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Mikroplastikpartikel in Lokalisierung der Wasser induzierter Agglomerationsprodukt
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Abstract Environmental pollution caused by inert anthropo-other concepts, new biomimetic molecules form the basis for
genic stressors such as microplastics in aquatic media is cdhe investigation of innovative host-guest relationships for an-
stantly increasing. Through the proliferating use of plastithropogenic stressors in the environment and their implemen-
products in daily life, more and more plastic particles entdation in technical processes.
waters as primary microplastics. Even though large scale plas-
tic items such as plastic bottles and bags represent the highkstywords Microbeads Microplastics: Green chemistry
percentage of plastic waste, their degeneration also generatigrid silica gel- Self-organised organosilaneSol-gel
microparticles and nanoparticles (secondary microplasticgrocess Sustainable developmertVater pollution
Modern sewage treatment plants require innovative ideas in
order to deal with this man-made problem. State-of-the-art
technology offers approaches to minimise the amount dhtroduction
microplastics in aquatic systems. These technologies, howev-
er, are either insufficient or very costly, as well as timeGlobal plastic production is steadily growing. The greatest
consuming in both cases. The conceptual idea presented hdegnand is for polypropylene (PP), polyethylene (PE) and
is to apply innovative inorganic-organic hybrid silica gelspolyethylene terephthalate (PET) (Fig.(PlasticsEurope
which provide a cost-effective and straightforward approactz015. These macromolecules are assigned to the category
Currently, the synthesis of preorganised bioinspired conof thermoplastics. This means that the materials are ductile
pounds is advancing in order to produce functionalised hybridt a certain temperature range. They are mainly used as pack-
silica gels in a further step. These gels have the ability taging, in the automobile industry or in toys (PlasticsEurope
remove stressors such as microplastics from waste water. B§19.
means of the sol-gel process, bioinspired silane compoundsin addition to the important plastics, there are also water-
are currently being permuted to macromolecules and exarseluble macromolecules, such as polyvinyl alcohol (PVA) or
ined with respect to their properties as fixation and filter mapolyvinyl acetate (PVAc), which are of great commercial in-
terial in order to remove the hydrophobic anthropogeniterest. They are used, for example, as emulsifiers, stabilisers,
stressors sustainably. Here, the reproduction of biological sysrotective colloids, complexing agents, cleaning intensifiers,
tems plays a significant role. In particular in material sciencedjscolouration inhibitors, filming agents or adhesives (Loffler
this approach is becoming increasingly important. Amongnd Morschhaus&001 Hartmann et al1995. One area of
application, which has gained tremendous technical and com-
mercial significance, is the use of hydrophilic polymers to
thicken agueous systems or in the production of so-called
+  Katrin Schuhen hydrogels. In principle, thickening aqueous systems can be
schuhen@uni-landau.de achieved by simply adding unlinked natural or synthetic hy-
drophilic polymers with high molecular weights (Loffler and

1 |nstitute for Environmental Sciences Landau, University of KoblenAMOrschhause2007). In addition to this, hydrodynamic thick-
—Landau, Fortstr 7, 76829 Landau in der Pfalz, Germany ening stable hydrogels can be formed by means of the
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Q Regenerative filter systems or innovative precipitation ba-
0 sins (separation by differences in density) are required in order
)
0 n

CHs to remove such hazardous microparticles from the waste wa-
M ter. Existing filter systems, such as the membrane filter proce-
n dure, are associated with additional energy and investment
PP PE PET costs and are not recyclable (Mo@@)§ Leslie et al2013
Fig. 1 Structural formulas of PP, PE and PET Backer et al2014). Due to this inefficient process, additional

research is required in order to provide materials and process-

swelling of networks of relatively long-chained or branchedes which are simple, inexpensive and environmentally friend-
hydrophilic polymers. If the individual polymer chains arely, and which sustainably clean the waters in order to keep the
linked via covalent bonds, the structures are generally desigsk to man, animal and nature as low as possible.
nated aBchemical gels. If the polymer branches interact
with each another via non-covalent coheskpmysical gels
are formed. Non-covalent cohesive forces are, for instancéhe state of the art
crystallisation as well as hydrophobic or electrostatic interac-
tions. However, the application of covalent networked polybespite the fast-paced development in the area of
acrylic acid as a super absorber in hygiene articles or adhesivécroplastics according to van Cauwenberghe e2Gl5
plasters has been the greatest commercial significance to dapproximately 80 publications concerning microplastics in
(Brannon-Peppas and Harlah€90. The further develop- sediments have been published in the last 5 years, but no
ment and increase of the variety of products thus also increastandardised method for the sampling and extraction of
the consumption and waste of plastic. Consequently, the stresgcroplastics has been established. Classic water treatment
caused by microplastics is steadily increasing in standing afy means of activated charcoal is not possible due to the par-
running waters, as well as in waste water and drinking watdicle size of microplastics. Additionally, activated charcoal
Waste water treatment plants are approaching their limitbears the risk that the adsorbed materials can be washed out
Solutions must be found, which can sustainably fix microparagain (desorption) and that the processing of the charcoal is
ticles and are easy as well as cost-effective to use. disproportionately expensive, especially in the case of plas-

Until the end of 2015, more and more plastic particles havéics. Furthermore, this method is not suitable for an extensive
been added to the formulas in the cosmetics and persoredplication over a wide area. Another problem is the removal
hygiene industry in order to enhance their cleansing effecdf the polluted activated carbon. This must be removed by
Since December 2015, there has been a general prohibitioreans of cloth filters, so that the pollutants do not reach back
in the USA against the manufacture of cosmetic products witlgain into the environment.
microplastics. Canada and the Netherlands will follow suit The density difference of the individual particles can be
(prospectively in 2016). Nevertheless, there are still amplgsed to isolate microplastics. The density of a liquid, for ex-
countries which continue to produce and extensively markemple, can be increased by adding mineral salt. By means of a
cosmetics with microparticle difives. Furthermore, it is concentrated sodium chloride (NaCl) solution, it is possible to
suspected that textile fibres from recycled plastics (e.g. PEAthieve a density of 1.2 g/énfThompson et al2004).
bottles) generate primary microplastics through friction duringarticles with a lower density will float to the surface and
washing steps. Washing machines generate more than 13&h be easily extracted. This method is inapplicable for plas-
microparticles per wash of fleece fabric made of polyester anits with a higher density distribution such as polyvinyl chlo-
acrylic textile fibres (Browne et é017). The impact on the ride (PVC; 1.141.56 g/cr) or PET (1.321.41 g/cmi).
environment is serious, since 663 organisms are known to Bdese materials account for 17.3 % of the total demand for
affected by the negative effects of waste so far. More than hadfastics (PlasticsEuro@@15, which cannot be isolated using
ingest the plastic particles or get caught in them (Essel et #he aforementioned method. Since they were not removed
2015 Browne et al2008. Microplastic particles (<5 mm), as from the waste water, sediments in the waters have been mas-
well as larger particles, can lead to physical injuries, such as $ively contaminated. Therefore, researchers have been work-
influence the digestive tract leading to an inhibition of foodng on investigating mineral solutions with a higher density
uptake (Schrank et &014). In addition, microplastic parti- than a NaCl solution. As a result, ZpQlL.5-1.7 g/cn?)
cles can serve as a means of transport by which harmful sutimhof et al.2012 or Nal (3.3 M; 1.61.8 g/cn?) (Dekiff
stances, such as polychlorinated biphenyl (PCB) oet al.2014 Claessens et &013 have been determined. An
polyaromatic hydrocarbons (PAHSs), adsorb on the surfacadditional method for the separation of microplastics is the
Subsequently used as nutrients, this results in bioaccumulatiprinciple of elutriation. In this method, a stream of gas or
and has an effect on the food chain (Kéhler et2@ll4  liquid is introduced to separate lighter from heavier particles.
Mintenig et al.2014 Velzeboer et aR014). This technique is primarily used in marine biology and is
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known asBBarnetts fluidised sand bath(Southwood and environmental compatibility and degradability especially in
Hendersor2000. The sampling, extraction, detection and puthe development of new strategies for the conservation of
rification of microplastics are gaining more and more globalvater quality. Bioinspired molecules have a combination of
research interest, which confirms the risk and the need to amganic and inorganic molecular building blocks, which has
(Friesetal2013 Nuelle etal2014 Harrison etal2012. The  several advantages. The organic unit is used as a spacer, tex-
term microparticle includes all plastic types. Therefore, it caturing agent and additionally reactive site and the inorganic
be assumed that the contamination consists of a variety ohit interacts as a crosslinker (Pfeifer et28@ll3 Hoffmann
plastics with different physicochemical properties (Taple et al.2006 Vallé et al.200§. Moreau et al2005also show

that functionalised hybrid materials consisting of organic and
inorganic elements have special characteristics, such as
preorganization. In addition to the properties of so-called
host-guest systems, as they are already known as crown
ethers, zeolites or calixarene, our concept was formed.

The concept for the removal of hydrophobic, anthropogen-
ic stressors (cf. PE, PP and PET) consists of three synthesis
Bioinspired molecules or biomaterials are deliberatelgteps. These steps include the synthesis of the inclusion unit
engineered materials, which, alone or as part of a compld}V)), the bioinspired component of the entire molecule. The
system, steer the course of certain processes by controllifgcond step is the synthesis of the capture unit (CU). The CU
the interactions with comgments of living systems. IS characterised by a preorganisation and the ability to bond
Interfaces between biomaterials and for instance cells/tisswéh the material to be included via the interactions of the
play a special role in the research and application of biomat#troduced functional groups. The CU and the IU are then
rials. Also, the utilisation of the effects induced by biomatecombined in the last synthesis step to create the inclusion
rials on waste water treatment and the purification of drinkingompound (IC). Among further functions, alkoxysilyl serves
water is moving into the focus of scientists (Tu erall5.  to stretch the desired three-dimensional network. Through the
Furthermore, there are many materials in nature, which f@fganisation structure of the CU, structured hybrid silica gels
exceed the possible appliaats of synthesised materials Will be obtained resulting from the sol-gel process (Bigin
thanks to their properties optimised over millions of yearshe next step, the concept provides for the utilisation of the
In order to ensure the optimal implementation of bioinspire®ioinsipiration and the ability of the CU to interact so that the
materials, it is essential to understand the underlying functioff?clusion of the inert compounds results. Subsequently, a sim-
ality of nature, to implement it accordingly and to emphasisgle separation is conducted by which the hydrophobic

A concept for the application of bioinspired
compounds containing silicium for the removal
of hydrophobic, anthropogenic stressors

from the water

Table 1 Physicochemical

properties of the most common Kind of Softening Decomposition  Flash Ignition Heat of Density

plastics (belonging to the group of Plastic temperature temperature point temperature  combustion  (g/cn?)

hydrophobic anthropogenic range (°C)  (°C) (°C) (°C) (MJ/kg)

stressors; polyethylerirE,

po|ypr0py|endDR po|ystyrene PE 66-70 3406440 340 350 46.5 0.9D.96

PS polyvinyl chIoridePV_(; PP 8590 3306410 356370 396410 46 0.91

polyurethand®U, polyamidePA  pg 88 300400 340350 490 42 1.05

polycarbonatéC,

polytetrafiuoroethylenB TFE PVC 7080 206-300 390 455 20 1.40

polyoxymethylené®OM, PU— 180 220 310 415 ND 1.2

acrylonitrile butadiene styrene rigid

ABS polyethylene terephthalate foam

PETRB polymethyl methacrylate  PA 6 200 3008350 420 450 32 1.13

PMMA, polyacrylnitrile PAN) PA 66 250 320400 490 530 32 1.14

(GDV. Gesamtverband der PC 156155 356400 520 - 31 12

Deutschen

Versicherungswirtschaft e.V PTFE 110 500550 560 580 4.5 22

2000 POM 170 220 350400 About 400 17 1.42
ABS 90-121 - 390 480 36 1.021.07
PETB 80 285305 440 480 215 1.34
PMMA 84-108 176300 300 450 26 1.18
PAN 7881 256-300 480 560 ND 1.181.17

ND not determined
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Fig. 2 Capture mechanism of
hydrophobic anthropogenic
stressors

stressors trapped in the new hybrid silica gel are easy to isolaig for example, heavy metals or pesticides. Based on the
(due to the increase in volume, which is considerably larger iresults, a study about the effectiveness of the CU in the aquatic
comparison to granulated activated carbon) with a separatienvironment will be carried out.

process, such as by means of a cost-effective sand trap.

Finally, there is the recycling concept, in which the CU carficknowledgments The project is financed by the Bundesministerium
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and foremost, the hydrophobic and van der Waals interactions.

The hydrophobic interaction has enthalpic as well as entropic
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Abstract

The substance class of inert organic-chemical stressors (IOCS) describes organic-chemical (macro-) molecules, which
demonstrate a high level of persistence upon entry in the ecosystem, and whose degradation is limited. These syntheticall
produced organic-chemical macromolecules, which are often derived from the polymerization of di erent monomers, are,
in the form of plastics, indispensable in the edagyworld. They enter the environmental compartsamid cause great
damage due to primary (industry, cosmetic, washing of textile), and secondary (degradation) entry. If these particles get
into aguatic systems, this has fatal consequences for the ecosystem such as the death of marine animals, or bioaccumulatio
Wastewater treatment plants are reaching their limits and require innovative ideas for the sustainable removal of microplastic.
This article examines a new approach to the removal of polymers from aquatic systems (lab scale) by using sol—gel inducec
agglomeration reactions to form larger particle agglomerates. These enlarged agglomerates can be separated much mol
easily from the wastewater, since they oat on the wateasarfSeparation systems, e.g. sand trap can easily be used. A
further advantage is that the agglomeration can be carried out completely independently of the type, size, and amount of the
trace substance concentration as well as of the external in uences (pH value, temperature, pressure). Thus, this new type
of particle separation can not only be used in sewage treatment plants, but can also be transferred to decentralized systen
(e.g. implementation in industrial processes).

Graphical Abstract

Extended author information available on the last page of the article
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precursor

Introduction water bodies have been highly contaminated with micro
plastic. Maximum concentrations of up to 9000 particles/
Since mass production in the 1940s, the amountastip m® have been found, exceeding the concentrations found
produced has rapidly increased, and the tendency is contirifd the subtropical gyresl]. The non-standardized sam
ing to grow [L, 2]. The numerous advantageous properties opling, and detection methods as well as di erenttsifior
these compounds, including plasticity, hardness, elasticitjhe microplastic concentrations, make it di cult to compare
breaking strength, temperature resistance, and heat-de ééie studies18]. The most common polymer types found in
tion temperature as well as chemical stability, make plastid§e environment are polyethylene, polystyrene, and-poly
essential materials in almost every sector of indugiryff ~ propylene. In addition, polyethylene terephthalate, polyvinyl
macromolecules such as polymers enter the environmem@loride, polyester, and polyamide are often detected. The
they are classi ed on the basis of their chemical behavior &xtent of microplastic pollution is in uenced by di erent
inert organic-chemical stressors (IOCS). factors, and has a high spatial variability within the water
Polymer particles (Tabl&) undergo no holistic removal bodies. There is a strong correlation between population
reactions with the existing technologies in wastewater-treaglensity and plastic pollutiorif, 19, 20]. Due to the lack
ment plants (e.g. occulation, precipitatio®][Only small ~ of modern waste management, even less populated water
quantities (5%) of the microplastic particles are removefodies can contain high microplastic polluti@i,[22]. One
within the grease removal, or settle in the sewage sludggain source of plastic pollution is plastic input from urban
because of co-precipitation, and ltration e ects-B].  runo [23]. Weather events with high amounts of rainfall
The remaining particles are discharged with the wastew&nd wind can lead to an increased plastic inpdit Waste
ter, which leads to overall increased microplastic pollutiotvater treatment plant e uents are important point sources of
close to sewage treatment plant outl®tsip]. As the sew  microplastic P5-27]. Plastic industry spills can also lead to
age sludge is used as fertilizer, the settled particles also enfégh levels of plastic and microplastic polluti&8[29]. As

the environment[1]. the microplastic is transported from rivers into lakes, lakes
usually have higher plastic pollution at estuari2g p1].
Microplastic in Freshwater Environment Besides plastic input from di erent sources, also transport

processes in uence the abundance of microplastic particles
Freshwater covers only 0.8% of the earth surface and iigrivers and lakes. Inrivers, slow owing sections are sinks
only 0.01% of the world’s water, but is the habitat for 694or plastic particles with higher densities than wa2éy 27).
of all described species. The ocean contains 10% of tidind directions and water currents also in uence the plastic
described species, but covers 70% of the earth’s surfaghstribution P2, 30]. The concentration of plastic particles
and contains 96% of the world’s water. This is caused by lakes is also dependent on the surface/volurtie o
the fact that freshwater ecosystems are more fragmentdfie lake p4]. For the microplastic pollution in sh, it is
and the oceans are one big connected systBnilso the  unclear whether there is a di erence in the plastic abundance
density of sources is higher in freshwater systems, as théypelagic, and benthic stgft, 32].
are often directly populated or close to populations, and
hav_e a much smgller total surface thgn the oceans. Desmﬁcroplastic in Sewage Water
their high ecological relevance and higher pollution poten

tial, microplastic abundance, and its e ects on freshwateficroplastic particles can enter the environment via munici
systems, are considerably less investigated than in mariB%d and industrial sewage. In sewage treatment plants,
systems 16]. Microplastic particles have been detectedgs_ggos of the microplastic particles are removed within
in various rivers, lakes, and freshwater sh. All sampledpe grease removal, or settle in the sewage sIUBiG8. [
The remaining particles are discharged with the wastewater,
which leads to increased microplastic pollution close te sew

Table 1 Size classes of plastic particles age treatment plant outlet8, [L0]. As the sewage sludge is

Size class Particle size Reference used as fertilizer, the settled particles alsorehieenviron
. ) ment [L1].
Big microplastic 1-5mm 12 . . . .
_ _ Primary and secondary microplastic particles can enter
Small microplastic 100 nm-1 mm 17 . . .
_ the sewage from di erent sources (Fi). Microplastic in
Nanoplastic 1-100 nm 1B, 14

personal care products and cleaning agents mainly consist
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Fig. 1 Sources and pathways of
plastic and microplastic3p]

of polyethylene, but also of polypropylene, and polysty bers ranged from 98 to 4808 bersfinwhich principally
rene. The average size is between 330 and 150 um and densisted of polyester. Polyamide and polypropylebe
minimum size under 10 un8f. The estimated discharge ers were found as well. The total discharge of microplastic
in Germany is 500 t/year, and in Europe 8600t in 2@%6 [ particles per year, and sewage treatment plant would range
35].The release of synthetic bers from washing of textilesfrom 93 million up to 14 billion estimated over the annual
is another important sourc@]| Textiles mainly consist of water discharge. Analysis of sewage sludge samples showed
polyester (78%), followed by polyamide (9%), polyprepyl microplastic concentrations from 3224 to 24,129 particles/
ene (7%), and acrylic (5%). Up to 700,000 bers can b&g dry massg-7].
released in one washing proce8§][ Other sources are Considering the solid ow in the wastewater with regard
abrasion of common plastic products and polyvinyl alcohalo the microplastic load, it quickly becomes apparent that
from hygiene products3p, 37]. If there are no separate sew in this area, as well as in the area of other stressor types, it
age channels for rainwater and sewage, additionally urbamomprises a complex mixture of materials (PE, PP, PA, PS,
runo containing tire abrasion, and plastic particles used iretc.) B]. In addition to the investigation of a holistic elimi
building and road paints enter the water cycle. An indusnation solution, it is, therefore, absolutely essential not to
trial source is abrasive powders and lost plastic pel&s [ examine compositions by means of single polymer analyt
39). A study in Switzerland determined a discharge of 200 @¢s, but rather to develop a method which makes the com
microplastic particles per day in the wastewater of a plastiglete detection of the entire particle load possible, in order
producing company3p). to provide a basis for a comprehensive statement regarding
A study investigated the microplastic discharge of 12 sewthe quality of the water. This will be described through the
age treatment plants in Baden-Wirttemberg, Gerrfgdfly  introduction of a cumulative parameter for polymers, the so
Particles between 5 mm and 20 um where analyzed with aralled particle elimination index (PEI), together with the
FTIR microscope. The study found microplastic dischargeslimination concept illustrated her&(].
ranging from 256 to 13,700 particles/rithe discharge from Through the increasing amount of anthropogenic stressors
particles excluding bers ranged from 86 to 8892 particles(e.g. pharmaceuticals, heavy metals, and/or plastic waste) in
me. They mainly consisted of polyethylene (30-70%), fol variable ranges from ng/L to pg/L in the water cycle, sewage
lowed by polyvinyl alcohol, polyester, polyethylene, polysty treatment plants are reaching their limits, which represents a
rene, and polyamide in descending order. The discharge gfeat danger for the ecosystefi,[42]. There are di erent
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approaches to treat such micro-contaminants. However, cly heating, was observed for the rst tim&8]. The exact
rent research activities primarily comprise the treatment adescription of these early observations contains all of the
reactive organic-chemical stressors (e.g. pharmaceuticalgletails which are known today under the term sol—gel pro
These can be degraded, or isolated from the water througkss. At the same time, the Si—OR bond of the alkoxy com
activated carbon ltration, ozonization, ultrasonic treatmentpound is subject to hydrolytic splitting. During the subse
and/or nano or reverse osmosis ltration. There is a need faquent condensation of the formed Si—OH groups, siloxane
action in case of highly contaminated water like it occurdonds arise, which, with the progress of the reaction, develop
in the industry, and in the area of microplastic removala three-dimensional solid state skeleton. A two-phase sys
whereby this is not yet completely in the focus of the regutem of silicon dioxide, and the pores lled with solvent
latory authorities. To date, only one sewage plant is knowge.g. THF, EtOH, etc.) result$(-51]. The macroscopic
which applies nal Itration with cloth lters as the fourth properties such as porosity and a speci ¢ surface as well as
puri cation step. With that, it was possible in Oldenburg tothe degree and manner of cross-linking, or the molecular
reduce 97% of the total load (from 1131 to 29 microplasneighborhood are signi cantly in uenced by the monomer
tic particles, and bers 1//) [37]. It is of importance that silanes used in the sol-gel process, and by the selection of
the sewage treatment plant in Oldenburg does not haver@action conditions. Since the quality of the end product is
powdered activated charcoal (PAC) adsorption step.-Hovstrongly in uenced by the reaction conditions such as pH
ever, cloth lters have the disadvantage that these can alsalue in the Sol, molar Si—J@ ration, type and concentra
generate particle abrasion through mechanical stress, atioh of the solvent and temperature, comparisons and claims
therewith also microplastic in turn. Current existing ltration regarding structure, and property relationships are di cult
techniques can guarantee screenings up to 10 um (@able [52]. In the case of inorganic—organic hybrid gels, there are
Consequently, smaller particles are released into the enviromany possibilities to steer the aggregation and condensa
ment unobstructed. tion process by means of weak intermolecular forces (e.g.

Filtrations with small particle sizes, on the other handhydrogen bridge bonds, dipole—dipole interactions, etc.), and
require much more time, and are potentially quickly cloggedo achieve de ned nanostructures. If the sol-gel process is
Thus, more costs are incurred through the additionglerformed, using templates (molecules, aggregates, etc.), a
time and maintenance e orts, which are passed on to theonsistently structured hybrid silica gel results. In this con
consumers. text, there is also talk of so called surfactant templ&@s [

The research and development work for the sustainabla addition, in the case of hybrid silica gels, it is possible to
removal of IOCS from wastewater is based on the construspeci cally incorporate functional groups, or ligands. Such
tion of polymer inclusion compoundd4]. In accordance systems are extensively used in optically active materials,
with the principle of cloud point technology, which is knownas corrosion protection, in sensor and medical technology
from the area of nanomaterial research, an innovative segd®5-56]. At the molecular level, the sol-gel process can be
ration technology will be developed, which induces particlelescribed for silicon alkoxides through hydrolysis and con
growth, and facilitates separation according todta#e of densation, which take place partially simultaneously and in
the art §6-47). competition. Hydrolysis as well as condensation can be rep

resented as bimolecular nucleophilic substitution reactions.
Application of Alkoxy-silyl Containing Compounds  The mechanism di ers according to the type of the catalyst
for the Holistic Removal of Microplastic from Waste- used. Acids (M), bases (OH), or nucleophilic agents (F
water N-methylimidazole, etc.) can serve as catalysis Since
the acidity of the protons in the remaining silanol groups is

In 1846, the manner in which liquid, colorless tetraethexysiincreased (the less acidic SiOH groups are consumed during
lane (TEOS) is transfromed into a transparent solid undé¢he condensation) through the resulting siloxane formation,
the in uence of humidity, from which Sigcan be obtained the base-catalyzed condensation mainly takes pleteeeen

Table 2 Properties of di erent

Particle size (um Speci ¢ weight Procedure Expected separa-
ltration techniques 43| icle size (um) peci ¢ weig u xp sep

tion performance
(%)

>10 >1000 kg/n? Sedimentation with lamellae >80
10 No limits Micro-screening/disk lters 90-99
10 No limits Micro-screening/drum lters 90-99
2-10 No limits Continuous sand ltration 95-99.9
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large, highly condensed species with relatively acidic SiOHrom standards. ThiH, *C NMR and?®Si NMR spectra of

groups and monomers, a result of which strongly branched|koxy-silyl derivatives were recorded on Bruker DRX200,

dense polymers arisé], 59]. Bruker Advance Il 400, or Bruker Advance IIl 600 (with
QNP-Cryo-Probe) NMR spectrometers, respectively. Chemi
cal shifts are given relative to thel NMR signal of the

Materials and Methods residual THF ( H ppm) for solutions in [D8]THF. Chemical
shifts in the'3C NMR spectra are given relative to the cen
General Information and Techniques tral signal of the solvent ( C ppm) for solutions in [D8]THF.

The syntheses of the molecular precursors were carried o nthesis of (R)-5-((S)-1,2-dihydroxyethyl)-3-hy-

under a nitrogen atmosphere by using a vacuum line a oxy-4-(3-(triethoxysilyl)pro-poxy)furan-2(5H)-one
Schlenk techniques. GUR 4150 UHMW-PE particles arzl

provided by Celanese Corporation. Additionally neede
chemicals are purchased from abcr GmbH in Karlsruh@mder a nitrogen blanket (R)-4-(allyloxy)-5-((S)-
(Germany) (Tabl®). _ 1,2-dihydroxyethyl)-3-hydroxyfuran-2(5H)-ona) (5.68 g,
Environmental scanning electron microscope (ESEM&GB mmol), and 1,2-dimethoxyethane (6.5 ml) are charged
images were taken from hybrid silica gels (sample size U, 5 100 m reaction ask. The reaction mixture is heated to
to 3 mm) using a FEI Quanta 250 ESEM (FEI Companygq oc at 90 °C Karstedt's catalyst 2 wt% (11.3 pl, 20 ppm
Hillsboro, United States) under low vacuum with chambep pyy is added followed by the slow addition of triethoxysi
pressures between 60 and 80 Pa. To produce good qualify,e (4 45 g, 26.3 mmol). An exothermic reaction can be
images, a large- eld detector (LFD) was used with an accelyserved and, nally, reaction crude is held at 100 °C for
eration voltage between 7 and 20 kV. The IR spectra wergy min ater removing the solvent by means of a vacuum,
measured with FTIR Nicolet iS10 (Thermo, Dreieich, Ger 5 crystalline solid has been obtained (9.3 g, Yield: 93%). IR
many), and FTIR Nicolet iS5 (Thermo, Dreieich, Germany)(ATR): (cm 1 )=3464 (OH), 1787 (C=0), 1070 (Si-O).
Additionally, IR spectra were recorded on VARIAN FT-IR

630 with ATR pike (4000—400 cf). Melting points were . .
determined on a digiMelt electrothermal apparatus from ScPreparation of (R)-5-((S)-1,2-dihydroxyethyl)-3-hy-
enti ¢ Instruments GmbH, and are uncorrected. Te3c ~ droxy-4-(3-(triethoxysilyl)pro-poxy)furan-2(5H)-one

NMR and?°Si NMR of Vitamin C derivatives were obtained NYPrid silica (1)
as [D6]DMSO solutions, and were recorded on Varian Inova

500 spectrometer. All chemical shifts are reported down eldn & 250 ml ask,l (0.5 g, 1.32 mmol), 50 ml ethanol and
25 ml DI water are placed, and heated to 80 °C. Subse

quently, 2.5 ml NaOH (5 mmol, 2 M) is added. A white solid
Table 3 Overview of used chemicals (purchased from abcr GmbH',S formed. After the reaction on RT has been brotht' this
Karlsruhe/Germany) is Itered and rinsed with water. After the raw product has
been dried at 80 °C in the drying chambeis present as a

Name CAS. No. white, voluminous, porous powder (0.28 g, Yield: 80%). IR
1,2-Dimethoxyethane 110-71-4  (ATR): (cm!)=3464 (OH), 1787 (C=0), 1009 (Si—O-Si).
3-Aminopropyltriethoxysilane 919-30-2

3-Ureidopropyltrimethoxysilane (97%) 23843-64-3 Synthesis of 1,3,5-Tris(3-triethoxysi|yl)

Acetone 67-64-1 (o

Ally bromide 106.95.6 propyl)-1,3,5-triazinane (111)59]

Ammor_"um_uor'de 12125018 |, 5 heated and with nitrogen rinsed three-necked ask,
g?;:;?;j;:ane 322;; (0.24 g, 2.38 mmolN,N,NsN stetramethylmethylenediamine
Ethanol 64175 in .toluene is added, and o set with 3—a.minopro_pylt.riethox
Hydrochloric acid 2647010 ysilane (1.58 g, 7.13 m.mol). The.react|on solution is heated
N.N.NsN stetramethylmethylenediamine £1.80.9 to re ux and the resulting water is removed by means of a
P(;ta‘lss’ium carbonate £84.08.7 watgr separato_r. After the rem_oval of t_he_solvent, the—prod
Sodium hydroxide 1310.73.2 uct is present in the form a viscous liquid (1.58 g, Yield:
Terephtalic acid (98%) 100.21.0 95%). N20/D1.447:H NMR (CDCL): 0.55, m, 2H; 1.15, t,
Terephthaloyl dichloride 100.20.9 3J :7._8 Hz, 9H; 1?32 m, 2H; 2.35, m 2H; 3.23, b, 2H; 3.75,
Triethoxysilane 998.30-1 g, 3J=7.8 Hz, 6H.°C NMR (CDC},): 7.95, 18.24, 20.90,

55.78, 58.25, 74.60#°Si-NMR (CDCL): 44.98 ppm.

13



Journal of Polymers and the Environment (2018) 26:4258—-4270 4263

Preparation of 1,3,5-Tris(3-(triethoxysilyl) in THF under a nitrogen blanket. Subsequently, 5 ml of

propyl)-1,3,5-triazinane hybrid silica (1V) NaOH (10 mmol, 2 M) are added and the reaction-mix
ture is held stirring for 48 h. After removing the solvent at

In a 250 ml two-necked ask|l (100 mg, 0.14 mmol), 40 °C/<1mmHg, the residue is treated with DI water. After

50 ml ethanol and 100 ml DI water are added. The reactioffration and drying over nitrogen ow, a slight yellow solid

solution is heated to 80 °C and o set with 0.1 ml NaOHis obtained (5.66 g, Yield: 84%). m.p. >260 °C; IR(KBr-pel

solution (0.2 mmol, 2 M). The resulting cloudy solution islet): (cm?')=3314 (NH), 1724 (C=0), 1652 (C=0), 1550

stirred for a further 12 h at 80 °C. Subsequently, the stirring\NH),elemental analysis calculated (%) fgpt;gN,O;Si,:

is ceased and, within 7 days, a white precipitation ariseS 41,88, H 6,11, N 8,49; found: C 41,77, H 5,43, N: 10,20.

from the cloudy solution. After the reaction on RT has been

brought, this is Itered and rinsed with water, and acetonePreparation of N,N*-bis((3-(trimethoxysilyl)propyl)

After the raw product has been dried in the drying chamcarbamoyl)terephthalamide hybrid silica (VIIIB]]

ber at 80 °CJV is present as a white, voluminous, porous

powder (41.05 mg, Yield: 80%). IR (ATR)cm?)=1094 In a typical synthesi§/Il (10 g, 17.4 mmol) is dissolved in

(-Si—0), 1009 (Si—-0O-Si). 150 ml THF in a 500 ml round bottomed ask. As soon as
200 ml DI water is added, a white precipitate appears. The

Synthesis of NN*-bis(3-(triethoxysilyl)propyl)tere-  mixture is equipped with a re ux condenser, and dipped

phthalamide (V) $1-62] in an oil bath at 80 °C. The solution is then adjusted to pH
3—4 by the addition of 20 ml of an aqueous solution of HCI

Under a nitrogen blanket, 3-Aminopropyltriethoxysilane(20 mmol, 1 M), and slowly cooled to room temperature

(2.17 g, 9.84 mmol) is added to a Terephthaloyl chloridefter 2 h of re uxing. The molar ratio of the mixture is the

(1 g, 4.92 mmol) solution in THF. Subsequently, 5 mlfollowing: UTS/H,O/THF/HCI 1:20:15:2. The resulting

NaOH (10 mmol, 2 M) is added and the reaction mix white solid is ltered and successively washed with water.

ture keeps stirring for 48 h. After removing the solvent atareful drying at 110 °C of the gel for 6 h leads to a white

40 °C/< 1 mmHg, the residue is treated with DI water. Afterpowder. AlternativelyVIll can be synthesized by using a

Itration and drying over nitrogen ow, a slightly yellow molar ratio as followsVIl /H,O/THF/NaOH 1:100:100:20

solid (V) is obtained (2.81 g, Yield: 80%). m.p. >260 °C; IR and adjusting the solution to pH 12 by the addition of a2 M

(KBr pellet): (cm?')=2934 (NH), 1653 (C=0); elemental NaOH solution instead of HCI (6.61 g, Yield: 87%). m.p.

analysis calculated (%) for,g,gN,OgSi,: C 54.51, H 8.45, >260 °C; IR (KBr pellet): (cm?)=3455 (NH), 3326 (NH),

N 4.89; found: C 41.69, H5.72, N 6.74. 1652 (C=0), 1635 (C=0), 1560 (NH), 1109 (Si-O-Si),
1015 (Si-O-Si).

Preparation of N,N*-bis(3-(triethoxysilyl)propyl)

terephthalamide hybrid silica (VI)3D, 61] Extraction of Ultra-high Molecular Weight Polyeth-
ylene (UHMW-PE) with II, IV, VI, VIII

In a typical synthesis/ (9.95 g, 17.4 mmol) is dissolved

in 150 ml THE in a 500 ml round bottomed ask. As soonUHMW-PE (1 g, 1x10* mmol) is o set with 100 mg of

as 200 ml DI water is added, a white precipitate appearetl, IV, VI , or VIl and suspended in 200 mLB/EtOH

The mixture is equipped with a re ux condenser, and dippedl:1). Subsequently, heated to 80 °C and 0.1 ml NaOH

in an oil bath at 80 °C. The solution is then adjusted to pL mmol, 2 M) is added. A white coarse powder is obtained

3-4 by the addition of 20 ml of an aqueous solution of HCiIn each extraction. IR(KBr pellet) ®E/VIII (Example):

(20 mmol, 1 M), and slowly cooled to room temperature (cm*)=3440 (N-H), 1652 (C=0), 1640 (C=0), 1107

after 2 h of re uxing. The molar ratio of the mixture is (Si—O-Si), 1024 (Si—O-Si).

the following: ATS/HO/THF/HCI 1:20:15:2. The result

ing white solid is Itered and washed successively with

water (4.88 g, Yield: 82%). m.p. >260 °C; IR (KBr pel Results and Discussion

let): (cm?')=3327 (NH), 1630 (C=0), 1555 (NH), 1109

(Si—-O-Si), 1015 (Si-O-Si). Bioinspired molecules are deliberately engineered materi
als, which alone, or as part of complex systems, steer the

Synthesis of §N*-bis((3-(trimethoxysilyl)propyl) course of certain processes through the control of interac

carbamoyl)terephthalamide (VII1] tions with components of living systems. Interfaces between

biomaterials and, e.g., cells/tissues, play a special role in the
3-Ureidopropyl-trimethoxysilane (2.18 g, 9.84 mmol) isresearch and application of biomaterials, but the utilization
added to a Terephthaloyl chloride (1 g, 4.92 mmol) solutio®f the e ects induced through biomaterials in wastewater
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sanitation, and drinking water preparation is also movinghis can be exploited for the targeted removal@C€B5.

into the focus of scientists more and ma88]] Through  Through inorganic-chemical structure enhancers and vari
the advancement of materials science, it is becomingble functionalities, it is possible to react exibly to the
increasingly possible to make persistent molecules accesomplex wastewater matrix. If a bioinspired organic spacer
sible for a natural or induced route of degradation througtvith a high carbon component is selected for the sol—gel
targeted reactions with bioinspired backbone moleculeprocess, an I0CS-loaded solid, which is ecologically
and to implement these routes also in wastewater sanitharmless, will be formed within the water-induced reaction
tion and drinking water preparation. The concept of Herboft67]. Among other things an alkoxy-silyl functionalized
and Schuhen is based on a three-step syntiegidr the  vitamin C derivative |(), a trialkoxysilyl functionalized
course of the work on backbone molecules, this principlériazinane derivativelll ) as well as a bisamidyV(, or

has been simpli ed and revised in terms of the criteria obiscarbamoylYIl ) functionalized phenyl derivative could
resources, and economic e ciency. be synthesized (Schemg&s, 3 and4) as bioinspired pre

The adapted concept now only comprises two synthecursors. Subsequently, the hybrid silica gels obtained were
sis steps: A so called localization and xation unit is-con characterized with regard to their molecular structpae
structed. The capture unit (IU) addressed in the concept bigle composition, and capacity to form inclusion compou
Herbort and Schuhen is omittetH]. nds.

The working basis is premised on the hypothesis that Ascorbic acid derivativd was alkoxy-silanated with tri
Van der Waals interactions with short ranges, and {ocakthoxysilane in accordance with the synthesis regulation of
ized hydrophobic interactions between precursors, and/diahir et al. §8] (Schemel) and, subsequently, implemented
material and the 10CS to be connected can induce xatiom the sol-gel process.
through the formation of an inclusion compound with-par ESEM images show that in the case of the hybrid silica
ticle growth B4, 65]. These inclusion compounds are, asgel produced through the sol-gel procdky {t involves a
a rule, all the more stable, the better the cavity is lled bypartially structured inorganic—organic hybrid (F&). Par
the guest moleculeésp]. Through the addition of eco toxi ticle sizes of up to 500 um were obtained. This material
cologically irrelevant coagulation and inclusion units, it isdemonstrated a heterogeneous composition due to the too
possible to initiate a molecular self-organization with thehigh amount of C:Si (thermogravimetric analysis (TGA):
hydrophobic stressors in an aggregation process induc€d 33.98%, Si: 8.76%), which makes the reproducibility of
by water B1]. It results in adhesive particle growth aroundthe sol—gel process di cult.
the polymer particles, and between particles. Subsequently, As additional potential localization units, the substance
the polymer extract can be separated from aquatic meditass of the triazinanes has been identi ed. The advantage of
through simple, and cost-e ective lItration processes (e.gthese structures is that they exhibit a preorganization through
sand trap)44, 61]. the rigid N—C structure already in the form of the molecu

Moreau et al. also show that functionalized hybridlar precursor and, in addition to an inclusion compound for
materials consisting of organic and inorganic elementdyydrophobic guests, the existing nitrogen units in the frame
and their molecular alkoxy-silyl-substituted precursorswvork structure also make chelation of heavy metals possible
have special characteristics, such as preorganiza&@n [ (Scheme) [59, 69].

Scheme 1Reaction scheme HO

for the synthesis of alkoxy-silyl HO H 0 K.CO - H 0 _o
. . : O 23 A
functionalized ascorbate deriva- HO HO
tive (1) and sol-gel productl() — _ Br_= —
ue - CO, -KBr o OH
A <
HO H
. ~=050
(EtO),SiH J\S_Z Sol-Gel-Process HOJ\S:I
Pt’ (e} OH
(EtO),Si 0,Si N
1 I
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= —n
I v

Scheme 2Reaction scheme for the synthesis of trialkoxysilyl functionalized triazacyclohexane preliujysamd sol—gel product\() [59, 69

Scheme 3Synthesis o¥/ . — .
through the implementation of Si(OEt); SiOx
terephthalic acid dichloride with Si(OEt),
(3-Aminopropyl) triethoxysilane
and subsequent hydrolysis to Ox ¢l O._NH Os_NH
VI [62] 5
NH, H,O/ THF
-HCl NaOH
Cl
o o7 NH o NEL
e "
Si(OEt); L 10x_ |
A% \%!

(MeO);Si Si(OMe), This preorganization process leads to an arrangement of

the molecules prior to the condensation, and geneaates
three-dimensional network with a lamellar structugé] [
Therefore, suitable precursors allow a targeted design and
functional design of the material.

The ESEM examinations &fl show, in comparison
to VIII , a cubic or rod-shaped structure without cavities
(Fig. 4). For both hybrid materialsv{ andVIll) self-
organized networks in a tubular structukdl{) in the
Scheme 4Synthesis oiVIl and subsequent sol-gel process for theform of long needles (Figh) could be detected. Upon
formation ofVill [60, 61] closer observation, it is clear that the core of these nee

dles consists of a cavity. This on average approx. 1.5-2 um

The ESEM images diV (Fig. 3) con rm the assump  wide cavity is possible for the localization and inclusion
tion that, due to the molecular preorganization in the hybridf small, mobile molecules, which are localized through
material, there is a ner structure (sta -like with a particle hydrogen bridge bonds. The interlamellar distance
size of 60 pm). The hydrophobic partdVhare more readily of hybrid silica gels (e.gv 21.1 A) is longer than the
accessible for the formation of interactions to microplastiobserved distance for the corresponding bridged silses
particles. quioxane (e.gVI 19.6 A) [60]. The hydrolysis and subse

In the course of the research activities, two furtheguent condensation reaction of the reactive alkoxy-func
precursors could be synthesized withandVIl , which  tions may be responsible for the shorter n spacing. In
were stabilized through additionally induced interactionsxddition, it is likely that the formation of thiglditional
(Schemes and5). Between the planar phenyl rings actsiloxane bridge causes a deformation of the ordered mol
intermolecular — -interactions §0]. Moreover, regular ecules in the materiab0]. The additional intermolecular
spacing occurs between the urea groups, and hydrogbgdrogen bonds o¥ll compared td/ lead to a preer
bridge bonds can form between the molecules (Scl®me ganization e ect, which are additionally responsible for
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Fig. 2 ESEM images ofi at
the magni cations 500 pm (left)
and 20 pum (right)

Fig. 3 ESEM images olV at
the magni cations 100 pm (left)
and 40 pum (right)

Scheme 5Hydrogen bond and —

. ; i Sio
— -interactions of VII Si(OMe); (rSl(OMe)s H/ X
? Os_NH Os__NH
O NH Os_NH Os_NH
2 0=
NH, H,0/ THF
-HCI NaOH
o NH NH
o )\ o
o ~NH & N\H
Si(OMe); L Sioy_|
n
Vil VI

the formation of the observed cavities such as the beforaolecular weight of approximately 9.2 x 106 g/ma0]),

mentioned shortened interlamellar distance. a commercially available ultra-high molecular weight poly
The implementation reactions of the molecular precurethylene (UHMW-PE). For a better comparison of the start
sors (I, 1ll, V und VII) as well as the hybrid silica gels (I, materials with the products, in addition to IR images, ESEM

IV, VI, VIII) were conducted with GUR® 4150 (density: pictures were also made of all substances used. In the IR
930 kg/n¥; linear polyole n resin in powder form with a spectrum of the UHMW-PE, the characteristic vibrations

13
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(bond stretching vibrations =2920 and  =2855 In the course of the examinations of the xation capacity
as well as the deformation vibrations af;= 1472 and Of UHMW-PE particles on the hybrid silica gels (V, VI
on=1462) could be assigned in the extracted products. TN VI ), it could also be observed that at a ratio of 10:1
ESEM images show the surface quality of the UHMwW-PEPOlymer: localization molecule) fafl , in addition to parti
(Fig. 6 left). cle growth, also an implementation reaction took place upon
the application o¥/I. This is con rmed by the change to the

Fig. 4 ESEM examination of
VI at the magni cations 30 um
(left) and 10 um (right)

Fig. 5 ESEM images o¥/Ill at
the magni cations 10 um (left)
and 5 pm (right)

Fig. 6 ESEM images UHMW-
PE at 300 um (left), after the
formation of agglomerates of
UHMW-PE withVIII at 2 mm

(right)
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]‘Triﬂetﬁesggmﬁgtgnt:ifresu'ts Vitamin C (1) TAC (V) ATS(I) UTS (Il

bioinspired molecules Pore size and volume + ++ ++ +++
Induced interactions + ++ ++ +++
Molecular preorganization of the precursor + ++ ++ +++
Volume increase + ++ ++ 4+
Reduction capacities for UHMW-PE >70% >84% >90% >95%
Filtration possibilities + ++ ++ +++

structure (con rmed: microscopic level ESEM, molecularby the German Federal Ministry for Economic A airs and Energy

level IR). Since the UHMW-PE particles, prior to the reac (KF3147102RH4) through the provision of ZIM (Central Innovation
’ ram for SME) project funds. The enterprise abcr Gnititp:(/

: . . Prog

tion, exhibit an average size of _100 “_m and the needles S?If/vw.abcr.defrom Karlsruhe (GERMANY) is directly involved in the
VIII alength of 100 um, a particle size increase of 666%oject as an industrial partner for the material science scale-up. IR
(larger volumes are possible) could be observed @ig. spectra are provided by SAS Hagmahtig(://www.sas-hagmann. e

right). ForVI similar values could be determinéd, andll from Horb am Neckar (GERMANY). NMR spectra are additionally

. . . ided by Uni ity of Heidelberg’ h f Prof. Dr.
showed a high level of fragmentation, which leads to the fafhrg;/k'u: Engersm(v(glrzsél\y/IXNY)e.l eIDergs research group of Frot. br

that these compounds are unsuitable for the desired applica-
tion area in wastewater sanitation.
From the data obtained (especially ESEM and IR), it is
evident thaw/Ill is the most suitable precursor for the bind References
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Abstract

Based on a new concept for the sustainable removal of microplastics from freshwtgerssya case study for a pH-
induced agglomeration and subsequent removal of polyethgiesh polypropylene particles from water is presented. The
two-step-based process includes firstly a localization and secondly an aggregation of microplasis (2506

350 M) in a physicochemical process. The research descebstrong increase in the particle size independent of
pH of the aquatic milieu induced by the addition of trichlderee-substituted Si derivatives. The resulting Si-based
microplastic aggregates (particle size after aggregation3i€i) could be easily removed by use of, e.g., sand traps.
Due to the effect that microplastic particles form agglonmrgiroducts under every kind of process conditions (e.g.,
various pH, various polymer concentrations), the study shewigh potential for the sustainable removal of particles
from wastewater.

KeywordsMicroplastic- Freshwater systemdNastewater treatmenSol-gel processinert organic chemical pollutants
Suspended particles

Introduction can result from the fragmentation of larger plastic items
influenced by different degradation processes in the envi-
Since the start of the mass production of plastic in 1950 wittonment or can be released directly as microplastic parti-
1.7 million t per year, the worldwide plastic production in-cles into the environment (Fig).
creased to 311 million t per year in 2014 with a continuously Most of the microplastics are categorized as persistent
increasing tendency (PlasticsEur@#45. High amounts stressors or inert organic chemical stressors (IOCS) on contact
of incorrectly disposed plastic waste are released into thiveith the ecosystem (Herbort and Schul2ig 20173.
environment every year accumulating in all parts of th&hese particles have various effects on the aquatic environ-
aquatic environment due to their slow degradation ratement (Tablel).
(Barnes et al2009 Jambeck et al2015 Wright et al. Due to their physicochemical properties and high surface/
2013. Ninety percent (by p#cle count) of the plastic volume ratio, microplastics can adsorb and enrich different
particles floating in the seas are classified as microplastipellutants from the surrounding water (Avio et 2016
(Eriksen et al2014). Per definition, microplastic is clas- Schwarzenbach et 006 Napper et a015. This can lead
sified as plastic particles smaller than 5 mM (Barnes et alo the transport of pollutants over large distances (Zarfl and
2009 Eerkes-Medrano et a2015. Microplastic particles Matthies201Q Bakir et al.2014. The accumulation of organ-
ic pollutants depends on the type of polymer and the affinity of
contaminants to the polymer (Bakir et2012. Observations
show that polyethylene (PE), polypropylene (PP), and poly-
styrene (PS) adsorb the highest amounts of organic pollutants.
Sorption into the polymeric matrix was proven for PE,
polyoxymethylene (POM), and PS, which causes an increased

1 Institute for Environmental Sciences, University of Koblenz sorption capacity for these polymer types (Pascall 2085
Landau, Fortstr. 7, 76829 Landau in der Pfalz, Germany Karapanagioti and KlontzZz008.
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Fig. 1 Microplastic particle entry
into the environment in t/a (Sundt

et al.201 Mircoplastics )
3 added to other lllegal dumping of

roducts
produ dust

Cosmetics 50t 65t Washing of textiles
40t 110t

{ Waste treatment
Indoor -paint 90t 100t

Painting and
maintenance of
310t buildings,
Wear and tear from constructions and
car tyres 400t roads

2250t )
Loss from plastic

production
650t

Painting and
maintenance of
ships and boats

Overview of the behavior of polymers in water What does this mean for wastewater treatment

and the particle elimination process?
If a polymer enters the aquatic milieu (regardless of the type of
water), this usually leads to a slight to severe swelling (due /astewater treatment plants are important point sources
the chemical structure) of the polymer so that the shape of &r the direct release of microplastic into the environment
object can change, as well as its strength and the dielect(Browne et al.2011, Mintenig et al.2016. Municipal
properties can be reduced. Additionally, the density changegastewater treatment plants remove-@8% of the in-
which results in the sinking of polymer particles (Chubarenkaoming polymer particles by skimming and sedimentation
et al.2016. These effects, in an environmental context, ar¢Ziajahromi et al2016 Carr et al.2016. Because of the
strongly influenced by external factors (e.g., temperature, waigh level of contamination of the wastewater, there are
ter quality, and pH). The water absorption can also lead to tr&ill high amounts of microplastic released into the envi-
breaking of chemical bonds in the polymer molecule, but imonment (Abegglen and Siegri3912 Eggen et al2014
general, this process only proceeds at high temperatures dtershaw2015. Polymers, such as PE and PP, are most
with polymers obtained by polycondensation at a considerab®mmonly found in wastewater (Leslie et 2013
rate and hardly observed in the environment (Andggdyl).  Mintenig et al.2016.
In most cases, this resistance is characterized by water absorpThe estimated discharge is approximately-8@M g
tion, which is the amount of water absorbed by the materiahicroplastic per day and wastater treatment plant, de-
after 24 h of immersion in water at room temperature. Watgrending on the amount of processed water (Hartline et al.
absorption is expressed as a percentage of the weight of th@16). Further studies yielded 57.6 MP (particles + fibers)
sample or as the weight of the water absorbed per unit areapr liter in the inlet and 6. MP/L in the outlet (Lares
the sample in grams per square decimeter @®/dmkilo- et al. 2018 or 11-77 x 10 MP/a (Primpke et al2017).
grams per square meter (kgjrfirable2). Estimates from studies indicate that each wastewater

Table 1 Overview of harmful effects of microplastics in the aquatic environment

Location Effect class Effect Literature disclosure

Effects when taken up by organisms Physical harm Reduced nutrient uptake Welden argDCowie
Disturbance of cell functions von Moos et2012

Release of pollutants Release of adsorbed pollutants Brown2e1al.

Release of hazardous ingredients Browne &04I3

Effects in the aquatic environment Microplastics as transport vector Release of hazarddientagr Teuten et &009
Transport of adsorbed pollutants Zarfl and MattBi@s0
Transport of microbial communities Kirstein et2016
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Table 2 Overview on the rate of water absorption of various resingnicroplastic particles. This pore volume was chosen be-
ASTM-D 570 (af_ter 24 h) w|th ecological relevance (MltsublshlCause most previously published studies analyzed
Engineering-Plastics Corporati2f17) . L . s

microplastics in this area. The feasibility study of the con-
Name of substance Rate of water absorption (%)cept was initially carried out in DI water. A corresponding
series of experiments was also implemented in wastewater.

Low density p°|¥8thylene <0.01 PE can have different lengths of molecular chains and
Polyethylene (mixtures) 0.04~0.08 resulting different properties that significantly affect the
Polypropylene <0.01 behavior of the polymers. With LDPE (low density,
Polycarbonate 0.23 0.912-0.934 g/cni) and HDPE (high density, 0.941
Rubber modified PVC 0.07-0.2 1.05 g/cni) (LyondellBasell20183 b) two large-scale
High impact strength ABS 03 PEs were used in our case study, which are also found in
Teflon 0.00 a variety of PE-containing products (FR).

Glass fiber reinforced nylon 0.7~1.4

ABS 0.2 Microplastic removal through innovative

Nylon 12-23 silicium-based hybrid material combinations

Acrylate 0.2~0.4

The chemical term silica indies several specifications
and summarizes crystalline, amorphous, soluble, or chem-
treatment plant carries between 93 million and 8.2 billiorically combined forms. Synthetic amorphous silica (SAS)
plastic particles per year into the rivers and seas (Murphg produced for various indtr&al and consumer applica-
et al.2016 Magnusson and Nore2014). Particulate load tions (Bergna 994 Fruijtier-P6lloth2012). Due to its low
ranged from 86 to 714 perhand from 98 to 1479 perfn  production costs, the chemical stability, and its high sur-
(Mintenig et al.2016. As a result, it can be said that the face area, it is excellently suitable as a carrier for various
microplastic load is completely different in compositionsubstances such as catalysts, pesticides, or pharmaceuti-
and amount. An even higher discharge can occur in incals, and can be used as an adsorbent. SAS was tested as
dustrial wastewaters, as those can have very high amourts adsorbent for organic and inorganic pollutants in
of microplastic pollution. A study in Switzerland deter-wastewater treatment in puferm as aluminosilicate or
mined a discharge of 200 gionoplastic particles per organically functionalized (Liu et aR015 Choi et al.
day in the wastewater of a plastic-producing compan016 Wawrzkiewicz et al2017). While silica nanoparti-
(Lechner and Ramle2015. To avoid the discharge of cles may have a negative impact on ecosystems and sol-
microplastic into the environment, a final filtration stepuble silica may caues problems in membrane filtration
before the release of wastewater into the environment pocesses, the SAS used in this study is chemically and
necessary. Currently, only very costly or inefficientbiologically inert (Fruijtier-Polloti2012 Chuang et al.
methods for the removal of microplastics and trace sut2007 Grace2015. In addition, the employed silicon
stances are used (Heinonen and Tah2id7). In these dioxide-alkyltrichlorosilane mixture of organically func-
methods, either the effectiveness is too low and the prdionalized oligomers must be distinguished from silicon
cess too inflexible (sedimentation, flocculation, and sediatoms which are linked by oxygen atoms. These com-
mentation) or chemicals must be added to the wastewatgounds are called siloxanes and can have a negative im-
(flocculation, depth filtration, and micro- and ultrafiltra- pact on ecosystems (Ratola et 2016. The molecules
tion), which have been shown to affect the ecosystem, ave used are classified as ecotoxicologically irrelevant
prevent efficient secondary recycling or material recoveryfHurkes et al2014).
A large proportion of the total amount of microplastic
(33.46%) is generated by direct input from the industrial
sector (Fig.1) (Sundt et al.2014. With the sustainable Material and methods
removal of the particles during the production process,
they will not be introduced into the wastewater. ThusChemicals and reagents
ecosystem damage is permanently prevented. Also con-
ceivable are add-ons for, e.g., washing machines to ensurbe polyethylene (PE) powder (60-300 M, as a mixture
that no synthetic fibers get into the wastewater directlyof various LDPE and HDPE) and polypropylene (PP) powder
As a result, wastewater treatment plants can be relievéd 50400 M) was provided by LyondellBasell, Basell
and the water quality sustainably improved. Polyolefine GmbH, Frankfurt am Main, Germany.
In our study, only PE and PP particles50-300 M) Methyltrichlorosilane (CAS 75-79-6)-butyltrichlorosilane
were used, as these are the most common types (EAS 7521-80-4)n-octyltrichlorosilane (CAS 5283-66-9),
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Fig. 2 European plastics converter demand by polymer types in 2016,density polyethylene, medium-density polyethylene, toys, (PE-HD, PE-
PS (polystyrene, eyeglasses frames, plastic cups, egg trays, etc.), PBHE), milk bottles, shampoo bottles, pipes, housewares (PE-HD) %etc.),
(expanded polystyrene, packaging, building insulation, &®ET LDPE, LLDPE (low-density polytylene, linear low-density
(polyethylene terephthalate, bottles for water, soft drinks, juicegolyethylene, reusable bags, trays and containers, agricultural film (PE-
cleaners, etc.f PUR (polyurethane, building insulation, pillows and LD), food packaging film (PE-LLD), etc.), PP (polypropylene, food
mattresses, insulating foams for fridges, ett.pVC (polyvinyl packaging, sweet and snack wrappers, hinged caps, microwave-proof
chloride, window frames, profiles, floor and wall covering, pipes, cableontainers, pipes, automotive parts, bank notes, etc.) (PlasticsEurope
insulation, garden hoses, inflatable pools, e?d.—)DPE, MDPE (high- 2016 2017

and n-dodecyltrichlorosilane (CAS 4484-72-4) were pur-crucible, 10-16 M) and the precipitated white solids were
chased from abcr GmbH, Karlsruhe, Germany. dried at 60 °C for 24 h.

Formation of particle growth Analysis
ESEM images were taken of hybrid silica gels (sample size up
to 3 mM) using a FEI Quanta 250 ESEM (FEI Company,
One hundred milligrams of PE, PP, and mixture of both powngLilbecgg' 6%8;:2 duggeggov_\:_(;/aizg?c;v'tr;gg?mugﬁtrypirrizsifsa
der mixes, and 1 L deionized (DI) water were filled into a 2—LI ) ! b 9 q nages,
. . . arge-field detector (LFD) was used with an acceleration volt-
round bottom flask. A certain amount®élkyltrichlorosilane .
(0.01 eq., (85 M) methyltrichlorosilane, (60.5M) n- age between 7 and 20 kV. The IR spectra were measured with
D €d. (69 y S . FTIR Nicolet iS10 (Thermo, Dreieich, Germany) and FTIR
butyltrichlorosilane, (43.2 M) n-octyltrichlorosilane, and Nicolet iS5 (Thermo, Dreieich, Germany). Additionally, IR
(3.36 M) n-dodecyltrichlorosilane) was added and the mix- ' ' ey . "
. .spectra were recorded on VARIAN FT-IR 630 with ATR pike
ture was stirred at 250 rpm atroom tempera't ure. Aftgr 20 m'?4000-400 cmé‘l). The surface analysis was performed with a
the mixture (pH 56) was filtered (G4 glass filter crucible, scanning electron microscope (SEM) LEO 1450 VP (Zeiss
10-16 M) and the precipitated white solids were dried at . . 0 -
60 °C for 24 h Germany). Micro-elemental analysis (wt% CHN) was per
' formed with LECO CHNS-932. By means of oxidation
(1000 °C) in the oxygen flow, the G@r H,O content was
Technical scale (highly diluted, batch condition analyzed by IR spectrometry and theddntent by means of a
in a wastewater treatment plant) thermal conductivity detector. The Si elemental analysis was
determined gravimetrically as Si@fter potash digestion of
One hundred grams of PE, PP, and mixture of both powdéhe original substance and treatment with hydrofluoric acid.
mixes, and 2000 L tap water were filled into a 2000-L discon-
tinuous batch reactor (stirred for 24 h for swelling process). A
certain amount af-alkyltrichlorosilane (0.01 eq., (170 mM) Results and discussion
methyltrichlorosilane, (121 mM)-butyltrichlorosilane,
(86.4 mM) n-octyltrichlorosilane, and (6.72 mM)-  In the sol-gel process, silanes form macromolecular networks
dodecyltrichlorosilane) was added and the mixture was stirreda hydrolysis and condensation (Soleimani Dorcheh and
at 250 rpm at outdoor temperature (here2B0°C). After  Abbasi2008 Pope and MackenzE986. For a fast gelation
24 h, the mixture (pH £6) was filtered (G4 glass filter process, especially high or low pH values are favorable, as

Lab scale (high concentration)
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Fig. 3 ESEM pictures (scale

1 mM) ofathe PE blank and an
example aggregate formed of PE
with ann-alkyltrichlorosilane
derivative at the magnification

1 mM (results for PP and mixtures
of both are analogous)

they lead to faster hydrolysis and condensation rategnvironments, this is irrelevant. These alkoxysilyl halogen
Alkoxysilanes, such as tetraethoxysilane (TEOS), react vegpmpounds can, therefore, be used without hesitation in in-
slowly in the pH-neutral aquatic medium, which is why eco-dustrial wastewater treatment. For wastewater treatment
toxicological relevance cannot be ruled out (Ratola et aplants, this is a special subject, since these are not closed water
2019. Therefore p-alkyl-substituted chlorosilanes are usedcircuits, as is the case for industrial wastewater. Therefore,
because of their high reactivity upon contact with water. Thelf must also be ensured in drinking water treatment that a
form silanols and release hydrochloric acid (Hurkes et apH value of, e.g., 89 is observed (depending on the size of
2014. Due to the low stability of silanols and catalysis ofthe WWTP and discharge regulation), since a lower pH
the hydrochloric acid released during the hydrolysis, thgalue results from the automatic generation of HCI (up-
silanol groups condensate and form siloxane bonds, whigin contact of the silyl halogen derivatives with the
avoid a discharge of ecotoxicologically relevant siloxanes intwastewater) (Bundesministeriums der Justiz und fir
the environment. This leads to the formation of a macromd/erbraucherschut2017).
lecular hybrid silica network in the form of a gel, which in-  Methyltrichlorosilane,n-octyltrichlorosilane, andh-
cludes the PE particles. Monochlorosilanes tend to dimerizébdecyltrichlorosilane show an instant gelation and only
and dichlorosilanes form long-chained oligomers (Neumeyex partial inclusion of the PE, PP, and mixtures of both
and Auner2016 Palaprat and Ganacha2003. Forn-  (reaction type 1). The low ability of the silanetriols
alkyltrichlorosilanes, the three reactive groups enable the fatauses the instant gelation (Brod©99. Therefore,
mation of three-dimensional macromolecular networks (Althe silanetriols do not have the time to attach to the
Oweini and EI-Rassg2009. PE particles and accumulate those. This explains the
The molecules are particularly well suited for industrialow inclusion rates. For methyltrichlorosilane, addition-
wastewater, since the sol-gel process demonstrates a pily, the affinity of the methyl group to the PE, PP, or
induced reaction sequence. There are extreme pH valuesnnixtures of both is too low and there is no interaction.
such process wastewater. However, since the sol-gel processThen-butyltrichlorosilane-based silanol is more stable, be-
can be conducted catalytically in alkaline as well as in acidicause the intermediate length of titbutyl group creates a

Fig. 4 Reaction behavior,
gelation time, and inclusion
amount in wt.% of the-
alkyltrichlorosilanes tested for the
inclusion and aggregation of PE,
PP, and mixtures of both in DI
Water,1methy|trich|orosi|ane
gelation time n. a., inclusion
amount 0%n-
butyltrichlorosilane gelation time
120 s, inclusion amount 7586~
octyltrichlorosilane gelation time
1 s, inclusion amount 50%6-
dodecyltrichlorosilane gelation
time 1 s, inclusion amount 25%
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Fig. 5 Elemental analysis (C, H, N) forbutyltrichlorosilane test found C 75.04, H 12.74n-butyl hybrid silica + PP (EA (CH) found C
screeningPE blank (EA (CH) found C 85.38, H 14.1%4pP blank  80.30, H 13.769n-butyl hybrid silica + PE/PP (EA (CH) found C 69.67,
(EA (CH) found C 81.5, H 13.273n-butyl hybrid silica blank (EA  H 11.55)

(CH) found C 41.16, H 07.93)-butyl hybrid silica + PE (EA (CH)

stabilizing inductive effect (Brinker988. The higher stabil- ation reagents were used to prepare a hybrid silica gel blank
ity allows these silanols to attach to the PE particles @alg. without contact with microplastic particles. In each case, an
by means of van der Waals forces created byntladkyl  expected elemental analysis and typical IR spectroscopic ob-
groups, include, accumulate and agglomerate those3¥ig. servation IR (KBr):x [cm>*] 3343 ( (OH)), 2950, 2900
(Herbort and SchuheR0173. N-butyltrichlorosilane forms ( (CH,)), 1430-1485 ((CH)), 1100 ( (Si-O-Si)), 880-690
the most stable-alkylsilanetriol and has the longest gelation( (Si-O)) are measured. Looking at the agglomerates with
time. Because of the high stability, a longer reaction tim®E, PP, or their mixtures, a significant increase in the content
would be needed to create one big aggregate (reaction typecarbon (about 69-58.21 wt.%) and hydrogen (about
2). The aggregation and particle growth makes th&2.18-14.57 wt.%) could be observed. This suggests that
microplastic easily removable. microplastic particles consisting of a high hydrocarbon ratio
It could be observed that at low pH values for inter-(EA (CH) found C 85.38, H 14.11) have been included sus-
mediaten-alkyl chain lengths (ethyltrichlorosilanen-  tainably (Fig.5). The IR spectra confirm this hypothesis.
butyltrichlorosilane,n-octyltrichlorosilane, andh-  Typical PE and PP bands overlap those of the hybrid silica
dodecyltrichlorosilane), the formation of aggregates includingel, so that very strong valence and deformation vibrations of
PE, PP, and mixtures of both is favored and applicable fqrolymer/plastics IR (KBr)¥ [cm™] 2950, 2900 ((CH,)),
wastewater treatment processes #)g. 1430-1485 ((CH)) and weaker valence and deformation vi-
Elemental analyses and IR analytical methods were usedtications of the hybrid silica gel (IR (KBr [cm™Y] 1100
confirm that this was an inclusion compound. The agglomef- (Si-O-Si)), 880-690 ((Si-O)) could be detected.

Cll /\/\/\/\/\/\S-/Cl /\/\/\/\S"Cl
Qi i i
simcl > e
Cl Cl Cl Cl

Scheme 1Molecules for microplastic removal sorted by worst (left) to best material (right)

Fig. 6 100 g microplastic mixture (PE and/or PP), 2000 L process water, stirred 350 rpm, outsidatteenpe1628 °C; left: 24 h swelling process,
middle: after agglomeration process, right: separation of the agglomerated particles (Ctggsisgat:3.0)
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In Conc|usion, it can be confirmed that Short_chairﬁViO CG, Gorbhi S, Regoli F (2016) Plastics and microplastics in the

. . } . - oceans: from emerging pollutants to emerged threat. Mar Environ
trichlorosilanes (C1-C2) are worst suited to achieve o/ %20 511 o iidoi org/10.1016/marenvres. 2016.05.012

microplgstic agglomeration.. In Con_traSt’ ) Iong'ChairBakir A, Rowland SJ, Thompson RC (2012) Competitive sorption of
trichlorosilanes (> C8) can fix microplastic particles, but not  persistent organic pollutants onto microplastics in the marine envi-
completely due to direct gelation and hydrophobicity. ronment. Mar Pollut Bull 64(12):2782789. https://doi.org/10.

Therefore, average molecular chain lengths (C3-C5) are best 1016/.marpolbul.2012.09.010 ,
suited to achieve fixation with microplastic particles in freshBaklr A Rowland SJ, Thompson RC (2014) Enhanced desorption of
P p persistent organic pollutants from microplastics under simulated

water systems (Schertg physiological conditions. Environ Pollut (Barking, Essex : 1987)
In order to verify the transfer to the industrial scale, a dis-  185:16-23. https://doi.org/10.1016/j.envpol.2013.10.007
continuously operated stainless steel reactor with a capacity%ﬁmesdeKA’ Ga'?atf_" F, Tth;mFt’_SO(;‘ RbC_, Baf'?zb'\/'l (2009) ACCU{”U'F?;'_?”
. . ana rragmentation ot plastic depris in global environments. 110S
2000 L was used. In this experimental setup, the test was 1. 'r'sqc B Biol Sci 364(1526):198998. hitps://doi.org/10.
carried out with process vyater and the bghawor of jche 'part|cles 1098/rstb.2008.0205
as well as the water quality over the period of application an@ergna HE (1994) The colloid chstry of silica - an overview,

in addition, the behavior of the substances under changed Chapter 1. Adv Chem 23447 https://doi.org/10.1021/ba-1994-

climatic conditions (external factors) were determine%rinkcz)azrsé:]d(]fgg& Hydrolysis and condensation of silicates: effects on
(Herbort and Schuhe20179. It could be shown that this structure. J Non-Cryst Solids 108@):31-50. https://doi.org/10.

process is transferable and reproducible from the laboratory 1016/0022-3093(88)90005-1

scale to the industrial scale, regardless of the particle type aBabok MA (1999) Organosilicon chemistry. Synthetic applications in

size (Fig.6) (Herbort and Schuhe2017h c). organic, organometallic, materials, and polymer chemistry. Wiley,
New York

Browne MA, Crump P, Niven SJ, Teuten E, Tonkin A, Galloway T,
Thompson R (2011) Accumulation of microplastic on shorelines
woldwide: sources and sinks. Environ Sci Technol 45(21):9175
9179.https://doi.org/10.1021/es201811s

Browne MA, Niven SJ, Galloway TS, Rowland SJ, Thompson RC

It could be demonstrated that, through the application of (2013) Microplastic moves pollutants and additives to worms, re-

alkoxysilyl halogen compounds, polymers agglomerate to ducing functions Iinkgd to health an_d biodiversity. Curr Biol 23(23):
varying degrees. Here, it is irrelevant what type, size, Oéun2388—2392.https.//d0|.0rg/10.1016/J.cub.2013.10.012
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Chapter

Technological Approaches for
the Reduction of Microplastic
Pollution in Seawater Desalination
Plants and for Sea Salt Extraction

Katrin Schuhen, Michael Toni Sturm
and Adrian Frank Herbort

Abstract

An increasingly serious and widespread problem is the introduction of plastics
into the water cycle. The poor degradability leads to the plastic waste remaining
in water for a long time and over time it fragments into smaller and smaller plastic
particles. Both the visible plastic parts and in particular their decomposition
products and functionalized plastic particles are an enormous burden. Seawater
desalination and sea salt extraction are highly dependent on the quality of the
seawater in terms of process utilization and cost structures, i.e., on the level of
pollution. Especially microparticles represent a significant potential for blocking
the microfiltration membranes (pore size > nm) in the pretreatment and the
very costly reverse osmosis (RO) membranes (pore size > nm). An innovative
approach for the removal of microplastics from industrially used seawater com
bines a chemically induced agglomeration and a new technological implementation
step. The particular challenge in removing the synthetic impurities is not only their
small size but also their inert properties against most of the physical and chemical
additives for flocculation. With an easy implementation to existing systems, an
economic aspect and a strong impact on the maritime ecological balance will be
expected.

Keywords: microplastics, desalination, sea salt extraction, reverse osmosis, filtration,
agglomeration, add-on technology

. Introduction

The oceans perform a vital function as a regulator of the climate and absorb

of the CO  generated []. Through the production and consumption of
foodstuffs, industrial and consumer goods, humankind produces large quantities
of waste, whereof a considerable proportion ends up in the ocean sooner or later.
Three-quarters of the waste in the ocean consists of plastic. This plastic is a steadily
growing problem, costs the lives of ten thousands of animals every year and can also
endanger humans.
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Over of the plastic material entering the ocean annually originates from land-
based sources, which correlates with the fact that half of the world population lives in
coastal regions [, ]. Large plastic waste represents the main contribution, including
everyday objects like drink bottles and other types of plastic packaging. An estimated

.— . million tons enter here annually[  ]. The remaining input comes from plastic,

which is released at sea, mainly from fishing—for example, due to lost and discarded

fishing gear, which is estimated at . tonsayear[ ]. About of the large plastic

parts, which end up in the sea, sink with time to the ocean floor. Today, an average of
kg of plastic can be found on every square kilometer of the ocean floor.

Approximately, — years can pass before the plastic is completely
degraded. As it moves through the seas, the plastic changes. Through weather con-
ditions and waves, for example, it disintegrates into smaller and smaller fragments
and from the macroplastic, the so-called secondary microplastics are formed []. If
it directly enters the environment, it is designated as primary microplastics.

By definition, microplastics are small, solid, and water-insoluble plastic particles
under mm in size. In the meantime, these particles can be found in all bodies of
water. They could even be detected in the Arctic [ ].

The input of primary microplastics is estimated at .—. tonsayear[ ]. This
enters mainly through tire abrasion and textile fibers, which enter the wastewater
through washing clothes and thus end up in the environment. But also the dust
from the wear on road paint, microplastics used in personal care products, marine
coatings, and lost plastic pellets are important entry routes Figure ).

In general, a strong correlation can be observed between the population density
and the microplastics concentration [, ] .The proximity to densely populated
regions and poor waste management lead to particularly high levels of contami-
nation[ , ]. Sewage treatment plants or plastics manufacturing respectively
processing companies are also important point sources and can release high volumes
of plastic and microplastics locally (Figure )[ , ].

Figure 1.
Global release of primary microplastics to the world oceans [7].
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Figure 2.
Microplastic inputs and transport paths into the ocean 18.

Ports and industrial areas are especially contaminated with microplastic par-
ticles[ ]. The majority of the microplastics remain near the shore [ ]. Inthe
Arabian Gulf along the coast, . x —. X microplastic particles/km could
be detected in the surface water [ ].

Off the coast of South Africa, therewere . £ . to £ . microplas-
tic particles/m of water [ ]. At the mouth of the Yangtze in the East China Sea,

. = . microplastic particles/m could be detected, whereby the concentra-
tion in the open seawas only . + . microplastic particles/m []

The most common polymer types occurring in seawater are, in addition to
polyethylene, polypropylene, and polystyrene, also polyamide, polyester, poly-
methylmethacrylate, polyvinyl chloride, polyoxymethylene, polyvinyl alcohol,
polymethylacrylate, polyethylene terephthalate, alkyd resins, and polyurethane
[ ] They are found in descending prevalence in the seawater.

The quantification of the inputs into the environment is, as a rule, based on
a loss rate, which is calculated against the produced quantity of preproduced
plastic[ ]. The categorization of the industries, which manufacture prepro-
duced plastic, is organized in producers (manufacture plastic material from
raw materials), intermediaries, converters (convert preproduced plastic into
products, or individual components), external waste disposers, and shipping
companies (transport the material). By means of the difference between the
respectively processed plastic quantities and the loss rate, the plastic quanti
ties, which are released into the environment by the plastics industry alone, are
revealed.

Forecasts assume an increasing plastic production volume in the future, which
will lead to an increasing entry quantity of plastic and microplastics in the environ-
ment and seas [ ]. In addition, microplastics arise continuously through the con-
stant fragmentation of plastic already in the environment [ ]. This leads to an ever
higher contamination of the marine environment with microplastics.

Since the current analytical methods to detect microplastic in the aquatic
environment have numerous shortcomings [ ], the contamination of the marine
environment can only be estimated. Particularly problematic here is that small
plastic particles cannot be captured in most monitoring cases. The lower detection
limit in the marine environment is usually m. With increased efforts, the
lower detection limit can be reduced to — m [ ]. However, this is seldom
practiced. Particles below the detection limit are not captured. Additionally,
studies are not readily comparable, since there is no standardized monitoring
procedure [ ].
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. Seawater utilization

Seawater utilization can be divided in three primary use areas: the use for agti
culture, for the home, and for industry [ ]. While the principal portion is used
for agriculture in developing countries, a significantly increased proportion for
use in households and industry can be seen in industrialized countries. Advancing
industrialization also causes increased water consumption. Over the last century,
the world population has quadrupled, while the water demand has increased
sevenfold.

In general, usable water comes from surface water, groundwater, or fossil aqui-
fers. In order to increase the supply of usable water, processes such as the desalina-
tion of seawater have been moving into focus for some time [ ]. Seawater has most
commonly been used as a coolant in energy generation and in industrial processes
so far. Itis also used in mining to extract minerals as well as for the hydraulic frac-
turing of gas and oil. It is additionally applied in production processes, such as sea
salt extraction, aquaculture, algal cultivation as well as food manufacturing [ ].

It is also used for temperature moderation in buildings and areas as well as for cold
water fishery (Figure ).

Two characteristic economic seawater application sectors are seawater desalina-
tion and sea salt extraction. For sea salt extraction, seawater is diverted into large
basins. Over time, the water evaporates by the heat of the sun and wind and the
previously dissolved salt remains [ ]. The media currently reports again and again
about the contamination of sea salt with high quantities of microplastics. Thus,

— microplastic particles/kg of salt were detected in Spanish sea salt and in
Chinese sea salt — microplastic particles/kg of salt [ .

Seawater desalination is the production of drinking water and process water for
industrial facilities or power plants from seawater through the reduction of the salt
content. The desalination can be based on various processes, which remove the salts
and minerals from the water. To some extent, usable ancillary products like table
salt accrue. In addition to the already present burden from anthropogenic stress-
ors, the chemicals added to the seawater against fouling and scaling as well as the
metals dissolved by corrosion threaten marine ecosystems, e.g., in the Red Sea. An

Figure 3.
Overview of the different seawater applicatiora1].
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investigation of  plants, which together produce . million m /day, accounted for
. kg of chlorides, . kg of copper, and . kg antiscaling agents piped into the sea
per day of seawater desalination [ ].

Seawater desalination is practiced in numerous coastal semiarid regions [].
In addition to small plants in areas with insufficient infrastructure with only a
few hundred cubic meters of water a day, there are also large desalination plants,
e.g., in southern Europe (Barcelona Seawater, , m /day), the USA (Claude
Bud Lewis Carlsbad, , m /day), Israel (Sorek, , m /day), Australia
(Kurnell, , m /day), and the Unites Arab Emirates (Dschabal Ali Block M,
>, , m /day). Significant expansion of production capacities for seawater
desalination is, for example, planned in the Persian Gulf. Due to the development
of the steel, petrochemical, cement, aluminum, and energy industry, there will be
ademand of roughly , m /day only for use in these sectors until  in Iran
alone[ .

. Impact of increasing microplastic burden on seawater utilization and
the water use cycle

An increasing microplastic burden not only has implications for the costs and
efficiency of the sea water utilization process, but also for the marine ecosystem
and, as a consequence, also for humankindRigure ).

Bonded in microplastics, pollutants like, for example, dichlorodiphenyltrichlo -
roethane (DDT), dioxins, or heavy metals can be transported and accumulated in
organisms via ingested food [ ]. Due to the manufacturing process, most polymer
blends also contain harmful substances like softening agents or monomers, which
in return can be released upon ingestion of the particles via food and exert a direct
influence on the organism, since these substances are mostly classified as potentially
harmful and/or carcinogenic [ ]. It has already been shown in laboratory experi -
ments that microplastics smaller than m can, after ingestion via food, enter the
surrounding tissues, the bloodstream and, through these, the internal organs and
also the brain[ ]. There is then the risk of the formation of lesions and inflamma-
tions. Furthermore, oxidative stress, necrosis, and damage to DNA can be triggered,
which again increases the risk of cancer. Neurological behavioral disorders are also
possible [ ]. Thus, there is a potential risk to human health from microplastics.

Figure 4.
Microplastics in the marine water cycl@7).
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In addition to the decrease in improper disposal, the search for replacement
substances and the prohibition of microplastics as a product addition for everyday
products, ensuring that the aquiferous processes are free of microplastics also
represents a chance to reduce the degree of contamination due to microplastics in
the water cycle. Besides the implementation of new technologies for the purification
of wastewater in sewage treatment plants, this also includes the conceptual and
technical development of new add-on technologies in seawater utilization processes
in order to filter microplastics out of the inflowing seawater and eliminate it prior to
the seawater utilization processes.

. Ecological-chemical approach to the reduction of the microplastic
burden in seawater-based processes

At this time, there is no economical possibility yet to remove microplastics
simply and cost-effectively from seawater. A promising research approach based on
the adaptation of a concept by Herbort and Schuhen for freshwater systems and the
simultaneous development of add-on technology for static (e.g., waterside plants)
and mobile (e.g., ships) seawater utilization processes [ ].

In the process developed by Herbort and Schuhen, silane-based microplastic
agglomerates are formed according to the cloud point principle through the
application of special organosilane-based precursors, which, via Van der Waals
forces, have a high affinity to unreactive microplastics (IOCS, inert organic-
chemical macromolecules) and, at the same time, a high reactivity in water.

[ —]. AVideo shows the fixation process in a batch reactor for use in wastewa
ter treatment [ ].

Organosilanes are hybrid compounds of inorganic silanes and organic hydro
carbons [ ]. Through the selection of the functional groups in the organic unit
(functional design), it is possible to exploit an adaptable system for the respective
application (e.g., removal of reactive and/or inert organic-chemical compounds).
By means of the substituent pattern within the organic unit and also directly
on the silicon atom, the affinity of the organosilanes can be adapted to various
polymer types and, simultaneously, the reactivity respectively the stability can be
controlled.

Organosilanes with corresponding reactivity can react to organic-inorganic
hybrid silica gels in the sol-gel process [ , ]. Inthe first step, disposal groups
are split off and reactive silanol groups generated through hydrolysis. The silanol
groups subsequently form silanone bonds in a condensation reaction and link the
organosilanes via a bridging unit (Figure ).

A three-dimensional networked hybrid silica gel forms, which is stabilized via
the respective bridging unit. Through the selection of the disposal groups and the
organic groups, the properties and reactivity of the organosilanes can be specifically
controlled. The selection of the disposal groups is decisive for the hydrolyzability of
the organosilanes| , .

The organic groups influence the water solubility, the stability of the resulting
silanols, and the affinity of the organosilanes respectively the ability of the result
ing silanols to fix microplastic particles. By choosing specific organic groups, the
affinity to different polymer types can be controlled. Groups with low polarity
can be used to attach to polymers with lower polarity like polyethylene or poly-
propylene. More polar polymers containing, e.g., heteroatoms, like polyester or
polyamide, can be fixed by using organic groups with a similar chemical structure
and polarity.
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Figure 5.
Localization and agglomeration of microplastic particle®].

The interaction of the disposal groups and organic basis units must be so
coordinated that the highest possible affinity to microplastics and optimal reaction
Kinetics are achieved [ ]. The reaction kinetics takes on a decisive function within
the research approach. It is influenced, among other things, by the water matrix
and the temperature. Knowing that an increase in the water temperature acceler-
ates the speed of the sol-gel process and that the temperature of seawater is subject
to seasonal fluctuations and spatial variations, challenges are presented for the
implementation of the concept in the seawater environment [ ]. In addition, the
factors of salinity, temperature, UV radiation, and pH value play a determining role
and are also to be consideredRigure )[ .

Dissolved salts influence reaction speed and the reaction mechanism, for
example, through the electrolyte effect[ , ]. It results in the stabilization of the
intermediate stages with higher ionic strength as well as catalytic effects or compet-
itive influences of dissolved ions. The pH value influences reaction kinetics through
the catalytic effect of hydroxide and oxonium ions [ ]. Temperature differences
directly influence the reaction speed [ , ]. Thus, a temperature increase of °C
Is accompanied, as a rule, by approximately double the reaction speed. UV light
can also facilitate the formation of reactive intermediate stages via a photocatalytic
effect and thus accelerate the reaction [ ]. However, it can also break down the
precursors used or already linked molecules.

Initial experiments at a laboratory scale show that the salinity has a slowing
influence on the fixation process and the entire process of agglomeration formation
also works in an artificial salt water matrix. To produce the salt water (. salt by
mass), . g NaCl, gMgCl , gMgSO, gKCl,and . g CaCl were dissolved in
distilled water. This results in a mass concentration of . chloride (Cl ),
sodium (Na*), . sulfate (SO ), . magnesium (Mg *), . calcium(Ca ),
and . potassium (K ).

Subsequently, . g polyethylene powder (PE) (average particle size m),

. g polypropylene powder (PP) (average particle size m), and . g of a
mixture of PE and PP were stirred in a beaker with | of salt water respec-

tively distilled water at room temperature. After h, . ml agglomeration

reagent was added and the mixture was stirred for an additional h. The formed
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Figure 6.
Influence on the reaction kinetics of the fixation process in the marine environment (perednytamass)
[39,43-47].

aggregates were removed and dried at °C for h. ESEM images were taken using
a FEI Quanta ESEM (FEI Company, Hillsboro, USA) equipped with a large field
detector (LFD). The chamber pressures were between and Pa and the accel-
eration voltage between and kV. The remaining water was filtered using a paper
filter (Rotilabo A, - m pore size). The tare weight of the filter was noted
before filtration using a AX DR (Mettler Toledo, Switzerland). Afterward, the

filter was dried at ° C for h and weighted again, to check if there is remaining
microplastic in the water (accuracy + . mg).

In distilled water, an aggregation of the microplastic particles begins s after
the addition of the agglomeration reagent. After — min, the agglomeration is
completed and an aggregate is present, which contains all of the microplastics.

In the artificially produced salt water samples, the agglomeration process begins
after min and is concluded after min. Itis, therefore, significantly slower, but
nevertheless fixes all the microplastics. This shows that salt water has a stabilizing
effect on the reactive intermediate stages and thus slows down the sol-gel process,
whereby the agglomeration starts later and also takes longeFigure shows ESEM
images of the mircoplastic particles used and their aggregates formed during the
fixation process respectively fragments of the aggregate prepared for the images.
How the microplastic particles are linked and embedded by the agglomeration
reagent can be observed, where a considerable increase in size results. As the
agglomeration reagent reacts to a solid hybrid silica, which will be removed within
the aggregates from the water, residues in the water will be avoided. To ensure a
complete removal of the agglomeration reagent even in the trace substance range,
further TOC analysis and particle analysis will be proceeded [ , .
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Figure 7.
ESEM images of the microplastic blanks (a, b = PE; ¢, d = PP) and of the agglomerates formed during the
fixation process (e = PE; f = PP; g = PE/PP (50:50)).

. Procedural implementation of microplastic elimination in seawater
utilization processes

The procedural implementation pursues the goal of increasing the service life of
the existing desalination plants by already holding back the microplastic particles
(.—  m)initially in pretreatment, which cause blockages of the membranes
(pore size . —. m). On the one hand, the service life of the microporous
membranes can be thus extended and the operational expenses reduced (without
the addition of suspect additives, such as, e.g., antiscalants) as well as, on the other
hand, sustainably eliminating the much-criticized microplastic particles from the
water cycle. As the removal is based on a physicochemical agglomeration process, it
Is not limited by particles size or shape like a filtration process. The agglomeration
reagent can bind to fibers, films, and fragments in all size classes and fix them in big
agglomerates. As a consequence, the quality of the water on the removal side near
the coast/surface as well as on the output side will be improved through the reduc-
tion of the microplastic particle load.

In the application in sea salt extraction, contamination of the resulting sea salt
and thus the transmission to people will be effectively avoided through the removal
of microplastics from the seawater flowing into the evaporation basins.

This is possible through the combined development of a pretreatment stage of
a series of stirred tanks and the inorganic-organic functional material. In addition,

a high-performance cascade process is developed as add-on technology in order to
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facilitate the material reaction and to make a throughputof > m  a day possible.
Continuous operation is sought by connecting several cascades. The adapted con-
cept as well as the related technological implementation strategy provides for the
first time the opportunity to remove plastic particles with a particle size of < m
effectively and sustainably from salt water in an upstream, modular pretreatment
step. The diagram of the process is presented iRigure

The process is divided in the following stages:

Inlet duct salt water/feed stream

Dosing devices

Mixing concept (in the reactor)

Reactor

Material discharge

Outlet stream

The feed stream, that is the extracted seawater with unwanted microplastic load,
is piped to the first partial reactor via an existing suction pipe. This should take
place by means of upstream, abrasion, and corrosion-resistant pumps and use the
suction pipes present in the existing seawater desalination plants. Depending on the
load of the feed stream, a defined amount of the organosilanes is simultaneously
added by means of the dosing device and blended with the salt water already in the
first partial reactor through a mechanical mixing concept.

In accordance with the concept, the addition of the material takes place in
several steps within the process. In this way, the required initialization period of
the material and the reaction time can be responded to through the variable design,
dimensioning, and number of dosing stages, mixing installations as well as partial
reactors. For this purpose, kdnnen reactors of different sizes respectively different
volumes can be used so that, for example, the reaction starts in the first partial reac-
tor and continues to react optimally in the subsequent reactors. The organosilane is
mixed with the salt water according to the required concentration in the respective
partial reactors, at which time it is successively bonded to the microplastics to be
removed. Through injection or chemical interaction, the concentration of free,

Figure 8.
Process flow chart.
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Removal of microplastics from seawater (based
on particle count)

Removal of organics Very high, >

Minimum size of removed particles ( m)

Use of additives Low, product is an ecotoxicologically harmless
agglomeration material

Reaction product (properties) Particleload< . m

Expected by-product (properties) Loaded, inactive agglomeration material

Process and plant technology

Process safety High; in case of overdosing no ecotoxicologically
negative effects

Plant availability >
Plant requirements Low, installation surface for container solution
Number of process steps (agglomeration-flotation step)
Scalability High, modularizable, and adaptable to degree of
pollution
Table 1.

Technical target criteria.

nonbonded microplastic particles should continuously decrease along the length of
the reactor respectively the residence time. A consistent residence time of the mate-
rial in the reactor is needed so that a complete conversion can be surmised. This is
essential for the process, since an incomplete conversion would mean additional
burdens through further foreign substances/particles.

In order to prevent the disintegration of the agglomerates, the reactor has a strict
and clearly defined residence time distribution (RTD) so that ideally all particles
can pass through the reactor in the same ideal time frame and grow and that the
disintegration of the agglomerates can be avoided. The implementation of micro-
plastic elimination in seawater utilization plants pursues the technical target criteria
presented inTable

. Conclusions

The innovative add-on technology for the removal of microplastics from
industrial seawater utilization plants pursues the first problem solution regard-
ing the risk of blocking from the immense microplastic particle load in the sea,
among other things, in industrial, membrane-based seawater desalination plants
(especially RO plants). Due to the significant reduction of the microplastic load in
the pretreatment stage, alleviation results for the downstream RO membranes. The
service life of the RO membranes will be significantly increased and the membranes
can, thanks to the improved performance, be operated on a smaller scale and more
cost-effectively.

Through the application of new add-on technology in sea salt extraction, the
entry of potentially harmful microplastics in sea salt is reduced and thus, at the
same time, also the contamination of everyday food. Based on the future increasing
contamination of the oceans with microplastics, this technology helps to ensure the
sustainable use of seawater.
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Abstract

Microplastics are a global environmental pollution. Dudhis fact, new solutions are needed to reduce the amount

in various aquatic environments. A new concept introduced by Herbort and Schuhen from the year 2016 describes
the agglomeration of microplastics in water usinfjcen-based precursors. In the study presented here,
alkyltrichlorosilanes with different linear and brhed alkyl groups and a chain length between 1 and 18 carbon
(C-) atoms are investigated for their suitability to fix mastics (mixtures of polyethylene (PE) and polypropylene
(PP)) and to form larger agglomerates. As the alkyl group has a major influence on the reaction rate and agglom-
eration behavior, we present here the extensive data collection of the evaluation of the best case. The removal
efficiency is determined gravimetrically. The reaction b&iraand the fixation process are characterized by hydro-
lysis kinetics.?°Si-MAS-NMR spectroscopy, IR spectroscopy, and thermogravimetry (TGA) are used to characterize
the chemical composition of the agglomerates. Finally, the use of optical coherence tomography (OCT) allows the
visualization of the formed agglomerates. The results show that the different alkyl groups have a strong impact on
the suitability of the alkyltrichlordsnes for the agglomeration, as they influence the hydrolysis and condensation
kinetics in water and the affinity to the microplastics. tBasgted for microplastic removal were intermediate chain
length between 3 and 5 C-atoms.

KeywordsMicroplastic removal Polymer elimination Agglomeration-fixation-reactionSterical effects Alkyl-substituted
chlorosilanes Sol-gel processEnvironmental pollution Aquatic pollution

Introduction

Responsible editor: Philippe Garrigues

Electronic supplementary material The online version of this article MICI’OpIaStICS in the aquatic environment

(https://doi.org/10.1007/s11356-020-077)2Z@ntains supplementary

material, which is available to authorized users. Microplastics are currently one of the biggest and most
discussed environmental problems. Since the start of mass
*  Katrin Schuhen production of plastic in the 1950s, it has become an integral
schuhen@wasserdreinull.de part of everyday life (Geyer et 2017 Thompson et al.

2009). By definition, the collective terrfiplasti¢ refers to
synthetically produced organic chemical polymer compounds
of anthropogenic origin. Large quantities of plastic, including
plastic waste, are released into the environment because of
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2 Engler-Bunte-Institut (EBI), Chair of Water Chemistry and Water
Technology, Karlsruhe Institute of Technology (KIT),

Engler-Bunte-Ring 9a, 76131 Karlsruhe, Germany improper disposal and lack of waste management systems.
 Institute for Environmental Science, Organic- and Ecological A pamcu'ar prqblem here Is,the pgr5|stence_ of plastics against
Chemistry, University of Koblenz-Landau, Fortstr. 7, environmental influences (Figj). This results in poor degrad-

76829 Landau, Germany ability, which means that the plastic remains in the environ-
4 \Water Chemistry and Water Technology, DVGW Research ment for a very long time, fragments over time, and forms ever

Laboratories, Engler-Bunte-Ring 9a, 76131 Karlsruhe, Germany smaller plastic particles (particles <5 mm are referred to as
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contamination, and resulting health risk) in water use process-
es (e.g., water treatment or sea salt extraction), the particles
need to be removed previously (Ma et2019 Amy et al.

2017 Peixoto et al2019 Barboza et al018 Ifiiguez et al.
2017. Commonly used flocculants turned out to be ineffec-
tive and/or cost-intensive for the total sum of microplastic
particles, which calls for novel methods for microplastics co-
agulation (Ma et aR019.

How does the novel agglomeration-fixation reaction
work?

Inorganic-organic hybrid silica gels are compounds of an in-

organic silicon-oxygen compound with one, two, or three or-

ganic functionalities (Brinker and Schet®8Q ller 2009. In

the sol-gel process, an inorganic-organic macromolecule in
the form of a highly cross-linked solid is formed by successive

Fig. 1 Summary of properties, degradation, transport, and effects %ydrolysis and condensation of the precursors @ig.

microplastics in the environment (Bergmann e2@1.5

microplastics) (Barnes et &009 Thompson et al2004.

In the first reaction step, leaving groups are hydrolyzed to
highly reactive silanol groups, which connect the precursorsin
the second reaction step to each other by forming siloxane

Microplastics can also be introduced directly into the envirorbonds. This leads to the growth of a three-dimensional net-
ment, e.g., as an ingredient of cosmetics, as textile fibers or tweork, a so-called hybrid silica. By adjusting the sol-gel con-

abrasion (Herbort et a2017 Sundt et al2014. Through

ditions such as the proportion of water, the solvent, the tem-

transport processes, the plastics or microplastics are distribperature, the pH value, theldition of catalysts and the
ed in the environment and have already been detected in plecursor/solvent ratio, the reaction can be controlled in terms

parts of the environment. Thus, ecosystems and organisms are
exposed to microplastics, which they have a negative effect on
(Galloway et al2017 Law and ThompsoR014 Horton et al.
2017. Due to the continuously increasing inputs and constant
fragmentation, there is an ever-increasing burden of
microplastics on the environment (Thompson e2@04).

Due to the heterogeneous distribution of microplastics in
the environment and the non-standardized sampling and de-
tection methods, the information on the concentrations of
microplastics in the environment shows high variations
among different studies. For example, studies in the
Mediterranean Sea found values ranging from 0.17 £ 0.32 to
3.13+ 4.95 microplastic particles PifSuaria et al2016.

Different studies showed that industrial and municipal
wastewater treatment plants are important point sources for
the discharge of microplastics into to the environment
(Lechner and Raml&015 Browne et al2011]). At the sam-
pling of the effluent of 12 municipal wastewater treatment
plants in Germany concentrations between 0.26 and 13.7
microplastic particles/liter (MP/I) were found, while a study
in Denmark found 28447 microplastic particles/l (Mintenig
et al.2016 Simon et al2018§.

In order to reduce the input into the environment, it is
necessary to remove microplastics from the water of point
dischargers, such as municipal and industrial wastewater treat-

ment plants (Talvitie et a017). Due to the fact that Fig 2 schematic representation of the reaction course of the sol-gel
microplastics can also be a disruptive factor (foulingprocess (Bégershaus2e04
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of reaction speed and product formation, among other thingdtached to the surface of the microplastic particles due to
(ller 2004 Sakka2008. the affinity of their organic groups to the surface of the
The choice of the leaving group (e.g., -Cl, -OR, -OH) ismicroplastics by van-der-Waals interactions (self-organiza-
decisive for the consideration of hydrolysis and condensatidion). Subsequently, the water-induced sol-gel process de-
kinetics (Perchacz et a2015 Corriu and Nguyér2009  scribed in the previous section leads to the linkage of the
Brinker 1988 Hench and Wes1990. Depending on the silicon-based precursors to each other. Thus, colliding
choice of the leaving group and the influence of the organimicroplastic particles attach to each other and collect in large
part, the reactivity of the precursors and thus the structure afjglomerates (localization), which are chemically bound by
the hybrid silica gel and its inclusion behavior toward partithe ongoing sol-gel process (fixation). This results in the for-
cles, e.g., microplastics, can be influenced (Herbort anahation of large agglomerates (> 1 cm) which can be removed
Schuher2016 Herbort et al2018a b). The reason for this using a simple and, therefore, more cost-effective filtration
behavior lies in steric effects, inductive effects, resonance gfrocess (Herbort et &0181. Initially, the precursors were
fects, and their polarizability (Hodk996 Loy et al.2000.  alkoxy-silyl-functionalized derivatives with a large organic-
The organic unit can additionally induce a self-organizatiochemical residue containing different heteroatoms (e.g., O,
process. The pre-organizing function is generated by van dil) (Fig. Al). In the course of adapting the concept of agglom-
Waals interactions, hydrogen bonds, and/or dipole-dipole ireration fixation to polymer mixtures, the use of different
teractions (Moreau et @004 Hoffmann et al2006. alkyltrichlorosilanes provides the best results (schBme

Silicon-based precursors for microplastic reduction
(Wasser 3.0 PE-X)

Materials and methods
A conceptual approach of Herbort and Schuhen from the year
2016 describes the use of silicon-based precursors f@hemicals and reagents
microplastic elimination and was adapted for the technical
application in 2018 (Herbort and Schuh2®lg§ Schuhen The company LyondellBasell (Basell Polyolefine GmbH,
2016 Herbort et al2018a b). The concept consists of two Frankfurt am Main, Germany) provided PE (LDPE, HDPE)
process steps, taking place during the sol-gel process of thad PP polymers with a size of Im to 1 mm. The
silicon-based precursors in water: particle localization and inalkyltrichlorosilanes used are purchased from the company
mediate fixation. When added to water, the organosilanegcr GmbH (Karlsruhe, Germany) (Tat)e

Scheme 1Reaction mechanism ~ Hydrolysis
of alkyltrichlorosilanes in water

. ; ; ) +H,0 ) +H,0 . +H,0 )
(MP microplastic particles) (ller ~ R—SiCl;——=» R—SiCl,(OH)—2= R—SiCl(OH), —=» R—SiOH,

2004 Herbort et al2018a b) +HCI +2 HCI +3 HCI
Condensation
R T Cl R T OH R R
R_I_OLI_R
\Sli/ + \Sli/ H,0, Kat.: HCI SsiTUUsiT L ha
> | |
R R R R
R = alkyl (linear,
R R R R branched), a
,aryl
R\S:i/OH + R\S:i/OH H,0, Kat.: HC|’ R\Sli/O\Sli/R +Hy0
| |
R R R R

Gelation and Microplastics (MP) Fixation

C|)I
+n  R—si—c| QR [———-R—SiOX(OH)yCIZ] Yy, z2=0,1,2...
| n=1,2..
Cl n
3-dimensional hybrid silica
including MP
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Table 1 Overview of chemicals

used Name CAS.no. Number of carbons
Methyltrichlorosilane 75-79-6 C1
n-Propyltrichlorosilane 141-57-1 C3
Isopropyltrichlorosilane 4170-46-1 C3
n-Butyltrichlorosilane 7521-80-4 Cc4
Isobutyltrichlorosilane 18169-57-8 Cc4
t-Butyltrichlorosilane 18171-74-9 C4
Pentyltrichlorosilane (isomers) 107-72-2 C5
n-Hexyltrichlorosilane 928-65-4 C6
Thexyltrichlorosilane 18151-53-6 C6
(3,3-Dimethylbutylytrichlorosilane 105732-02-3 C6
n-Octyltrichlorosilane 5283-66-9 C8
n-Decyltrichlorosilane 13829-21-5 C10
n-Undecyltrichlorosilane 18052-07-8 Cl1
n-Dodecyltrichlorosilane 4484-72-4 C12
n-Hexadecyltrichlorosilane 5894-60-0 C16
n-Octadecyltrichlorosilane{50% isomers) 112-04-9 C18

Overview of analytical methods and processes Evaluation of polymer removal efficiency from water

The microplastic-free hybrid silica gel samples used for th&o determine the removal efficiency of the polymers, 1 L of
analysis were produced analogously to the experimental setdistilled water was placed in a 2 L beaker (high form), mixed
for determining the quantitative determination of polymer rewith 100 mg polymer (PE, PP) and stirred for 5 min at RT.
moval (2.3) without the addition of polymers. Then 300 | of the respective alkyltrichlorosilane were added.
IR spectra (450800 cm?, resolution 1 cn) of the aggre-  After 20 min, the entire contents were filtered through an
gates and hybrid silica gels warecorded with the ATR-FTIR analysis sieve (stainlestesl, mesh size 1 mm, diameter
spectrometer Vertex 70, Bruker, Ettlingen, Germany. The a@0 cm) to remove the aggregates > 1 mm. All aggregates larg-
gregates and gels had previously been dried for 24 h at 105 °€r.than 1 mm remain in the sieve and are classified as removed
FK-NMR spectra were recorded with the device Avancg@olymer agglomerates, as first pilot plant tests showed that
400 WB, Bruker, Ettlingen, Germany. For tfiSi SP MAS  particles >1 mm can be removed easily with low technical
measurement, a 4 mm MAS-NMR sample head with 4 mraffort. The filtrate was discharged into a filter crucible (poros-
zirconium dioxide rotors and a rotation frequency of 3 kHaty 4, max. pore size 16m). Beaker and sieve were thorough-
was used. The spectra were obtained at 79.5 MHz &hd ly rinsed with distilled water. The filter crucible was rinsed
pulse (5 ms) and recycle delay of 30 s.with isopropanol to dissolve possible organosilicon-based
Hexamethyldisiloxane was used as the standard. The aggesthesions, dried for 24 h at 105 °C and weighed. By
gates and hybrid silica gels had previously been dried for 244$ubtracting the tare weight, the mass of the polymer in the
at 105 °C. The peaks are divided into T-peaks according to tlweucible, which is considered as free polymer, can be deter-
number of siloxane bonds (Ho4/996 Loy et al.2000. mined. Figure illustrates the test procedure. The experiments
Images of the formed aggregates (in wet state) were takerere repeated three times. In addition, for economic and eco-
by optical coherence tomography (OCT) (GANYMEDE I, logical reasons, the tests for the alkyltrichlorosilanes with the
Thorlabs GmbH, Libeck, Germany). An area of 6.5 x 7 xbest removal efficiencies (> 95%) were carried out with a re-
1 mm was scanned with a resolution of 18 on the x- and duced application quantity of 100 to distinguish which
y-axis and 2.08 m on the z-axis. alkyltrichlorosilanes has the best performance at a lower
Thermogravimetry (TGA) was measured with a Q5000 IRRoncentration.
from TA Instruments. Starting temperature was at 45 °C,
purge gas 1: nitrogen 5.0; 25 ml/min with a heating rate obetermination of hydrolysis rates
20 °C/min. The gas switching temperature was at 800 °C,
purge gas 2: oxygen 5.0; 0.25 ml/min with a heating rate ofo determine the hydrolysis rates, 1 L of distilled water was
20 °C/min and final temperature of 950 °C. A platinum cruplaced in a 2 L beaker (high form), 300 of the respective
cible was used. organosilane added and stirred for 20 min at RT. The
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Fig. 3 Schematic representation
of the test sequence for
determining the removal
efficiency of polymers (PE, PP)

conductivity is measured at defined intervals with a WTWdimensional hybrid silica gels, which fix the localized poly-
Cond 3110, Xylem Analytics Germany Sales GmbH & Co.mer particles.

KG, WTW, Weilheim, Germany. The change in conductivity For optimal removal, the gel formation must take place in a
is due to the HCI formed during the hydrolysis of thetime window that enables a large quantity of polymer particles
chlorosilane groups (Si-Cl). Based on the change in conduts be localized in the agglomerates and fixed in the course of
tivity, a 1st order reaction kinetics can be adapted for hydragel formation. If the gel formation takes place too quickly,
lysis and the reaction constant (k) determined tgThe there is not enough time for the localization of the particles.
half-life (t,2) was determined according to ExJ.The exper- If the gel formation is too slow, the particles cannot be fixed.
iments were performed simply for all precursors, in additionBoth lead to poor removal efficiencies and poor reproducibil-
isobutyltrichlorosilanes and n-octadecyltrichlorosilanes weri¢y. Table2 and Fig. &2, A3 summarizes the measured remov-
analyzed three times in order to be able to give an error estt efficiencies.

mate. Besides the removal efficiencies, also the standard devia-
) . 5 b tion is a good indicator to evaluate the fixation process. The
cdSi CIP/acodSi Clpe 8P standard deviations are caused by uncontrollable factors of the
In&2 b experiment as attachment of plastic particles to the glass wall
t1= Y &b " -
=274 and turbulent flow conditions. The turbulent flow conditions

cause a random movement and collision of the microplastic
particles and agglomerates. Additionally, already formed ag-
gregates are repeatedly drawn into the agitator and broken up.
Alkyltrichlorosilanes with suitable reaction kinetics can com-

Results and discussion pensate for these random factors, as they leave enough time
o o for the agglomerates to collect all particles and reunite when
Determination of removal efficiencies broken up. For this reason, alkyltrichlorosilanes with high

- o removal efficiencies show lower standard deviations as the

After addition to the water, the hydrophobicity of the alkylgnes with low removal efficiencies. As PE and PP are both
group causes the alkyltrichlorosilanes to adhere to the polymggmpletely nonpolar and with a similar density, the differ-
particles suspended in the water and bond them to agglomefyces between both polymers are caused by uncontrollable
ates via self-organization processes (localization). The agctors of the experiment.
glomerates formed are then chemically bound in a water- An optimal reaction process and the best results for poly-
induced sol-gel process to form an inclusion compound gfyer elimination (PE, PP) can be observed with n-
hybrid silica gels and polymers (fixation). . propyltrichlorosilane, nbutyltrichlorosilane,

The starting point of the reaction is the hydrolysis of thgsoputyitrichlorosilane, and pentyltrichlorosilane (isomers).
chlorosilanes and the formation of silanols with the release gfere consistently good removal efficiencies are achieved
HCI (Schemel) (Pietschnig and Spirk016 Herbort et al.  ith mean values of more than 95% and with low fluctuations
2018h. The formation of silanols also increases water solugith regard to the reproducibility of the values.
bility and supports the agglomeration (localization) of poly-  For methyltrichlorosilane, n-octyltrichlorosilane and n-
mer particles (Hurkes et @014. Silanols have a high reac- gecyitrichlorosilane, n-undecyltrichlorosilane, n-
tivity and cross-link through condensation, which is additio”dodecyltrichIorosiIane, n-hexadecyltrichlorosilane, n-

ally catalyzed by the previously formed HCI, to three-gcadecyitrichlorosilane (experiments at higher concentration
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Table 2 Removal efficiency of

PE and PP and their standard Name Formula Branched PE S.D.PE PP S.D.PP

deviations (S.D.) from water with [%0] [%0] [%0] [%0]

300 I/l alkyltrichlorosilane
Blank - - 0.68 0.46 0.58 0.39
Methyltrichlorosilane (H3)SICl - 20.6 15.0 7.7 7.6
n-Propyltrichlorosilane (§H,)SiCk - 95.2 3.2 99.0 0.2
n-Butyltrichlorosilane (GHo)SICl - 90.1 0.3 98.0 11
Pentyltrichlorosilane (Isomere) fd11)SICk (+) 98.0 11 96.6 0.1
n-Hexyltrichlorosilane (H9)SiICk - 64.0 13.7 78.3 19.5
n-Octyltrichlorosilane (EH17)SICk - 29.2 1.8 49.5 9.5
n-Decyltrichlorosilane (H2)SIC - 68.5 7.8 63.7 125
n-Undecyltrichlorosilane (GH23)SIC  — 39.6 16.4
n-Dodecyltrichlorosilane (@Ho5)SICl — 73.2 4.5
n-Hexadecyltrichlorosilane (6Hz3)SICk  — 75.0 7.8
n-Octadecyltrichlorosilane (CigH37)SIC () 58.0 175

(5-10% Isomere)

Isobutyltrichlorosilane ($Hg)SiCl + 98.7 0.04 98.9 0.5
t-Butyltrichlorosilane (GHo)SiCkL + 13.3 5.0 7.0 6.1
Thexyltrichlorosilane (H9SiICk  + 96.3 0.5 94.1 0.8
(3,3-Dimethylbutyl)trichlorosilane  ¢El,3)SICL (+) 84.1 6.7 84.8 8.2

(300 1), a rapid gel formation can be observed within 5 tois deposited on the glass wall, where it collects the polymer
20 s after addition to water. The fast gel formation and fixatioparticles due to the hydrophobicity of the thexyl group. Thus,
does not leave enough time for the microplastics to be local-is not detected as a free polymer.
ized in the agglomerates. The gel is in the form of white An exception was 3,3-dimethylbutylchlorosilane. Due to its
flocks, which float finely distributed in the water and do notwell suitable reaction kinetica,reasonable agglomeration fix-
interact with microplastic particles after the gelation. Thistion of PE or PP could be observed. However, due to the high
causes an entry of those hybrid silica gel particles smaller thaensity of the hybrid silica gebfmed, the aggregates formed
1 mm into the filter crucible, which cannot be completelysink and are broken up by the agitator continuously. This leads
removed by rinsing with isopropanol and additionally in-to a lower removal efficiency and higher standard deviations.
creases the standard deviations. This leads to poor removalin the experiments with 4 alkyltrichlorosilanes at lower con-
efficiencies, high standard deviations, and poor reproducibitentrations (TablI®, Fig. A4) only n-butyltrichlorosilane achieves
ity. Due to the shortest alkyl residue and the associated lowargood removal efficiency of 98.3+ 1.0%. It is, therefore, best
affinity to the polymer particles used, methyltrichlorosilanesuited for an economically efficient polymer removal from water.
shows the lowest removal efficiencies of allltis followed by isobutyltrichlorosilane with 91.4 + 1.4%. This is
alkyltrichlorosilanes in this series with 20.6 + 14.9% for PEcaused by the stabilizing effect of the branching in the isobutyl
and 7.7 £ 7.6% for PP. group, which slows down the condensation, respectively with the
Isopropyltrichlorosilane and isobutyltrichlorosilane showfixation of polymers. n-Propyiltiidorosilane with 68.5 + 10.1%
worse removal efficiencies as the alkyltrichlorosilanes with reand pentyltrichlorosilane(isomers) with 47.3 + 6.8% performed
spective linear alkyl groups. The stabilizing effects of thesignificantly worse, as they form unstable and small aggregates
branching cause a slower condensation as they stabilize thidower concentrations.
formed silanols via steric and inductive effects and slow down
the condensation process (Hurkes e2@l4. This leads to in-  Hydrolysis rates and NMR analytics
complete fixation and the formation of soft and unstable aggre-

gates. A incomplete fixation can also be observed with nyhen determining the hydrolysis rates, it must be taken into
hexytrichlorosilane, where the hexyl groups have a stabilizingccount that the alkyltrichlorosilanes are not water-soluble
effect on the silanols. and are present in the water in drop form. This results in a
The effect of too slow fixation is evens stronger withphase transition which, in addition to the actual reactivity of
thexyltrichlorosilane and t-butyltrichlorosilane, as they havene alkyltrichlorosilanes, influences the reaction rate (Kim
a stronger branching and the dimethyl group is directly aftest 5. 1991 Levy and ZayaR015. The size of the droplets
the silicon atom inhibits the condensation process by sterigq thus of the interface depends, on the one hand, on the
protection (Hurkes et aR014. t-Butyltrichlorosilane dis-  gyrface tension of the alkyltrichlorosilane but is also influ-
solves in the water after 1 min, as it forms a water stablgnced by the addition of the alkyltrichlorosilanes and the flow
silanol. The formed agglomerates are not stable and disintgsnditions. Immediately after addition, the droplets retain their
grate continuously. Thexyltrichlorosilane remains liquid dursjze and shape, then unite in the flow after the collision or get
ing the entire reaction and, due to the strong Si-Si interactiongyo the agitator, and are broken up into fine droplets. Some of
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Table 3 Removal efficiency of

PE and PP and their standard Name Formula Branched PE [%] S.D. PE [%]

deviations (S.D.) from water with

100 I/l alkyltrichlorosilane n-Propyltrichlorosilane (§H,)SiCls - 68.6 10.1
n-Butyltrichlorosilane (GHg)SICl - 98.3 1.0
Isobutyltrichlorosilane (&Ho)SiCls + 91.4 14
Pentyltrichlorosilane (Isomere) 1) SiCl (+) 47.3 6.8

the droplets remain on the glass wall, where they can form Since n-undecyltrichlorosilane and n-
smaller droplets or larger aggregations. The addition by harattadecyltrichlorosilane have a half-life of 493 s and 798 s,
and the turbulent flow conditions result in relatively largerespectively, the absence of hydrolysis slows down the gela-
standard deviations between 21.3% (isobutyltrichlorosilangjpn process. The fact that they form gels within a reaction
and 24.7% (n-octadecyltrichlorosilane). Table A1 summarizégne of 180 to 600 s indicates a low stability of the silanols
the results of the determination of the hydrolysis rates. formed and a direct condensation. The large hydrophobic al-
The half-lives of the alkyltrichlorosilanes, which showkyl groups lead to low water solubility and strong aggregation
the best removal efficiencies (n-propyltrichlorosilane, nef formed silanols. Due to the spatial proximity, condensation
butyltrichlorosilane, isobutyltrichlorosilane, and can, therefore, take place directly (Loy et28100. Despite
pentyltrichlorosilane (isomers)), are between 18 and 73 the slow hydrolysis, this complicates the interaction with the
Other alkyltrichlorosilanes also lie in this range but showpolymers used and their agglomeration.
worse removal efficiencies (e.g., methyltrichlorosilanes, Table4 summarizes the data of tAéSi-MAS-NMR mea-
(3,3-dimethylbutyl)trichlorosilanes, or n- surements. Since the signals of the spectra cannot be clearly
hexadecyltrichlorosilanes). This shows that, in addition to hyassigned (wide signals, poor S/N ratio), the range of the peak
drolysis kinetics, condensation kinetics and preorganizatidn also given. All spectra show two wide signals in the range
also play a decisive role in the fixation process. The hydrolysaround 50 ppm and 60 ppm. The width can be explained by
rate gives only limited information about the second reactiothe fact that the chemical environment of the respective silicon
step in the sol-gel process, condensation 20€4). atoms varies greatly due to the heterogeneous gel network.
Therefore, the poor fixation of the polymer particles byThis leads to an overlapping of peaks. The signals at 50 ppm
isopropyltrichlorosilane, n-hexyltrichlorosilane, t- are assignedtothe T1 units{ 48to 52 ppm) (HookL996
butyltrichlorosilane, with a half-life ranging from 7 and 53 s,Loy et al. 2000. These can be dimers or simply precursor
indicates slow condensation and thus slow fixation. This camnits connected to the hybrid silica gel network. Since the
be explained by the stabilizing effects of the alkyl groups opeaks at 60 ppm are also very wide-{1® ppm), this is a
the formed silanols through steric and inductive effects.  superposition of the strongef Tinits ( = 57 to 59 ppm)
Thexyltrichlorosilane has the longest half-life of 162 min. Theand weaker Yunits ( = 64 to 67 ppm). This suggests a
reason for this is that the strongly branched thexyl residue pretixture of less condensed hybrid silica gel with long-chain
vents hydrolysis due to its steric hindrance. Due to the slow hgtructural (intramolecular) units or intermolecular aggregation
drolysis, no gelation takes place within the standardized reactigiher 2004.
time of 20 min selected in our study. This observation explains In the pH range of-37, which was present in the investi-
why in Section 3.1 no solid agglomerates could be observed. gations, only a small percentage of the silanol groups formed

Table 4 Peaks and range of the peaks of4f&-MAS-NMR spectra

Sample (alkyl group)  PeakTppm]  Range F[ppm]  Width ' [ppm]  Peak ¥3[ppm]  Range ¥3[ppm]  Width T2 [ppm]

Methyl 48.5 44.5; 52.2 7.7 60.9 55.4;, 66.8 133
n-Propyl 515 45.8; 554 9.6 60.5 55.6; 66.4 11.4
n-Butyl 51.6 45.7; 55.6 9.9 60.7 55.2; 66.2 10.8
n-Butyl+ PE 50.8 45.8; 55.2 94 62.3 56.6; 71.2 11
Isobutyl 51.8 47.0; 56.6 9.6 59 54.6; 64.8 14.6
n-Octyl 49.0 44.9; 54.6 9.7 59.7 54.8; 65.7 10.2
n-Undecyl 49.3 44.9; 54.8 9.9 60.2 55.4; 67.9 10.9
Octadecyl 50.6 45.3; 554 10.1 60.9 55.4; 66.8 12.5

Sample: Hybrid silica based on alkyltrichlorosilanes with respective alkyl group and one agglomerate formed in the fixation process with n-
butyltrichlorosilane and PE
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Fig. 4 OCT pictures of
agglomerate formed with n-
butyltrichlorosilane and PP (left)
and PE (right)

during hydrolysis are protonated. Thus, the catalytic influencecognized as broad, flat bands at 3500%cdue to the hy-

of the HCI released can be classified as weak and thdrogen bonds. The peaks of the deformation oscillations of the
condensation is only accelerated marginally. In addition, thialkyl groups ( -CH, =CHy can be seen in the range of
supports the formation of long-chained oligomers with low1270-1470 cm®. The stretching vibrations of the alky!
surface charge, which promotes the preorganization with thgoups (v -CH) can be found in the range 268850 cm™.
uncharged surfaces of the microplastic particles and the aempared to pure silica, the agglomerate shows much stron-
gregation of formed aggregates. (Brochier Salon ander peaks of the alkyl groups at 1375 én{ -CH)
Belgacen201% Hook 1996 Hurkes et al2014 Pietschnig ,1453 cm® ( -CH), and 29502838 cm® (v -CH), induced

and Spirk2016. by the polypropylene contained in the agglomerate. In addi-
tion, the SHO-Si peaks of the hybrid silica are clearly visible

Characterization of agglomerates by OCT, IR in the agglomerate. The IR spectra thus confirm the fixation of

spectroscopy, and TGA the polymer particles (e.g., PP) in the hybrid silica gel
network.

The OCT images in Fidt illustrate the compact agglomera- Thermogravimetry coupled thi differential scanning

tion of the microplastic. PP particles have a round shape (lefalorimetry (TGA-DSC) is suitable for characterizing

PE particles are irregularly shaped (right). It can be seen thaicroplastics >12 m more closely. For example, the

the cavities between the polymer particles are filled with hymost common plastics PE and PP can be detected accu-

brid silica gel, which fixes it. rately. However, it is unsuitable for use in multi-
The IR spectra of the hybrid silica gels (Fiy.show the substance wastewater because of strong interference

typical peaks for the siloxane bonds aB+0-Si 1200 cm*  (Majewsky et al.2016).

and a wide peakS-O-Si of 1100-1000 cm* (Al-Oweini The TGA analysis of our agglomeration-fixation products

and EI-Rass®009. The peaks of the silanol groups can becompared to starting materials shows a strong weight loss

Fig. 5 IR Spectra ofg) n-butyltrichlorosilane-based hybrid silich) gglomerate of n-butyltrichlorosilane based hybrid silica and polypropytne, (
polypropylene
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Table 5 Analysis of TGA data

for PE, PP, C1, C4, and C18 and Sample Organic ingredient  Inorganic ingredient ~ Oxidizable ingredient

their agglomeration-fixation [%0] [%0] [%0]

products
Reference PE 99.96 0.16 -
Reference PP 99.97 0.04 -
Methyltrichlorosilane (C1) 14.35 84.21 1.34
Cl1PE 64.57 35.47 0.08
C1PP 78.53 21.25 0.2
n-Butyltrichlorosilane (C4) 43.48 52.86 3.64
C4 PE 96.13 3.99 0.09
C4 PP 94.71 4.94 0.29
n-Octadecyltrichlorosilane 85.76 13.15 1.07

(C18)

C18 PE 85.00 14.33 0.64
C18PP n.m n.m n.m

*n.m.not measured

between 380 °C and 500 °C for the pure plastic particles Particularly well suited for polymer particle fixation are n-
(99.96%, PE)/99.97%, PP), which consist almost exclusivelgropyltrichlorosilane, nbutyltrichlorosilane,
of organic material. The inorganic component (0.16% (PE)sobutyltrichlorosilane, and pentyltrichlorosilane (isomers),
0.04% (PP)) due to additives and impurities is negligiblevhereby n-butyltrichlorosilanes provide the best removal ef-
(Tableb). ficiencies even at lower alkyltrichlorosilane concentrations.
The TGA curve for the hybrid silica (C1, C4, C18) Branches of the alkyl group show a slowing effect on the
shows a slight decrease with increasing temperaturdsydrolysis and condensatiorninktics. This is particularly
The strongest is in the range between 500 °C anstrong in the case of the strongly branched thexyl and t-butyl
625 °C. At these temperatures, the organic ingrediemroups. Isopropyltrichlorosilane also provides worse results
(e.g., 14.35%, C1) of the hybrid silica gel is expelledwith regard to polymer elimination than n-
as CQ. The remainder (e.g., 84.21%, C1) remains as apropyltrichlorosilane due to slower condensation. With n-
inorganic ingredient, which is substantially higher tharbutyltrichlorosilane and isobutyltrichlorosilane, this effect is
the organic constituent. also visible at the lower concentration of alkyltrichlorosilane.
For the products of our agglomeration-fixation pro- Long alkyl groups of 8 or more carbon atoms and
cess (e.g., C1 PE, C1 PP), the organic constituents affee short-chain methyl group proved to be unsuitable
significantly higher than in the hybrid silica gel without because the microplastic particles are not localized suf-
microplastic inclusion. Accordingly, the inorganic com-ficiently here, resulting in significantly lower removal
ponent is much lower. The TGA analysis finally con-efficiencies and high fluctuations within the process.
firms that a mixed compound of hybrid silica andThe reasons for this include rapid condensation and
microplastic was formed. the increase in substituent effects.

In future studies, this process is transferred to environmen-
tal samples. The first applications are in wastewater and sea-
water. Simultaneously, a scale up on pilot plant scale is imple-

Conclusion mented, which allows to run tests at environmental
microplastics concentrations and to optimize the process for

In summary, it can be said that there are characteristic diffea-large-scale applications.

ences between the various alkyltrichlorosilanes with respect to
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