials family with many possibilities in different application fields, such as those more
conventional for porous materials (adsorption, separation or catalysis) and those related with
sensor, photo-luminescence and optoelectronic, where advanced electron donor-acceptor
structures are necessary (Diaz and Corma, 2016). For these reasons it can be very interesting
to do further research on this topic. Their unique features, such as highly flexible molecular
design, permanent porosity, and controllable pore size, and the diversity of available building
blocks promise that this field, although currently in its infant stages, will grow into a rich and
broad area of great importance (Feng et al., 2012). Unfortunately, the production time and
costs of these materials remain a major drawback to use them on a large scale. This is an
important difference with respect to the production of activated carbon and zeolites.

However, in function of this PhD thesis MOFs were used in order to adsorb PPPs. Based on the
results, the selected MOFs were probably not the most appropriate materials to adsorb the
PPPs. At this moment, new and more stable types of MOFs are present, which would result in
a better adsorption of PPPs. For example, Basolite Z1200, a zinc based MOF, is found to be
very efficient to adsorb PPP Mecroprop from aqueous solution (Bansal et al.,, 2013).
Subsequently, zirconium based MOFs of UiO-67 have also been successfully developed as
novel adsorbents for the efficient removal of organophosphorus PPPs from aqueous solution
(Zhu et al., 2015). These observations indicate that it is important to do research on MOFs,
because existing MOFs can also be improved and new MOFs can also be developed in function
of PPP adsorption.
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5 FINAL CONCLUSION

Fruits and vegetables are produced in numerous countries and regions with contrasting
climates. Due to the current climate change, which is already very noticeable, farmers will be
eventually forced to either change their crops or apply new practices. Therefore, it becomes
very important to anticipate this evolution in research programs.

The goal of this research, together with the ECO-ZEO project, was to develop a new green crop
protection product. However, based on the obtained results, it is not possible to develop one
final product that suits all purposes. Despite some beneficial effects that were obtained in
terms of PPP adsorption, fungicidal growth-inhibtion and photosynthesis, these results were
not comparable with the effects of the already used commercial PPPs. Additionally, the limited
economic advantages together with some disadvantages for the farmer when using these
zeolites, i.e. high application rates, visible deposits on fruits and crops and possible toxic
effects on soil quality, will deter the farmers to use zeolites as a PPP.

Nevertheless, the favourable environmental performance of the zeolites and the potential for

upscaling in EU-countries and beyond, would make zeolites a product which is worth to be
further explored.
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ZEOLITE STRUCTURE
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Figure A-1. Secondary building units and their symbols (Baerlocher et al., 2007).
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Figure A-2. Some chains that recur in several framework types (McCusker and Baerlocher, 2005).
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channal wall in AF

channel wall in CAN 4 62 sheet or net

Figure A-3. Two types of channel walls composed of 6-rings (left) and the GIS 4.8% sheet (right)
(McCusker and Baerlocher, 2005).
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Figure A-4. Some subunits and cages/cavities that recur in several framework types (McCusker and
Baerlocher, 2005).
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THEORETICAL SELECTION OF ZEOLITES

Table B-1. Natural (green) and synthetic (black) zeolite framework types (FTC).

FTC Material name Year FTC Material name Year
1 ABW Li-A(BW) 1978 24 ATO AIPO-31 1992
2 ACO ACP-1 1998 25 ATS MAPO-36 1992
3 AEI AIPO-18 1992 26 ATT AIPO-12-TAMU 1987
4 AEL AIPO-11 1987 27 ATV AIPO-25 1992
5 AEN AIPO-EN3 1999 28 AVL ZnAlPO-59 2014
6 AET AIPO-8 1992 29 AWO AlIPO-21 1998
7 AFG Afghanite 1978 30 AWW AlIPO-22 1992
8 AFI AIPO-5 1987 31 BCT Mg-BCCT 2001
9 AFN AlIPO-14 1998 32
10 AFO AlIPO-41 1992 33 BEC FOS-5 2001

(Beta polymorph C)
11 AFR SAPO-40 1992 34
12 AFS MAPSO-46 1987 35 BOF UCSB-15 2008
13 AFT AIPO-52 1992 36
14 AFV ZnAIPO-57 2014 37 BOZ Be-10 2012
15 AFX SAPO-56 1994 38 BPH Beryllophosphate-H 1992
16 AFY CoAPO-50 1987 39
17 AHT AIPO-H2 1994 40 BSV UCSB-7 2008
18 41 CAN Cancrinite 1978
19 APC AIPO-C 1987 42 CAS Cesium 1992
Aluminosilicate
(Araki)
20 APD AIPO-D 1987 43 CDO CDS-1 2004
21 AST AIPO-16 1987 44 CFI CIT-5 1998
22 ASV ASU-7 2000 45 CGF Cobalt-Galiium- 1996
Phosphate-5

23 ATN MAPO-39 1992
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Table B-1. Natural (green) and synthetic (black) zeolite framework types (FTC) (continued).

FTC Material name Year FTC Material name Year

46 CGS Cobalt-Gallium- 1997 76 GIU Giuseppettite 2004
Phosphate-6
a7 77
48 78
49 -CLO Cloverite 1992 79
50 CON CIT-1 1994 80
51 Ccsv CIT-7 2015 81 IFO ITQ-51 2013
52 czp Chiral 1996 82 IFR ITQ-4 1997
Zincophosphate
53 83 -IFU ITQ-54 2015
54 DDR Deca-Dodecasil-3R 1987 84 IFW ITQ-52 2014
55 DFO DAF-1 1993 85 IFY ITQ-50 2014
56 DFT DAF-2 1998 86 IHW ITQ-32 2006
57 DOH Dodecasil-1H 1987 87 IMF IM-5 2007
58 DON UTD-1F 1999 88 IRN ITQ-49 2014
59 89 IRR ITQ-44 2011
60 90 -IRY ITQ-40 2014
61 EEI SSz-45 2014 91 ISV ITQ-7 1999
62 EMT EMC-2 1992 92 ITE ITQ-3 1997
63 93 ITG ITQ-38 2014
64 94 ITH ITQ-13 2003
65 95 -ITN ITQ-39 2014
66 ESV ERS-7 1998 96 ITR ITQ-34 2009
67 ETR ECR-34 2004 97 ITT ITQ-33 2013
68 EUO EU-1 1987 98 -ITVv ITQ-37 2011
69 -EWT EMM-23 2015 99 TW ITQ-12 2003
70 EZT EMM-3 2006 100 IWR ITQ-24 2004
71 FAR Farneseite 2006 101 Ivw ITQ-27 2006
72 102 IWS ITQ-26 2008
73 103 IWW ITQ-22 2003
74 FRA Franzinite 2000 104 JBW Na-J 1992
(Barrer & White)

75
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Table B-1. Natural (green) and synthetic (black) zeolite framework types (FTC) (continued).

FTC Material name Year FTC Material name Year
105  INT JU-92 2015 136 MSE MCM-68 2006
106 JOz LSJ-10 2012 137 MSO MCM-61 1999
107 JRY CoAPO-CJ40 2009 138 MTF MCM-35 1999
108 SN CoAPO-CJ69 2012 139 MTN ZSM-39 1987
109 ISR JU-64 2013 140 MTT ZSM-23 1987
110  JST GaGeO-CJ63 2011 141 MTW ZSM-12 1987
111 JISW CoAPO-CJ62 2012 142 MVY MCM-70 2010
112 KFI ZK-5 1978 143 MWEF PST-6 2015
113 144 MWW MCM-22 1997
114 145
115 LIO Liottite 1978 146
116  -LIT Lithosite 2005 147
117  LOS Losod 1978 148 NON Nonasil 1987
118 149 NPO Oxonitridophosphate-1 2004
119 LTA Linde Type A 1978 150 NPT Oxonitridophosphate-2 2011
120 LTF Lz-135 2009 151 NSl Nu-6(2) 2005
121 LTJ Linde Type ) 2011 152 OBW OSB-2 2004
122 153
123 LTN Linde Type N 1987 154 OKO COK-14 2013
124 155  OSl Uio-6 1996
125 156 0SO 0SB-1 2000
126  MEI ZSM-18 1992 157
127 MEL ZSM-11 1978 158
128 MEP Melanophlogite 1987 159 PCR IPC-4 2012
129 160
130 161 PON IST-1 2004
131 MFS ZSM-57 1992 162  POS PKU-16 2014
132 163 PSI PST-6 2015
133 164 PUN PKU-9 2010
134 MOZ ZSM-10 2006 165
135 MRE ZSM-48 2008 166
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Table B-1. Natural (green) and synthetic (black) zeolite framework types (FTC) (continued).

FTC Material name Year FTC Material name Year
167 RRO RUB-41 2004 198 SSF SSZ-65 2008
168 RSN RUB-17 1994 199 -SSO SSz-61 2014
169 RTE RUB-3 1994 200  SSY SSZ-60 2004
170 RTH RUB-13 1994 201 STF §SZ-35 1998
171 RUT RUB-10 1994 202
172 RWR RUB-24 2004 203 STO  SSZ-31 (polymorphl) 2008
173 RWY UCR-20 2003 204  STT §SZ-23 1998
174 SAF STA-15 2010 205 STW SU-32 2008
175 SAO STA-1 1996 206 -SVR SSz-74 2008
176 SAS STA-6 2000 207 SWV SSz-77 2013
177  SAT STA-2 1997 208 SZR SUz-4 2006
178  SAV STA-7 2000 209
179 SBE UCSB-8Co 1998 210
180 SBS UCSB-6GaCo 1998 211 TOL Tounkite-like 2007

mineral

181  SBN UCSB-9 2008 212 TON Theta-1 1987
182 SBT UCSB-10GazZn 1998 213
183 SEW SS7-82 2013 214 TUN TNU-9 2006
184 SFE SS7-48 2000 215 UEI Mu-18 2002
185 SFF SSz-44 1998 216 UFI UzM-5 2003
186  SFG SSZ-58 2003 217  UOS IM-16 2009
187  SFH SSZ-53 2003 218 UoV IM-17 2014
188  SFN SSZ-59 2003 219 UOz IM-10 2004
189 SFO SSz-51 2004 220 usl IM-6 2004
190 SFS SSZ-56 2009 221 UTL IM-12 2004
191 SFV SSZ-57 2011 222 UWE Uio-28 2005
192 SFW SSZ-52 2013 223 UwWY IM-20 2011
193  SGT Sigma-2 1987 224  VET VPI-8 1995
194 SIvV SIV-7 2006 225 VFI VFI 1992
195 SOD Sodalite 1978 226 VNI VNI 1995
196  SOF SU-15 2008 227
197  SOS SU-16 2004 228
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Table B-1. Natural (green) and synthetic (black) zeolite framework types (FTC) (continued).

FTC Material name Year FTC Material name Year
229 -WEN -WEN 1987
230
231 ZON ZON 1995
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Table B-2. Composition of natural zeolites.

FTC Material name | Composition %
ANA Analcime Sodium 10.44 Na 14.08 Na O

Aluminium 12.26 Al 23.16 AlLOs
Silicon 25.51 Si 54.58 SiO,
Hydrogen 092 H 8.18 H,0
Oxygen 50.87

Ammonioleucite | Potassium 483 K 5.82 KO
Aluminium 13.33 Al 25.18 AlLO;
Silicon 27.75 Si 59.36 SiO;
Hydrogen 1.49 H
Nitrogen 5.19 N 9.65 (NH4).0
Oxygen 47.42 O

Hsianghualite Lithium 292 Li 6.29 Li,O
Calcium 25.29 Ca 35.39 CaO
Beryllium 5.69 Be 15.78 BeO
Silicon 17.72 Si 37.92 SiO;
Oxygen 40.39 O
Fluorine 799 F

Leucite Potassium 1791 K 21.58 KO
Aluminium 12.36 Al 23.36 Al,Os
Silicon 25.74 Si 55.06 SiO,
Oxygen 4399 O

Pollucite Cesium 27.98 Cs 29.66 Cs,0
Rubidium 1.20 Rb 1.31 Rb,O
Sodium 1.61 Na 2.17 Na;0
Aluminium 8.52 Al 16.10 Al,03
Silicon 20.69 Si 44.27 SiO;
Hydrogen 0.71 H 6.32 H,0
Oxygen 39.29 O

Wairakite Calcium 9.23 Ca 1291 cCaoO
Aluminium 12.42 Al 23.47 AlLOs
Silicon 25.86 Si 55.33 SiO,
Hydrogen 093 H 8.29 H,0
Oxygen 5156 O

Kirchhoffite Cesium 44.92 Cs 48.16 Cs,0
Boron 3.65 B 12.27 B.03
Silicon 19.98 Si 40.47 SiO;
Oxygen 3244 O

-270 -




APPENDIX B

Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition % %

BEA Tschernichite Sodium 0.87 Na 1.18 Na,O
Calcium 457 Ca 6.39 CaO
Aluminium 8.20 Al 15.49 Al,03
Silicon 25.59 Si 54.76 SiO;
Hydrogen 245 H 21.89 H)0
Oxygen 5832 O

BIK Bikitaite Lithium 3.40 Li 7.32 Li;,O
Aluminium 13.22 Al 24.98 Al,03
Silicon 27.52 Si 58.88 SiO;
Hydrogen 099 H 8.83 H,0
Oxygen 54.87 O

BOG Boggsite Sodium 1.25 Na 1.68 Na,O
Calcium 434 Ca 6.08 CaO
Aluminium 7.31 Al 13.81 Al,03
Silicon 28.91 Si 61.84 SiO;
Hydrogen 1.86 H 16.59 H,0
Oxygen 56.34 O

BRE Brewsterite Potassium 0.06 K 0.07 K,O
Barium 496 Ba 5.53 BaO
Strontium 9.35 Sr 11.06 SrO
Aluminium 8.36 Al 15.79 Al,03
Silicon 25.23 Si 53.98 SiO;
Hydrogen 152 H 13.54 H.0
Oxygen 50.52 O
Or Or Or
Barium 14.85 Ba 16.58 BaO
Strontium 3.16 Sr 3.74 SrO
Aluminium 7.78 Al 14.70 Al,0O;
Silicon 24.30 Si 51.99 SiO;
Hydrogen 145 H 1299 H:0
Oxygen 48.45 O
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Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition % %

CHA Chabazite Potassium 2.04 K 2.50 K,O
Sodium 0.24 Na
Calcium 2.09 Ca 2.80 CaO
Magnesium 1.78 Mg 2.85 MgO
Aluminium 8.46 Al 16.90 Al,03
Silicon 26.42 Si 56.22 SiO,
Hydrogen 211 H 18.30 H;0
Oxygen 56.86 O
Or Or Or
Potassium 219 K 2.64 KO
Strontium 8.20 Sr 9.69 SrO
Sodium 0.86 Na 1.16 Na,O
Calcium 3.75 Ca 5.25 CaO0
Aluminium 11.61 Al 21.94 Al0;
Silicon 18.92 Si 40.47 SiO,
Hydrogen 207 H 18.54 H,0
Oxygen 5239 O
Or Or Or
Potassium 465 K 5.60 K;O
Sodium 0.46 Na 0.61 Nax0O
Calcium 2.38 Ca 3.33 Cao
Magnesium 0.10 Mg 0.16 MgO
Aluminium 10.69 Al 20.20 AlLOs
Silicon 22.26 Si 47.62 SiO,
Hydrogen 240 H 21.42 H)O
Oxygen 57.07 O
Or Or Or
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APPENDIX B

FTC Material name Composition % %

CHA Chabazite Potassium 392 K 4.73 K;0
Sodium 6.83 Na 9.21 Na)0O
Strontium 0.42 Sr 0.50 SrO
Calcium 0.73 Ca 1.02 Cao
Magnesium 0.05 Mg 0.08 MgO
Aluminium 11.68 Al 22.07 AlLO;
Iron 0.05 Fe 0.07 FeO
Silicon 19.86 Si 42.50 SiO,
Hydrogen 221 H 19.75 H,0
Oxygen 5424 O
Or Or Or
Potassium 0.75 K 091 KO
Sodium 0.07 Na 0.09 Nax0
Strontium 0.25 Sr 0.30 SrO
Calcium 7.17 Ca 10.04 CaO
Magnesium 0.05 Mg 0.08 MgO
Aluminium 21.70 Si 19.33 AlLOs
Silicon 255 H 46.43 SiO,
Hydrogen 57.22 O 22.82 H,0
Oxygen

Willhendersonite | Potassium 7.43 K 8.95 KO

Calcium 7.61 Ca 10.65 CaO
Aluminium 15.38 Al 29.05 AlOs
Silicon 16.00 Si 34.24 SiO;
Hydrogen 191 H 17.11 H,0
Oxygen 5167 O

CHI Chiavennite Calcium 7.54 Ca 10.55 CaO
Manganese 10.34 Mn 13.35 MnO
Beryllium 3.39 Be 9.41 BeO
Silicon 26.42 Si 56.52 SiO;
Hydrogen 1.14 H 10.17 H0
Oxygen 51.17 O 51.17 O
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Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition % %

DAC Dachiardite Cesium 0.82 Cs 0.86 Cs,0
Potassium 201 K 242 KO
Barium 0.08 Ba 0.09 BaO
Sodium 0.54 Na 0.73 Nax0
Strontium 0.59 Sr 0.69 SrO
Calcium 3.44 Ca 4.82 CaO
Aluminium 7.31 Al 13.82 Al,03
Iron 0.06 Fe 0.09 Fe,03
Silicon 29.70 Si 63.54 SiO;
Hydrogen 141 H 12.62 H,0
Oxygen 54.04 O
Or Or Or
Potassium 153 K 1.85 K,O
Barium 0.08 Ba 0.08 BaO
Sodium 3.29 Na 4.44 Na,O
Calcium 1.17 Ca 1.64 CaO
Magnesium 0.05 Mg 0.09 MgO
Aluminium 7.25 Al 13.70 Al,0;
Iron 0.34 Fe 0.49 Fe;0s
Silicon 30.45 Si 65.14 SiO;
Hydrogen 150 H 13.38 H,0
Oxygen 5434 O

EAB Bellbergite Potassium 158 K 1.90 KO
Barium 1.28 Ba 1.43 BaO
Sodium 0.50 Na 0.67 Na,O
Strontium 6.54 Sr 7.74 SrO
Calcium 6.61 Ca 9.25 CaOo
Aluminium 15.11 Al 28.55 Al,0;
Silicon 15.73 Si 33.65 SiO;
Hydrogen 1.88 H 16.81 H,0
Oxygen 50.77 O 50.77 O

EDI Edingtonite Barium 27.05 Ba 30.21 BaO
Aluminium 10.63 Al 20.09 Al,03
Silicon 16.60 Si 35.51 SiO;
Hydrogen 159 H 14.20 H,0
Oxygen 4413 O
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Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition %

EON Direnzoite Potassium 4.02 K 4.85 K,O
Barium 0.03 Ba 0.03 BaO
Sodium 0.56 Na 0.75 Na;O
Strontium 0.06 Sr 0.07 SrO
Calcium 1.89 Ca 2.65 Cao
Magnesium 0.82 Mg 1.37 MgO
Aluminium 7.86 Al 14.86 Al,O3
Iron 0.18 Fe 0.23 FeO
Silicon 28.70 Si 61.40 SiO;
Hydrogen 158 H 14.10 H;0
Oxygen 5429 O
Or Or Or
Barium 14.85 Ba 16.58 BaO
Strontium 3.16 Sr 3.74 SrO
Aluminium 7.78 Al 14.70 Al,O3
Silicon 24.30 Si 51.99 SiO;
Hydrogen 145 H 12.99 H,0
Oxygen 4845 O 4845 O

EPI Epistilbite Calcium 6.59 Ca 9.21 CaO
Aluminium 8.87 Al 16.75 Al,0;
Silicon 27.69 Si 59.23 SiO,
Hydrogen 1.66 H 14.80 H,0
Oxygen 55.20 O

ERI Erionite Potassium 2.07 K 2.50 KO
Sodium 0.75 Na 1.01 NayO
Calcium 3.15 Ca 4.40 Cao
Magnesium 0.72 Mg 1.19 MgO
Aluminium 8.20 Al 15.50 Al,0;
Silicon 26.01 Si 55.64 SiO,
Hydrogen 2.18 H 19.44 H,0
Oxygen 56.92 O
Or Or Or
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Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition % %

ERI Erionite Potassium 2.78 K 3.35 KO
Sodium 4.57 Na 6.16 NaxO
Calcium 0.16 Ca 0.22 Cao
Magnesium 0.16 Mg 0.26 MgO
Aluminium 7.27 Al 13.73 Al,0;
Iron 0.04 Fe 0.05 FeO
Silicon 28.26 Si 60.45 SiO;
Hydrogen 1.76 H 15.77 H,0
Oxygen 55.00 O
Or Or Or
Potassium 439 K 5.28 K,O
Barium 0.09 Ba 0.10 BaO
Sodium 1.79 Na 2.42 NaxO
Calcium 1.34 Ca 1.88 CaO
Magnesium 0.05 Mg 0.08 MgO
Aluminium 7.34 Al 13.87 Al,03
Hydrogen 26.59 Si 56.88 SiO;
Oxygen 218 H 19.48 H,0

56.23 O

FAU Faujasite Sodium 2.29 Na 3.08 NaxO
Calcium 199 Ca 2.79 Cao
Magnesium 0.40 Mg 0.67 MgO
Aluminium 8.95 Al 16.92 Al,0;
Silicon 22.63 Si 48.42 SiO,
Hydrogen 3.06 H 27.33 H,0
Oxygen 60.67 O
Or Or Or
Sodium 1.13 Na 1.53 Na;O
Calcium 396 Ca 5.54 CaOo
Magnesium 0.40 Mg 0.66 MgO
Aluminium 8.88 Al 16.77 Al,03
Silicon 22.44 Si 48.01 SiO,
Hydrogen 3.03 H 27.10 H0
Oxygen 60.16 O
Or Or Or
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Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition % %

FAU Faujasite Sodium 1.15 Na 1.55 Na,O
Calcium 0.67 Ca 0.93 Cao
Magnesium 243 Mg 4.03 MgO
Aluminium 8.99 Al 16.99 Al,03
Silicon 22.74 Si 48.64 SiO,
Hydrogen 3.07 H 27.45 H.0
Oxygen 60.95 O

FER Ferrierite Potassium 1.78 K 2.15 KO
Barium 0.11 Ba 0.12 BaO
Sodium 0.49 Na 0.66 Na;O
Strontium 0.50 Sr 0.59 SrO
Calcium 0.49 Ca 0.69 CaO
Magnesium 1.88 Mg 3.12 MgO
Aluminium 7.12 Al 13.45 Al,0;
Silicon 31.22 Si 66.79 SiO;
Hydrogen 1.38 H 12.32 H,0
Oxygen 55.03 O
Or Or Or
Potassium 3.07 K 3.70 KO
Sodium 1.00 Na 1.35 Na,O
Calcium 0.21 Ca 0.30 Cao
Magnesium 0.69 Mg 1.14 MgO
Aluminium 5.16 Al 9.76 Al,0;
Silicon 3334 Si 7133 SiO,
Hydrogen 139 H 12.41 H,0
Oxygen 55.13 O
Or Or Or
Potassium 145 K 1.75 K,O
Barium 0.11 Ba 0.12 BaO
Sodium 2.70 Na 3.64 NaO
Strontium 0.10 Sr 0.12 SrO
Calcium 0.08 Ca 0.11 CaO
Magnesium 0.35 Mg 0.59 MgO
Aluminium 5.18 Al 9.78 Al,0;
Silicon 33.40 Si 71.46 SiO;
Hydrogen 139 H 12.44 H,0
Oxygen 55.24 O
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Table B-2. Composition of natural zeolites (continued).
FTC Material name | Composition % %
GIS Gismondine Calcium 11.16 Ca 15.61 CaO
Aluminium 15.02 Al 28.38 Al,O3
Silicon 15.63 Si 33.45 SiO,
Hydrogen 252 H 22.56 H,0
Oxygen 55.67 O
Amicite Potassium 1132 K 13.64 K;O
Sodium 6.66 Na 8.98 Nax0
Aluminium 15.63 Al 29.53 AlLOs
Silicon 16.27 Si 34.81 SiO;
Hydrogen 146 H 13.04 H;0
Oxygen 48.66 O
Gobbinsite Potassium 6.13 K 7.38 K;O
Sodium 4.29 Na 5.78 Na)0O
Calcium 1.79 Ca 2.51 Cao
Aluminium 12.48 Al 23.59 AlLO;
Silicon 20.96 Si 44.84 SiO,
Hydrogen 1.81 H 16.13 H,0
Oxygen 5254 O
Garronite Sodium 1.74 Na 2.35 Na)0
Calcium 7.58 Ca 10.61 CaO
Aluminium 12.25 Al 23.15 AlLO;
Silicon 21.26 Si 45.48 SiO,
Hydrogen 2.06 H 18.41 H,0
Oxygen 55.10 O
GME Gmelinite Potassium 0.21 K 0.25 K,O
Sodium 0.86 Na 1.16 NaxO
Strontium 5.68 Sr 6.71 SrO
Calcium 3.96 Ca 5.54 CaO
Aluminium 10.13 Al 19.13 AIl,0;
Silicon 22.23 Si 47.55 SiO,
Hydrogen 225 H 20.08 H,0
Oxygen 54.69 O
Or Or Or
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Table B-2. Composition of natural zeolites (continued).
FTC Material name | Composition % %
GME Gmelinite Potassium 6.25 K 7.53 KO
Sodium 1.96 Na 2.64 NaxO
Calcium 1.12 Ca 1.57 CaO
Aluminium 9.81 Al 18.53 Al,03
Silicon 23.62 Si 50.54 SiO;
Hydrogen 2.15 H 19.19 H;0
Oxygen 55.09 O
Or Or Or
Potassium 0.31 K 0.38 KO
Sodium 8.74 Na 11.79 Na,O
Calcium 0.06 Ca 0.08 CaoO
Aluminium 9.99 Al 18.88 Al;03
Silicon 23.15 Si 49.52 SiO,
Hydrogen 217 H 19.36 H;0
Oxygen 5558 O
GON Gonnardite Sodium 5.69 Na 7.67 Nax0O
Calcium 496 Ca 6.94 CaO
Aluminium 13.35 Al 25.22 AlOs
Silicon 20.84 Si 44.58 SiO,
Hydrogen 1.75 H 15.60 H,0
Oxygen 5342 O
GOO Goosecreekite Calcium 6.59 Ca 9.21 Cao
Aluminium 8.87 Al 16.75 Al,03
Silicon 27.69 Si 59.23 SiO,
Hydrogen 166 H 14.80 H,0
Oxygen 5520 O
HEU Heulandite Potassium 0.60 K 0.72 K,O
Barium 0.29 Ba 0.33 BaO
Sodium 1.03 Na 1.38 Na,O
Strontium 0.16 Sr 0.18 SrO
Calcium 5.06 Ca 7.09 CaO
Magnesium 0.01 Mg 0.01 MgO
Aluminium 8.95 Al 16.91 Al,03
Silicon 26.54 Si 56.78 SiO;
Hydrogen 1.86 H 16.59 H,0
Oxygen 5551 O
Or Or Or

-279 -



APPENDIX B

Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition % %

HEU Heulandite Potassium 0.79 K 0.95 KO
Sodium 3.36 Na 4.53 Na;O
Calcium 2.60 Ca 3.64 Cao
Aluminium 7.76 Al 14.66 Al,O3
Silicon 28.85 Si 61.73 SiO,
Hydrogen 161 H 14.37 H,0
Oxygen 55.03 O
Or Or Or
Potassium 3.24 K 3.90 KO
Barium 0.57 Ba 0.63 BaO
Sodium 0.76 Na 1.03 Na:O
Strontium 1.69 Sr 2.00 SrO
Calcium 2.27 Ca 3.17 CaO
Magnesium 0.54 Mg 0.89 MgO
Aluminium 8.45 Al 15.96 Al,0O3
Iron 1.08 Fe 1.54 Fe;0s
Silicon 25.64 Si 54.86 SiO;
Hydrogen 180 H 16.05 H,0
Oxygen 53.98 O
Or Or Or
Potassium 0.30 K 0.36 KO
Barium 0.67 Ba 0.75 BaO
Sodium 0.32 Na 0.43 Na,O
Strontium 6.39 Sr 7.55 SrO
Calcium 245 Ca 3.43 Cao
Magnesium 0.02 Mg 0.03 MgO
Aluminium 8.61 Al 16.26 Al,03
Silicon 26.26 Si 56.19 SiO;
Hydrogen 1.68 H 15.01 H)0
Oxygen 5331 O
Or Or Or
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Table B-2. Composition of natural zeolites (continued).
FTC Material name | Composition % %
HEU Heulandite Potassium 048 K 0.58 KO
Barium 11.43 Ba 12.77 BaO
Sodium 0.25 Na 0.34 NaO
Strontium 0.88 Sr 1.04 SrO
Calcium 1.89 Ca 2.64 CaO
Aluminium 8.08 Al 15.27 Al,03
Silicon 25.36 Si 54.25 SiO;
Hydrogen 147 H 13.10 H;0
Oxygen 50.15 O
Clinoptilolite Potassium 6.52 K 7.85 K;O
Sodium 0.69 Na 0.93 Na,O
Strontium 1.15 Sr 1.35 SrO
Calcium 0.06 Ca 0.08 CaO
Magnesium 0.16 Mg 0.27 MgO
Manganese 0.02 Mn 0.03 MnO
Aluminium 6.22 Al 11.74 Al,03
Iron 0.06 Fe 0.08 FeO
Silicon 29.15 Si 62.37 SiO;
Hydrogen 171 H 15.28 H.0
Oxygen 54.27 O
Or Or Or
Potassium 1.89 K 2.28 KO
Barium 0.46 Ba 0.51 BaO
Sodium 3.21 Na 4.33 Na,O
Calcium 0.90 Ca 1.27 CaO
Manganese 0.02 Mn 0.03 MnO
Aluminium 6.60 Al 12.46 Al,03
Iron 0.39 Fe 0.08 FeO
0.47 Fe;0;
Silicon 30.32 Si 64.87 SiO;
Hydrogen 152 H 13.59 H,0
Oxygen 5468 O
Or Or Or
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Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition % %

HEU Clinoptilolite Potassium 150 K 1.80 K,O
Sodium 1.48 Na 1.99 Na,O
Calcium 2.78 Ca 3.89 CaO
Magnesium 0.15 Mg 0.25 MgO
Aluminium 6.61 Al 12.49 Al,03
Silicon 29.91 Si 63.98 SiO;
Hydrogen 174 H 15.57 H,0
Oxygen 5584 O

LAU Laumontite Calcium 8.52 Ca 11.92 CaO
Aluminium 11.47 Al 21.67 AlLO;
Silicon 23.88 Si 51.09 SiO;
Hydrogen 171 H 15.32 H;0
Oxygen 54.42

LEV Levyne Potassium 0.52 K 0.63 KO
Sodium 0.99 Na 1.34 NayO
Calcium 7.26 Ca 10.16 CaO
Aluminium 11.30 Al 21.35 AlLOs
Silicon 21.79 Si 46.61 SiO;
Hydrogen 223 H 19.92 H,0
Oxygen 5591 O
Or Or Or
Potassium 0.96 K 1.16 KO
Sodium 5.73 Na 7.72 NayO
Calcium 232 Ca 3.24 Cao
Magnesium 0.13 Mg 0.21 MgO
Aluminium 11.09 Al 20.95 AlOs
Silicon 21.35 Si 45.67 SiO;
Hydrogen 236 H 21.05 H0
Oxygen 56.08 O
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Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition % %

Lov Lovdarite Potassium 5.28 K 6.36 KO
Barium 0.19 Ba 0.21 BaO
Sodium 11.27 Na 15.19 Na,O
Calcium 0.36 Ca 0.50 CaO
Magnesium 0.03 Mg 0.05 MgO
Titanium 0.07 Ti 0.11 TiO;
Beryllium 2,53 Be 7.01 BeO
Aluminium 0.96 Al 1.81 Al,03
Iron 0.08 Fe 0.11 Fe.0s
Silicon 26.67 Si 57.06 SiO;
Phosphorus 004 P 0.10 P,05
Hydrogen 1.28 H 11.46 H,O
Oxygen 51.26 O

LTL Perlialite Potassium 10.33 K 1245 K,O
Aluminium 10.70 Al 20.21 AlL0O;
Thallium 6.75 TI 7.54 TI,0;
Silicon 22.27 Si 47.63 SiO;
Hydrogen 133 H 11.90 H0
Oxygen 48,62 O

MAR Maricopaite Calcium 1.73 Ca 242 Cao
Aluminium 6.15 Al 11.62 Al,O3
Silicon 20.09 Si 42.98 SiO;
Hydrogen 126 H 11.26 H,O0
Lead 29.32 Pb 31.58 PbO
Oxygen 41.44

MAZ Mazzite Potassium 2.65 K 3.19 KO
Calcium 2.00 Ca 2.80 CaOo
Magnesium 1.73 Mg 2.87 MgO
Aluminium 9.42 Al 17.79 Al,03
Silicon 26.50 Si 56.70 SiO;
Hydrogen 1.87 H 16.68 H,0
Oxygen 55.84 O
Or Or Or
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Table B-2. Composition of natural zeolites (continued).

FTC Material name Composition % %

MAZ Mazzite Potassium 0.03 K 0.03 K0
Barium 0.14 Ba 0.16 BaO
Sodium 5.99 Na 8.07 Nax0O
Calcium 0.12 Ca 0.17 CaO
Magnesium 0.13 Mg 0.22 MgO
Aluminium 7.59 Al 14.35 Al,03
Iron 0.46 Fe 0.60 FeO
Silicon 26.94 Si 57.64 SiO,
Hydrogen 209 H 18.70 H,0
Oxygen 56.49 O

MER Merlinoite Potassium 6.25 K 7.53 KO
Barium 2.09 Ba 2.34 BaO
Sodium 0.53 Na 0.71 NaO
Calcium 2.29 Ca 3.20 CaoO
Aluminium 9.56 Al 18.06 Al,03
Iron 0.43 Fe 0.55 FeO
Silicon 24.28 Si 51.95 SiO;
Hydrogen 174 H 15.58 H.0
Oxygen 5283 O

MFI Mutinaite Sodium 0.98 Na 1.32 Na,O
Calcium 2.27 Ca 3.17 Cao
Aluminium 4.20 Al 7.94 Al;,03
Silicon 33.78 Si 72.28 SiO,
Hydrogen 1.71 H 15.30 H;0
Oxygen 57.06

MON Montesommaite | Potassium 13.82 K 16.65 KO
Sodium 0.19 Na 0.25 Nax0
Aluminium 10.42 Al 19.69 Al,03
Silicon 26.09 Si 55.80 SiO,
Hydrogen 0.83 H 7.40 H,0
Oxygen 48.66 O

MOR Mordenite Potassium 0.45 K 0.54 KO
Sodium 2.89 Na 3.90 NaxO
Calcium 2.29 Ca 3.21 CaOo
Aluminium 6.79 Al 12.83 Al,03
Silicon 3149 Si 67.36 SiO;
Hydrogen 136 H 12.16 H,0
Oxygen 5473 O
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Table B-2. Composition of natural zeolites (continued).
FTC Material name | Composition %
NAB Nabesite Sodium 10.27 Na 13.84 Na,O
Beryllium 2.30 Be 6.38 BeO
Silicon 28.67 Si 61.34 SiO;
Hydrogen 201 H 17.93 H,0
Oxygen 56.76 O
NAT Natrolite Sodium 12.09 Na 16.30 NaxO
Aluminium 14.19 Al 26.82 AlOs
Silicon 22.16 Si 47.41 SiO,
Hydrogen 1.06 H 9.48 H,0
Oxygen 5049 O
Mesolite Sodium 3.95 Na 5.32 Na)O
Calcium 6.88 Ca 9.63 CaOo
Aluminium 13.90 Al 26.26 Al,0s
Silicon 21.70 Si 46.42 SiO,
Hydrogen 138 H 12.37 H,0
52.19 O
Oxygen
Scolecite Calcium 10.22 Ca 14.29 Cao
Aluminium 13.75 Al 25.99  ALOs
Silicon 21.48 Si 45.94 S0,
Hydrogen 154 H 13.78 H0
Oxygen 53.01 O
NES Gottardiite Sodium 0.68 Na 0.91 Na,O
Calcium 197 Ca 2.76 Cao
Magnesium 0.72 Mg 1.19 MgO
Aluminium 5.04 Al 9.53 Al,0;
Silicon 32.32 Si 69.14 SiO,
Hydrogen 1.84 H 16.48 H,0
Oxygen 5743 O
OFF Offretite Potassium 296 K 3.56 KO
Calcium 3.03 Ca 4.24 Cao
Magnesium 1.17 Mg 1.94 MgO
Aluminium 9.65 Al 18.24 Al,0;
Silicon 24.73 Si 52.90 SiO;
Hydrogen 211 H 18.84 H,0
Oxygen 56.35 O
PAR Partheite Calcium 1240 Ca 17.35 CaO
Aluminium 16.69 Al 31.54 AlLO;
Silicon 17.38 Si 37.18 SiO,
Hydrogen 156 H 13.93 H,0
Oxygen 5197 O
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Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition % %

PAU Paulingite Potassium 3.06 K 3.69 KO
Barium 0.40 Ba 0.45 BaO
Sodium 0.58 Na 0.78 Na;O
Calcium 435 Ca 6.08 CaOo
Aluminium 8.53 Al 16.12 Al,0;
Silicon 25.70 Si 54.99 SiO,
Hydrogen 201 H 17.96 H;0
Oxygen 5536 O
Or Or Or
Potassium 482 K 5.81 KO
Barium 0.69 Ba 0.77 BaO
Sodium 0.61 Na 0.82 Na;O
Calcium 2.09 Ca 2.93 Cao
Aluminium 7.36 Al 13.90 Al,03
Silicon 25.12 Si 53.73 SiO;
Hydrogen 246 H 22.01 H,0
Oxygen 56.86

PHI Phillipsite Potassium 361 K 4.35 K,0
Sodium 3.18 Na 4.29 Na)O
Calcium 3.08 Ca 431 Cao
Aluminium 11.63 Al 21.97 AlLO;
Silicon 22.47 Si 48.08 SiO,
Hydrogen 1.86 H 16.63 H,0
Oxygen 5416 O
Or Or Or
Potassium 473 K 5.70 KO
Sodium 2.43 Na 3.28 NaO
Calcium 424 Ca 5.94 Cao
Aluminium 11.43 Al 21.59 AlO;
Silicon 22.09 Si 47.26 SiO;
Hydrogen 1.83 H 16.35 H,0
Oxygen 5324 O
Or Or Or
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FTC Material name | Composition % %

PHI Phillipsite Potassium 3.56 K 429 KO
Sodium 1.40 Na 1.88 Na,O
Calcium 6.09 Ca 8.52 Cao
Aluminium 11.47 Al 21.68 AlO;
Silicon 22.18 Si 47.45 SiO,
Hydrogen 1.84 H 16.42 H;0
Oxygen 5346 O

Harmotome Potassium 0.55 K 0.67 KO
Barium 15.58 Ba 17.40 BaO
Sodium 0.65 Na 0.88 Na,O
Aluminium 7.66 Al 14.46 Al,03
Silicon 2391 Si 51.14 SiO;
Hydrogen 172 H 15.33 H,O0
Oxygen 4993 O
Florkeite Potassium 8.44 K 10.17 K,O

Sodium 1.65 Na 2.23 NaxO
Calcium 5.77 Ca 8.07 Cao
Aluminium 15.54 Al 29.36 AlLO;
Silicon 16.17 Si 34.60 SiO,
Hydrogen 1.74 H 15.56 H,0
Oxygen 50.68 O

RHO Pahasapaite Potassium 133 K 1.60 KO
Sodium 0.13 Na 0.18 Na;O
Lithium 2.28 Li 491 Li,O
Calcium 6.24 Ca 8.73 CaOo
Beryllium 6.12 Be 16.99 BeO
Phosphorus 21.04 P 48.22 P,0s
Hydrogen 217 H 19.38 H,0
Oxygen 60.69 O

-RON Roggianite Calcium 14.82 Ca 20.74 CaO
Beryllium 1.67 Be 4.63 BeO
Aluminium 9.98 Al 18.86 Al,0;
Silicon 20.78 Si 44.45 SiO,
Hydrogen 1.27 H 11.33 H,0
Oxygen 5149 O

STI Stellerite Calcium 5.69 Ca 7.96 CaOo
Aluminium 7.66 Al 14.47 Al,0;3
Silicon 27.90 Si 59.68 SiO;
Hydrogen 2.00 H 17.89 H,0
Oxygen 56.76 O
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Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition % %

STI Stilbite Sodium 0.80 Na 1.08 Na,O
Calcium 5.57 Ca 7.79 Cao
Aluminium 7.50 Al 14.17 Al,0;
Silicon 27.32 Si 58.46 SiO;
Hydrogen 210 H 18.78 H,0
Oxygen 56.70 O
Or Or Or
Sodium 2.39 Na 3.22 Nax0O
Calcium 4.17 Ca 5.83 CaOo
Aluminium 7.48 Al 14.14 Al,03
Silicon 27.27 Si 58.34 SiO;
Hydrogen 210 H 18.74 H,0
Oxygen 56.59 O

Barrerite Potassium 155 K 1.86 K,O

Sodium 4.67 Na 6.30 NaxO
Calcium 1.26 Ca 1.76 CaO
Magnesium 0.15 Mg 0.26 MgO
Aluminium 8.24 Al 15.58 Al,0;
Iron 0.02 Fe 0.03 FeO
Silicon 23.80 Si 50.93 SiO,
Hydrogen 194 H 17.33 H;0
Oxygen 58.36

TER Terranovaite Potassium 0.14 K 0.17 KO
Sodium 1.73 Na 2.34 NaxO
Calcium 2.66 Ca 3.72 Cao
Magnesium 0.09 Mg 0.14 MgO
Aluminium 5.95 Al 11.25 Al,03
Silicon 34.12 Si 72.99 SiO;
Hydrogen 1.05 H 9.37 H.0
Oxygen 5426 O

THO Thomsonite Sodium 2.85 Na 3.84 NaO
Calcium 9.94 Ca 1391 CaO
Aluminium 16.73 Al 31.60 AlO;
Silicon 17.41 Si 37.25 SiO,
Hydrogen 150 H 13.40 H,0
Oxygen 5158 O
Or Or Or
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FTC Material name | Composition % %

THO Thomsonite Sodium 2.57 Na 3.47 Na,O
Strontium 13.74 Sr 16.25 SrO
Calcium 2.69 Ca 3.77 Cao
Aluminium 15.11 Al 28.55 Al,0;
Silicon 15.73 Si 33.64 SiO;
Hydrogen 1.60 H 14.32 H,0
Oxygen 48.56 O

TSC Tschortnerite Potassium 096 K 1.16 K,O
Barium 1.68 Ba 1.88 BaO
Strontium 430 Sr 5.08 SrO
Calcium 8.03 Ca 11.23 Cao
Aluminium 13.24 Al 25.01 Al0;
Copper 7.79 Cu 8.78 CuO
Silicon 13.78 Si 29.48 SiO;
Hydrogen 181 H 16.20 H:0
Oxygen 4841 O

VsV Gaultite Sodium 11.53 Na 15.55 Na,O
Zinc 16.40 Zn 20.41 znO
Silicon 24.65 Si 52.74 SiO;
Hydrogen 126 H 11.30 H:0
Oxygen 46.15 O

WEI Weinebeneite Calcium 11.04 Ca 15.44 Cao
Beryllium 7.45 Be 20.66 BeO
Phosphorus 17.06 P 39.09 P;0s
Hydrogen 278 H 24.81 H:0
Oxygen 61.68 O

YUG Yugawaralite Calcium 6.79 Ca 9.49 CaO
Aluminium 9.14 Al 17.26 Al,03
Silicon 28.53 Si 61.04 SiO,
Hydrogen 137 H 12.20 H,0
Oxygen 5418 O

Un- Alflarsenite Sodium 4.57 Na 6.15 Na,O

assigned Calcium 15.92 Ca 22.27 CaO
Beryllium 5.37 Be 14.90 BeO
Silicon 2231 Si 47.73 SiO;
Hydrogen 1.00 H 8.94 H,0
Oxygen 50.84 O
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Table B-2. Composition of natural zeolites (continued).

FTC Material name | Composition % %

Un- Cowlesite Calcium 8.98 Ca 12.56 CaO

assigned Aluminium 12.09 Al 22.84 Al,0;
Silicon 18.88 Si 40.38 SiO,
Hydrogen 271 H 2421 H0
Oxygen 5735 O

Un- Kalborsite Potassium 23.70 K 28.55 K.,O

assigned Aluminium 10.91 Al 20.61 Al0O;
Silicon 17.03 Si 36.43 SiO;
Boron 153 B 492 B,0:
Hydrogen 041 H 3.64 H,;0
Chlorine 3.58 (I
Oxygen 42.84 O

Un- Tvedalite Potassium 17.91 K 21.58 KO

assigned Aluminium 12.36 Al 23.36 Al,0O;
Silicon 25.74 Si 55.06 SiO;
Oxygen 4399 O
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Table B-3. Internal pore space of the selected natural zeolite framework types (FTC).

FTC Material name Chemical formula Internal pore space (A)
1 ANA Analcime |Na(H20)| [AlSi»O6] 4.21
Leucite K [AISi,O6]
Wairakite | Ca(H20)2| [Al,Sis012]
2 BEA Tschernichite | (Ca,Mg,Nags)( H20)s | [Al:SigO16] 6.68
3 BOG Boggsite | (Ca,Nag.s,Kos)s (H20)70| [Al18Si7s0192] 8.05
4 CHA Chabazite | (Cao.s,K,Na)x(H20)12| [Alx Sizz-x O24] 7.37
Willhendersonite | K,Caz (H20)10| [AleSisO24]
5 DAC Dachiardite | ( Cao.s,Na,K)s(H20)13 | [Als Sizg Oas] 5.28
6 EON Direnzoite | NaKeMgCaz(H20)36| [Al13Sia70120] 7.83
7 EPI Epistilbite | (Ca,Naz)s(H20)16| [AleSi1sOas] 5.47
8 ERI Erionite | K2(K,Na,Cao.s)7(H20)30| [AlsSi27072] 7.04
9 FAU Faujasite | (Na,Cao.sMgo.s,K)x(H20)16 | [AlLSi12xO24] 11.24
10 FER Ferrierite | Mgo.sK, Na, Caos)s(H20)20]| [AlsSizo072] 6.31
11 GIS Gismondine | Cas (H20)15| [AlsSisOs2] 4.97
Amicite | KaNag (H20)10] [AlsSisOs2]
Gobbinsite |(Na,Cags)s (H20)12] [AleSiin03,]
Garronite |(Cao.s,Na)s (H20)14]| [AlsSi10032]
12 GME Gmelinite | (Caos,Sr,K,Na)s(H20)22 | [AlsSi160as] 7.76
13 GON Gonnardite | (Na,Cao.s)s-10(H20)12| [Als+xSi12-xOa0] 6.32
14 GOO Goosecreekite | Caz(H20)10| [AlsSi1203;] 4.54
15 HEU Heulandite | (Cao.s,Sro.5,Bao.s,Mgos,Na,K)s(H20)24 | [Als Sizz O72] 5.97
Clinoptilolite | (K,Na,Caos,Sro.s,Bans,Mgo.s)s(H20)20| [Als Sizo O72]
16 LAU Laumontite | Cag(H20)18| [AlgSi1604s] 6.04
17 LEV Levyne | (Caos,Sr,K,Na)e(H20)17| [AleSi12036] 7.10
18 MAZ Mazzite | Nas(H20)30]| [Al10Si26072] 8.09
19 MFI Mutinaite |NasCas (H20)60| [Al11SigsO102] 6.36
20 MON Montesommaite |Ko(H20)10| [AlsSi23064] 4.24
21 MOR Mordenite | Naz,Ca,K3)4(H20)28| [AlsSiaoOos] 6.70
22 NAT Natrolite | Naz(H20):2| [Al,Siz010] 4.52
Mesolite | Na;Cax(H20)s| [AlsSisO30]
Scolecite | Ca(H,0)s| [Al2Si3010]
23 NES Gottardiite | (Na,K)s MgsCas(H,0)e3| [Al19Si1170272] 7.04
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APPENDIX B

Table B-3. Internal pore space of the selected natural zeolite framework types (FTC) (continued).

FTC Material name Chemical formula Internal pore space (A)
24 OFF Offretite | (CaKMg)(H20)16| [AlsSi13036] 7.00
25 PAR Partheite | (Caz(H20)4| [AlsSis015(0OH):] 4.21
26 PAU Paulingite [ (Caos,K,Na,Baos)10 (H20)27-3a | [Al10Si32084] 10.48
27 PHI Phillipsite [ (Na,K,Cao.s)x(H20)12| [Al,Si16-x0s2] 5.40
Florkeite | (KsCazNa (H20)12| [AlsSisOs2]
28 STI Stellerite | (Ca)a(H20)25| [AlsSizs072] 6.29
Stilbite | (Na,Cags, K)o(H20)26 | [Alg Sizz O72]
Barrerite | (Na,K,Caos)s(H20)26| [AlsSizs072]
29 TER Terranovaite |NaCa (H20)13| [AlsSii7040] 7.00
30 THO Thomsonite | ((Sr,Ca)2Na)(H20)s| [AlsSisO20] 5.15
31 YUG Yugawaralite | Caz (H20)s| [Al4Sii2033] 4.49
32 Unassigned Cowlesite | Ca(H20)s.3| [Al2Siz010] /
33 Unassigned Tvedalite | (Ca,Mn)4 (H20)3]| [BesSieOQ17(OH)4] /
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APPENDIX B

Table B-4. Si/Al ratio of the selected natural zeolite framework types (FTC).

FTC Material name Si/Al-ratio
BEA Tschernichite 3.54
BOG Boggsite 4.48
3 CHA Chabazite 1.93-3.33
Willhendersonite 1.18
4 EON Direnzoite 4.13
5 ERI Erionite 3.59-4.40
6 FAU Faujasite 2.86
7 FER Ferrierite 4.97-7.31
8 GME Gmelinite 2.62-2.73
9 GON Gonnardite 1.77
HEU Heulandite 3.36-4.21
Clinoptilolite 5.12-5.20
11 LAU Laumontite 2.36
12 LEV Levyne 2.18
13 MAZ Mazzite 3.19-4.02
14 MFI Mutinaite 9.10
15 MOR Mordenite 5.25
16 NES Gottardiite 7.25
17 OFF Offretite 2.90
18 PAU Paulingite 3.41-3.87
19 STI Stellerite 412
Stilbite 4.13
Barrerite 3.27
20 TER Terranovaite 6.49
21 Unassigned Cowlesite 1.77
22 Unassigned Tvedalite 2.36
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APPENDIX B

Table B-5. Crystal and channel system together with other properties of the selected natural zeolite

framework types (FTC).

FTC Material name Crystal system Channel system  Other properties
FAU Faujasite cubic 3D rare
PAU Paulingite cubic 3D rare

ERI Erionite hexagonal 3D carcinogenic
GME Gmelinite hexagonal 3D rare

LEV Levyne hexagonal 2D rare
MAZ Mazzite hexagonal iD rare

OFF Offretite hexagonal iD carcinogenic
HEU Heulandite monoclinic 2D widely found
HEU Clinoptilolite monoclinic 2D widely found
LAU Laumontite monoclinic iD rare

NES Gottardiite monoclinic 2D rare

STI Stellerite monoclinic 2D rare

STI Stilbite monoclinic 2D widely found
STI Barrerite monoclinic 2D rare
BOG Boggsite orthorhombic 2D rare
EON Direnzoite orthorhombic 2D new

FER Ferrierite orthorhombic 2D rare

MFI Mutinaite orthorhombic 3D rare
MOR Mordenite orthorhombic 1D widely found
TER Terranovaite  orthorhombic 2D rare

Unassigned Tvedalite orthorhombic / Unknown structure

CHA Chabazite rhombohedral 3D widely found
BEA Tschernichite tetragonal 3D rare
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APPENDIX C

NITROGEN ADSORPTION/DESORPTION ISOTHERMS
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Figure C-1. Nitrogen adsorption/desorption isotherms of the different zeolites tested in Part B of Chapter 2 (Table 2-8).
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Figure C-1. Nitrogen adsorption/desorption isotherms of the different zeolites tested in Part B of Chapter 2 (Table 2-8) (continued).
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Figure C-2. Nitrogen adsorption/desorption isotherms of the different adsorbents tested in Part C of Chapter 2 (Table 2-22).
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Figure C-2. Nitrogen adsorption/desorption isotherms of the different adsorbents tested in Part C of Chapter 2 (Table 2-22) (continued).
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APPENDIX D

WATER STABILITY OF MOFs

For some MOFs information on water stability was found in literature. These references were
added to the figure. For the other MOFs, XRPD patterns were measured after 2 days in water.
When there is a large difference between the XRPD pattern before and after 2 days in water,
it can be assumed that this structure does not remain stable. Based on the XRPD patterns M-
3, M-6 and M-7 retain their structural integrity and crystallinity. M-4 and M-10 were slightly

decomposed, what can be defined as not stable.

X Stable
(Lee et al., 2014)
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(Lee et al., 2014) M-2
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Figure D-1. Water stability of the tested MOFs in Part C of Chapter 2 (Table 2-22).
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Stable M-5
(Biswas et al., 2011)
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Figure D-1. Water stability of the tested MOFs in Part C of Chapter 2 (Table 2-22) (continued).
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APPENDIX E

ANTIFUNGAL ACTIVITY OF ZEOLITES AND ADJUVANTS

Table E-1. The measured colony radius (+ SE) and calculated growth inhibition (+ SE) of the fungicide
materials presented in Part A of Chapter 4 (Table 4-3) against Venturia inaequalis compared to the
control (n=8).

Zeolite Concentration Colony radius Growth relative to Inhibition
(ppm) (cm) control (%) (%)
BEA 0 2.26 +0.02 100.00 0.00 +1.08
400 2.20+0.01 97.49 2.51+0.97
4000 2.10+0.02° 93.08 6.92+1.23
20000 2.08 +0.02° 92.20 7.80 +1.08
BEA 850 WP 0 2.26 +0.02 100.00 0.00 +1.08
400 2.17 +0.02 96.21 3.79+0.99
4000 2.09 +0.03° 92.39 7.61+1.55
20000 1.62+0.01° 71.81 28.19 +0.71
BEA 950 WP 0 2.26 +0.02 100.00 0.00 +1.08
400 2.08 +0.04° 92.00 8.00 +1.99
4000 1.84+0.01° 81.61 18.39 + 0.64
20000 1.44 +0.02° 63.69 36.31 +0.99
FAU 0 2.26 +0.02 100.00 0.00 +1.08
400 2.17+0.01 95.98 4.02+0.88
4000 1.79+0.04° 79.26 20.74 +1.73
20000 1.63 +0.02° 72.22 27.78 + 1.00
FAU 850 WP 0 2.26 +0.02 100.00 0.00 +1.08
400 1.95+0.03° 86.32 13.68 + 1.57
4000 1.62+0.01° 71.76 28.33+0.68
20000 1.37+0.02° 60.70 39.30 + 1.06

2 Significant different from the control treatment (p < 0.05).
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Table E-1. The measured colony radius (+ SE) and calculated growth inhibition (+ SE) of the fungicide
materials presented in Part A of Chapter 4 (Table 4-3) against Venturia inaequalis compared to the
control (n=8) (continued).

Zeolite Concentration Colony radius Growth relative Inhibition
(ppm) (cm) to control (%) (%)

FAU 920 WP 0 2.26 +0.02 100.00 0.00 +1.08
400 1.94+0.03? 85.96 14.04 + 1.36
4000 1.62+0.04° 71.65 28.35+1.81
20000 1.14+0.02° 50.56 49.44 + 0.93

LTA 0 2.26 +0.02 100.00 0.00 +1.08
400 1.58 +0.01° 69.88 30.12 +0.58
4000 0.00 +0.00° 0.00 100.00 + 0.00
20000 0.00 +0.00° 0.00 100.00 + 0.00

LTA 800 SC 0 2.26 +0.02 100.00 0.00 +1.08
400 1.29+0.01° 57.04 42.96 + 0.60
4000 0.00 +0.00° 0.00 100.00 + 0.00
20000 0.00 +0.00° 0.00 100.00 + 0.00

LTA 850 WP 0 2.26 +0.02 100.00 0.00 +1.08
400 1.22+0.01° 54.23 45.77 + 0.60
4000 0.00 +0.00° 0.00 100.00 + 0.00
20000 0.00 +0.00° 0.00 100.00 + 0.00

Hermosan 80 0 2.26 +0.02 100.00 0.00 +1.08
400 0.00 +0.00° 0.00 100.00 + 0.00
4000 0.00 +0.00° 0.00 100.00 + 0.00
20000 0.00 +0.00° 0.00 100.00 + 0.00

2 Significant different from the control treatment (p < 0.05).
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Table E-2. The measured colony radius (+ SE) and calculated growth inhibition (+ SE) of the fungicide

materials presented in Part A of Chapter 4 (Table 4-3) against Botrytis cinerea compared to the

control (n=8).

Zeolite Concentration Colony radius Growth relative to Inhibition
(ppm) (cm) control (%) (%)
BEA 0 3.67 +0.04 100.00 0.00 +1.45
400 3.50 +0.07 95.32 4.68 +2.25
4000 3.35+0.14 91.17 8.83+3.80
20000 2.22 +0.09° 60.37 39.63 + 2.60
BEA 850 WP 0 3.67 +0.04 100.00 0.00 +1.45
400 3.47 +0.15 94.56 5.44 +4.32
4000 1.08 + 0.05° 29.32 70.68 + 1.49
20000 1.00+0.10° 27.33 72.67 +2.78
BEA 950 WP 0 3.67 +0.04 100.00 0.00 +1.45
400 2.41+0.01° 65.54 34.46 +0.71
4000 1.68 +0.05° 45.76 54.24 +1.39
20000 0.96 +0.04° 26.22 73.78 + 1.00
FAU 0 3.67 +0.04 100.00 0.00 +1.45
400 3.49 +0.08 95.04 4.96 +2.30
4000 3.48 +0.10 94.70 5.30+2.98
20000 2.87 +0.08° 78.22 21.78 + 2.22
FAU 850 WP 0 3.67 +0.04 100.00 0.00 +1.45
400 3.06 +0.15° 83.44 16.56 + 4.06
4000 2.35+0.01° 63.96 36.04+0.72
20000 1.43 +0.06° 38.95 61.05 +1.79
FAU 920 WP 0 3.67 +0.04 100.00 0.00 +1.45
400 2.86+0.05° 78.03 21.97+1.70
4000 2.53+0.05° 68.82 31.18 + 1.55
20000 0.94 +0.05° 25.55 74.45 +1.31

2 Significant different from the control treatment (p < 0.05).
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Table E-2. The measured colony radius (+ SE) and calculated growth inhibition (+ SE) of the fungicide
materials presented in Part A of Chapter 4 (Table 4-3) against Botrytis cinerea compared to the
control (n=8) (continued).

Zeolite Concentration Colony radius Growth relative to Inhibition
(ppm) (cm) control (%) (%)

LTA 0 3.67 +0.04 100.00 0.00 +1.45
400 3.56 +0.15 96.86 3.14+4.15
4000 0.33+0.02° 8.88 91.12+0.49
20000 0.00 +0.00° 0.00 100.00 + 0.00

LTA 800 SC 0 3.67 +0.04 100.00 0.00 +1.45
400 2.58 +0.13° 70.37 29.63 +3.58
4000 0.40 +0.07° 10.91 89.09 + 1.99
20000 0.00 +0.00° 0.00 100.00 + 0.00

LTA 850 WP 0 3.67 +0.04 100.00 0.00 +1.45
400 2.52+0.06° 68.71 31.29+1.84
4000 0.44 +0.02° 11.94 88.06 + 0.67
20000 0.00 +0.00° 0.00 100.00 + 0.00

Daconil 50 0 3.67 +0.04 100.00 0.00 +1.45
400 0.35+0.04° 9.47 90.53+1.03
4000 0.23 +0.04° 6.23 93.77+1.04
20000 0.20+0.01° 5.41 94.59 + 0.35

2 Significant different from the control treatment (p < 0.05).
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Table E-3. The measured colony radius (+ SE) and calculated growth inhibition (+ SE) of the adjuvants

APPENDIX E

presented in Part B of Chapter 4 (Table 4-7) against Venturia inaequalis compared to the control

(n=8).
Zeolite Colony radius Growth relative to Inhibition
(cm) control (%) (%)

Control 2.27+0.01 100.00 0.00 +0.37
a Agrilan 789 DRY 1.76 +0.01° 77.62 22.38 +0.20
b Morwet EFW Powder 0.55+0.01° 24.32 75.68 +0.32
c Rhodorsil EP Antim EP 1.28+0.01° 56.51 43.49 +0.17
d PVP K-30 1.90+0.01° 83.91 16.09 + 0.27
e Ultrasil VN 3 1.91+0.01° 84.26 15.74 + 0.28
f Morwet D425 1.02 +0.02° 44,92 55.08 + 0.78
g SAG 1572 1.98+0.01° 87.39 12.61 +0.32
h Supragil WP 1.50 + 0.01° 66.16 33.84+0.27
i Reax 88B 2.09 +0.03° 91.97 8.03 +1.29
i Rhodopol 23 1.78 +0.00° 78.31 21.69+0.14
k Amebact C 2.20+0.00° 97.16 2.84+0.18
| Soprophor FL 1.92+0.02° 84.79 15.21+0.41

2 Significant different from the control treatment (p < 0.05).

Table E-4. The measured colony radius (+ SE) and calculated growth inhibition (+ SE) of the adjuvants
presented in Part B of Chapter 4 (Table 4-7) against Botrytis cinerea compared to the control (n=8).

Zeolite Colony radius Growth relative to Inhibition
(cm) control (%) (%)

Control 3.60+0.01 100.00 0.00+0.18
a Agrilan 789 DRY 3.53+0.01 97.99 2.01+0.23
b Morwet EFW Powder 0.97 +0.01° 26.85 73.15+0.23
c Rhodorsil EP Antim EP 2.50+0.02° 69.41 30.59 + 0.69
d PVP K-30 3.30+0.03° 91.66 8.34+0.93
e Ultrasil VN 3 3.26+0.02° 90.73 9.27 +0.69
f Morwet D425 0.71+0.01° 19.67 80.33+0.20
g SAG 1572 2.68 +0.05° 74.53 25.47 +1.37
h Supragil WP 1.73+0.02° 48.10 51.90+0.54
i Reax 88B 3.15+0.04° 87.62 12.38+1.01
i Rhodopol 23 3.57 +0.07 99.25 0.75+1.84
k Amebact C 3.50+0.03 97.28 2.72+0.93
| Soprophor FL 2.65+0.05° 73.53 26.47 +1.41

2 Significant different from the control treatment (p < 0.05).
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INSECTICIDAL ACTIVITY OF ZEOLITES

Table F-1. Percentage corrected mortality (+ SE) of Tuta absoluta eggs in topical and residual
bioassays, using the insecticide materials presented in Part A of Chapter 5 (Table 5-3) (n=8).

Treatment Egg mortality (%)
Mortality Corrected mortality
400 mg.I?t 4000 mg.I? 20000 mg.I? 400 mg.I?t 4000 mg.I? 20000 mg.I*?
Topical bioassay

Blanco 7.14 + 2.66 7.14 + 2.66 7.14 + 2.66
Z-1 7.50 +3.65 10.00 + 3.78 10.00 + 3.78 0.38 +4.87 3.08 +4.98 3.08 +4.98
Z-2 15.00 +3.27 20.00 +5.35 30.00 +5.35 8.46 +4.55 13.85+6.44 24.62+6.47°
Z-3 15.00 +3.27 12.50 +5.26 25.00 +3.27 8.46 +4.55 5.77 +6.35 19.23 +4.57
Z-4 17.50+2.50 22.00+5.54 20.00+4.71 11.15+3.94 16.00 +6.63 13.85+5.84
Z-5 31.11+3.51 26.00 +4.27 30.00 +6.15 25.81+4.80 20.31+5.45 24.62 +7.25
Z-6 25.00 +5.00 18.00 +4.67 22.50+4.53 19.23 +6.12 11.69+5.79 16.54 +5.68
z-7 10.00+3.78 7.50+5.26  7.50+3.66 | 3.08+4.98  0.38+6.35 0.38 + 4.87
z-8 15.00 +5.00 16.67+4.14 27.50+5.26 | 8.46+6.10 10.26+531 21.92 +6.38°
Z-9 17.50+5.90 17.50+4.53 22.50 +5.90 11.15+6.98 11.15+5.67 16.54 + 6.99
c1 95.00+3.27 92.50+3.66 95.00+3.27 | 94.62+5.29 91.92+5.54  94.62 +5.29
B-1 429+228  4.71+212 11.43+4.04 | 0.00+0.00  0.00+0.00 4.62 +5.21
B-2 2.86 +2.86 8.57+4.04 12.50+5.26 0.00 +0.00 1.54+5.21 5.77+6.35

2Significant different from its non-formulated zeolite product (P < 0.05).
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Table F-1. Percentage corrected mortality (+ SE) of Tuta absoluta eggs in topical and residual

bioassays, using the insecticide materials presented in Part A of Chapter 5 (Table 5-3) (n=8)

(continued).

Treatment Egg mortality (%)
Mortality Corrected mortality
400 mg.I? 4000 mg.I*? 20000 mg.I? 400 mg.I? 4000 mg.I? 20000 mg.I*?
Residual bioassay
Blanco 4.29+2.28 4.29+2.28 4.29+2.28
Z-1 32.50+3.66 32.50+6.48 35.00 +7.32 29.48+4.56 29.48+7.21 32.09 + 8.04
z-2 17.50 +5.90 27.50+5.26 25.00+500 | 13.81+6.62 24.25+6.02 21.64+5.76
Z-3 22.50+7.01 32.50+5.26 30.00 + 6.55 19.03+7.71  29.48 +6.03 26.87 +7.27
Z-4 15.00+5.00 30.00 +6.55 32.50 +6.48 11.19+5.75 26.87+7.27 2948 +7.21
Z-5 12.50+3.66 35.00+5.00 40.00 +5.35 8.58+4.51 32.09+5.79 37.31+6.13
Z2-6 22.50+5.90 42.50+4.53 47.50 +6.48 19.03+6.62 39.93+5.38 45.15+7.25
z-7 20.00+5.35 22.50+5.90 25.00 +5.00 16.42 +6.08 19.03 +6.62 21.64+5.76
Z-8 17.50 +4.53 30.00 +3.78 27.50 + 3.66 13.81+5.31 26.87 +4.65 24.25 +4.54
Z9 20.00+5.35 37.50+7.96 30.00 +5.35 16.42 +6.08 34.70 + 8.69 26.87+6.10
C-1 25.00+6.27  25.00 +5.00 32.50 +3.66 21.64+6.99 21.64+5.76 29.48 +4.56
B-1 4.00+1.84 8.00 +3.04 10.00+2.41 0.00 +0.00 3.88 +3.97 5.97 +3.46
B-2 9.09 +4.15 10.91 +3.15 18.18 +4.23 5.02+4.94 6.92 +4.06 14.52 +5.03
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Table F-2. Percentage corrected mortality (+ SE) of Tuta absoluta eggs and larvae in topical and
residual bioassays, using the insecticide materials presented in Part A of Chapter 5 (Table 5-3) (n=8).

Treatment Egg + larvae mortality (%)
Mortality Corrected mortality
400 mg.I? 4000 mg.I*? 20000 mg.I'? 400 mg.I? 4000 mg.I? 20000 mg.I!
Topical bioassay
Blanco 8.57 +3.45 8.57 +3.45 8.57 +3.45
Z-1 3250+6.48 32.50+5.26 40.00+5.35 | 26.17+8.09 26.17+6.95 34.38+7.08
Z-2 32.50+3.66 37.50+4.53 4750+3.66 | 26.17+5.59 31.64+6.35 42.58+5.73
Z-3 35.00+3.27 35.00+3.27 4250+4.53 | 2891+5.32 2891+532 37.11+6.39
Z-4 32.50+6.48 46.00 +4.27 40.00 +5.77 26.17 + 8.09 40.94 +6.20 34.38+7.47
Z-5 40.00+3.33 40.00+2.98 42.00+4.67 | 34.38+541 3438+5.16 36.56+6.50
Z-6 45.00+3.27 36.00+4.00 4250+4.53 | 39.84+5.42 30.00+5.89 37.11+6.39
-7 22.50+7.01 20.00 + 7.56 22.50+5.90 15.23 +8.56 12.50 +9.10 15.23 +7.50
Z-8 30.00+6.55 40.00+3.48 52.50+5.26 | 23.44+8.14 34.38+5.52* 48.05+7.12°
Z-9 40.00+6.55 52.50+3.66 52.50+5.26 | 34.38+8.20 48.05+5.80° 48.05+7.12°
c-1 100.00 +0.00 100.00 +0.00 100.00 +0.00 | 100.00 +5.34 100.00 +5.34 100.00 +5.34
B-1 10.00+3.48 10.59+2.50 18.57+3.90 1.56 +5.36 2.21+4.66 10.94 +5.71
B-2 2.86+2.86 17.14+2.86  20.00 +5.35 0.00 + 0.00 9.38+4.92 12.50 + 6.98
Residual bioassay

Blanco 8.57+4.04 8.57+4.04 8.57+4.04
Z-1 62.50+4.27 57.50+5.56 60.00+9.43 | 58.98+6.94 53.52+7.88 56.25+11.49
Z-2 45.00+6.90 57.50+5.56 50.00+5.04 | 39.84+8.92 53.52+7.88 4531+7.34
Z-3 55.00+5.91 67.50+6.11 67.50+7.07 | 50.78+8.15 64.45+850 64.45+9.35
Z-4 52.50+10.65 60.00+8.73 57.50+9.72 | 48.05+12.64 56.25+10.81 53.52+11.75
Z-5 40.00+6.17 65.00+3.09 67.50+4.96 | 34.38+8.21 61.72+6.19 64.45+7.55
Z-6 42.50+6.61 80.00+6.17 80.00+3.56 | 37.11+8.63 78.13+8.78 78.13+6.83
z-7 40.00+8.73 60.00+6.17 57.50+7.51 | 34.38+10.63 56.25+8.44  53.52+9.62
Z-8 47.50+9.39 62.50+7.51 52.50+4.96 | 42.58+11.33 58.98+9.68 48.05+7.31
Z-9 57.50+8.31 72.50+11.23 67.50+3.45 | 53.52+10.38 69.92+13.42 64.45+6.47
c1 97.50+2.36 100.00+0.00 100.00+0.00 | 97.27 +6.68 100.00 +6.25 100.00 + 6.25
B-1 14.00+3.87 17.00+3.33  19.17+3.90 5.94+6.12 9.22+5.74 11.59 +6.16
B-2 10.91+4.15 14.55+2.82  20.00+4.02 2.56 +6.33 6.53 +5.39 12.50 +6.26

aSignificant different from its non-formulated zeolite product (P < 0.05).
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