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1. Zusammenfassung

Im Vergleich zur Masse- oder Ldsungspolymerisation gewéhrleisten Emulsions-
polymerisationen eine gute Wairmeabfuhr und damit einhergehend Prozesssicherheit.
Vinylacetat ist ein héufig verwendetes Monomer in der Emulsionspolymerisation.
Polyvinylacetat und seine Copolymere finden Anwendung als Betonzuschlag sowie in
Klebstoffen, Bindemitteln fiir die Lackindustrie und Beschichtungen. Emulsions-
polymerisationen werden groftechnisch bisher weitgehend in einer semibatch Fahrweise
durchgefiihrt. Eine kontinuierliche Betriebsweise wére von Seiten der Effizienz hinsichtlich
Kosten und Raum-Zeit-Ausbeute deutlich bevorzugt, allerdings stellt die Belagsbildung eine
grofle Herausforderung dar. Die an den Reaktorwéinden anhaftenden Beldge resultieren in
einem Verlust an Reaktionsvolumen und setzen die Warmeabfuhrleistung deutlich herab. Dies
reduziert die Prozesssicherheit und fiihrt zu verdnderten Produkteigenschaften und einer
verringerten Kosteneffizienz aufgrund erhohter Totzeiten. Es treten vor allem zwei
Belagsbildungsmechanismen in Erscheinung. Das Polymerfouling durch Agglomeration von
Latices und anschlieBende Sedimentation. Dem gegentiber steht das Polymerisationsfouling,
bei welchem die Polymerisation in Filmen auf der Reaktoroberfliche ablduft und somit

Polymere auf den Fldchen aufwachsen.

Diese Arbeit liefert Beitrdge zum Verstindnis der Belagsbildung wéhrend der kontinuierlichen
Emulsionspolymerisation von Vinylacetat-Copolymeren. Hierfiir wurde eine reproduzierbare
und belagsintensive Rezeptur im Rohrreaktor entwickelt sowie die Belagsbildung und die
Einfliisse auf diese untersucht. Dariiber hinaus wurden Sensorkonzepte zur inline-
Quantifizierung von Reaktionsbeldgen im Rohrreaktor entwickelt und die Polymerisation sowie

die Eigenschaften der Polymere charakterisiert.

Die Partikelgrofe ist eine der wesentlichen GroBen zur Charakterisierung von
Polymerdispersionen und damit relevant fiir die Kontrolle der Produkteigenschaften.
PartikelgroBen werden zumeist offline mittels Lichtstreuanalytik von verdiinnten
Polymerdispersionen gemessen. Diese Verfahren sind zeit- und kostenaufwendig und wiirden
insbesondere bei einem kontinuierlichen Polymerisationsprozess zu erheblich verzdgerten
Anpassungen auf Verdnderungen im Produkt fiihren. Daher ist die Etablierung einer inline-
Methode zur simultanen Messung der Partikelgrofen im Prozess ein wichtiger Schritt fiir die
Steigerung der Prozesseffizienz. Hierzu wurde eine Methode entwickelt, die ausgehend von der

Triibung der Dispersion die zahlenmittleren hydrodynamischen PartikelgroBBen der Latices mit



Abweichungen zu Referenzmethoden unter 5 % bestimmen kann. Grundlage der Methode ist
eine Kalibrierung der Triibungswerte mit den entsprechenden zahlenmittleren
hydrodynamischen PartikelgroBen und die Annahme, dass die Teilchenanzahl wéhrend der
Messung nahezu  konstant  bleibt, welche nach der Nukleationsphase fiir
Emulsionspolymerisationen erfiillt ist. Die Methode ermdglicht bei Polymergehalten von bis
zu 50 wt.% eine schnelle und prizise Verfolgung der zahlenmittleren hydrodynamischen

Partikelgrofe.

Die Einfliisse der Rezeptur auf die Belagsbildung wurden fiir der Emulsionscopolymerisation
von Vinylacetat und Vinylneodecanoat untersucht und auf Basis der experimentellen Befunde
ein Modell entwickelt, welches es ermdglicht Belagsmassen fiir unbekannte Rezepturen
vorherzusagen. Es wurden direkte Einfliisse des Monomerumsatzes und der
Monomerzusammensetzung auf die Belagsmenge gefunden. Der Monomerumsatz wird dabei
maligeblich von der Reaktionstemperatur, dem Initiatorgehalt und dem Emulgatorgehalt
beeinflusst. Folglich kann die Belagsmenge durch eine Verringerung des Umsatzes oder
Verdnderung der Monomerzusammensetzung reduziert werden. Beides ist industriell wenig
attraktiv, da eine Verringerung des Umsatzes die Ausbeuten schmélert und die Aufarbeitung
des Produkts komplizierter macht und eine Verdnderung der Monomerzusammensetzung zu
anderen Produkteigenschaften fiihrt. Zusammenfassend ist es mdglich, die Einfliisse des
Prozesses auf die Belagsmasse zu quantifizieren und sogar vorherzusagen. Die Vorhersagen
lassen eine industrielle Umsetzung jedoch nicht wahrscheinlicher erscheinen, da die
belagsarmen Rezepturen wenig vorteilhaft erscheinen. Hierfiir wére der Einsatz von
Beschichtungen im Reaktor vielversprechender, da sowohl fiir hydrophobe als auch hydrophile
Beschichtungen im Reaktor zwar keine reproduzierbare Reduktion der Belagsmasse beobachtet
werden konnte, jedoch die Reinigung deutlich erleichterten. Dies wiirde zu gesteigerten

Effizienzen durch kiirzere Reinigungszeiten fiihren.

Sensoren Dbasierend auf Umsatz, Verweilzeit sowie Ultraschall-Messtechnik zur
Belagsdetektion wurde entwickelt und implementiert. Diese Methoden zur direkten und
indirekten quantitativen Belagsdetektion wurden hinsichtlich ihrer Robustheit, der
Messgrenzen und der Skalenabhidngigkeit evaluiert. Vielversprechende Ergebnisse konnten
durch Messung des Verweilzeitverhaltens des Rohrreaktors erzielt werden. Die gemessene
Verweilzeit wird durch Beldge im Rohrreaktor signifikant reduziert und das Marker-Signal
verbreitert. Dies deutet auf erhohte Totzonen im Reaktor durch die Belagsaufwiichse. Die
Detektionsgrenze der Verweilzeitmethode Methode ist hoch, da erst eine deutliche

Volumenverdnderung im Reaktor vorliegen muss, damit Beldge erkannt werden konnen. Ein
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weiteres Konzept zur Belagsdetektion kann durch die Ermittlung des Umsatzriickgangs
wihrend der Reaktion erhalten werden. Hierfiir muss die Verweilzeit im Rohrreaktor ungeféhr
der Reaktionszeit entsprechen, denn dann fiihrt eine Reduktion des Reaktorvolumens durch
Beldge zu einer verkiirzten Reaktionszeit und folglich zu einem Umsatzriickgang. Der Vorteil
dieser Methode ist, dass eine Umsatzanalytik oft bereits existiert, da der Reaktionsumsatz eine
wichtige ZielgroBe ist. Somit sind Einsparungen durch die Verwendung einer bestehenden
Analytik moglich und es werden prézise Ergebnisse erhalten. Geringe Belagsmengen sind nur
mit Verzogerung zu detektieren, da auch hierbei eine signifikante Volumenédnderung vorliegen

muss.

Es wurde nachgewiesen, dass die Messung von Polymerbeldgen mittels einer Ultraschall-
Messzelle gut geeignet ist, um bereits frithe Stadien der Belagsbildung prézise zu erfassen. Die
Schallgeschwindigkeit der Ultraschallwellen ist stark medienabhingig, sodass es zu einer
Verschiebung der Schallgeschwindigkeit in einer Messzelle kommt, wenn Beldge entstehen.
Durch eine Kalibrierung gegeniiber den Belagsmassen im Reaktor wurde eine robuste und
prizise analytische Methode zur Detektion von Beldgen entwickelt. Diese kann das
Belagswachstum sowie auch den Belagsabbau durch Reinigung verfolgen und ist in der Lage

einen autonomen Betrieb zu ermdglichen.

Neben der Untersuchung der Belagsbildung im kontinuierlichen Betrieb, spielen die
Produkteigenschaften der Polymere eine wesentliche Rolle fiir die spitere Anwendung des
Polymers. Daher wurden die chemischen Eigenschaften von Polymeren aus batch Prozessen,
mit denen aus dem Rohrreaktor verglichen. Bei den Molmassen, PartikelgréBen und
Emulsionsstabilititen wurden keine Unterschiede festgestellt. Der Reaktionsumsatz ist vom
Herstellungsverfahren abhingig, da im kontinuierlichen Betrieb die Verweilzeit eine
wesentliche Rolle spielt. Durch Anpassung der Verweilzeit kann der Reaktionsumsatz
angeglichen werden, sodass beide Prozesse Produkte mit vergleichbaren polymeren
Eigenschaften liefern. Unabhdngig vom Prozess weisen die Beldge ein signifikant hohere
Molmassen auf als die Polymerdispersion, sodass auf Polymerisationsfouling als wesentlichen
Mechanismus  geschlossen werden kann, da die Konzentrationsverhéltnisse in
polymerisierenden Filmen entlang der Reaktorwénde von der dispersen Phase abweichen und
somit Verschiebungen in der Molmasse zu erwarten sind. Eine Vernetzung der Beldge konnte

mittels Messung der Gelgehalte ausgeschlossen werden.
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Zusammenfassend wurden viele Aspekte der kontinuierlichen Emulsionspolymerisation sowie
der Belagsbildung dieser Polymerisation untersucht und Erkenntnisse gewonnen, wie diese
auftritt und iiber welche Messverfahren sie zuginglich ist. Damit wurden wesentliche Beitrage
zur Umsetzung von kontinuierlichen Emulsionspolymerisationen auf grof3technischer Skala
ertbracht und  Grundlagen zum  Verstindnis der Belagsbildung und fiir

Belagsvermeidungsstrategien erarbeitet.
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2. Summary

In comparison to bulk or solution polymerisation, emulsion polymerisation ensures good heat
dissipation and therefore process reliability. Vinyl acetate is a frequently used monomer in
emulsion polymerisation. Polyvinyl acetate and its copolymers are used as a concrete aggregate
and in adhesives, binders for the paint industry and coatings. To date, emulsion polymerisation
has largely been carried out on an industrial scale in a semi-batch process. A continuous mode
of operation would be clearly preferable in terms of efficiency, costs and space-time yield, but
the formation of deposits poses a major challenge. The deposits adhering to the reactor walls
result in a loss of reaction volume and significantly reduce the heat dissipation capacity. This
reduces process reliability and leads to altered product properties and reduced cost efficiency
due to increased dead times. There are two main fouling mechanisms. Polymer fouling due to
agglomeration of latices and subsequent sedimentation. On the other hand, there is
polymerisation fouling, in which polymerisation takes place in films on the reactor surface and

polymers grow on the surfaces.

This work contributes to the understanding of fouling during the continuous emulsion
polymerisation of vinyl acetate copolymers. For this purpose, a reproducible and fouling-
intensive formulation was developed in the tubular reactor and the fouling formation and the
influences on it were investigated. In addition, sensor concepts for the inline quantification of
fouling in the tubular reactor were developed and the polymerisation and properties of the

polymers were characterised.

Particle size is one of the key parameters for characterising polymer dispersions and is therefore
relevant for controlling product properties. Particle sizes are usually measured offline using
light scattering analysis of diluted polymer dispersions. These methods are time-consuming and
costly and would lead to considerably delayed adjustments to changes in the product, especially
in a continuous polymerisation process. Therefore, the establishment of an inline method for
the simultaneous measurement of particle sizes in the process is an important step towards
increasing process efficiency. For this purpose, a method was developed that can determine the
number-average hydrodynamic particle sizes of the latices with deviations of less than 5 % from
reference methods based on the turbidity of the dispersion. The method is based on a calibration
of the turbidity values with the corresponding number-average hydrodynamic particle sizes and
the assumption that the number of particles remains almost constant during the measurement,

which is fulfilled after the nucleation phase for emulsion polymerisations. The method enables



fast and precise tracking of the number-average hydrodynamic particle size for polymer

contents of up to 50 wt.%.

The influences of the formulation on fouling formation were investigated for the emulsion
copolymerisation of vinyl acetate and vinyl neodecanoate and a model was developed on the
basis of the experimental findings, which makes it possible to predict fouling masses for
unknown formulations. Direct influences of the monomer conversion and the monomer
composition on the fouling mass were found. The monomer conversion is significantly
influenced by the reaction temperature, the initiator content and the emulsifier content.
Consequently, the fouling mass can be reduced by reducing the conversion or changing the
monomer composition. Both are not very attractive industrially, as a reduction in the conversion
reduces the yields and makes the processing of the product more complicated and a change in
the monomer composition leads to different product properties. In summary, it is possible to
quantify and even predict the influences of the process on the fouling mass. However, the
predictions do not make industrial realisation appear any more likely, as the low fouling
formulations appear to be less advantageous. The use of coatings in the reactor would be more
promising for this purpose, as no reproducible reduction in the fouling mass could be observed
for either hydrophobic or hydrophilic coatings in the reactor, but cleaning was significantly

easier. This would lead to increased efficiency through shorter cleaning times.

Sensors based on conversion, residence time and ultrasonic measurement technology for
fouling detection were developed and implemented. These methods for direct and indirect
quantitative fouling detection were evaluated in terms of their robustness, measurement limits
and scale dependency. Promising results were obtained by measuring the residence time
behaviour of the tubular reactor. The measured residence time is significantly reduced by
deposits in the tubular reactor and the marker signal is broadened. This indicates increased dead
zones in the reactor due to the fouling. The detection limit of the residence time method is high,
as there must first be a significant change in volume in the reactor for deposits to be recognised.
Another concept for fouling detection can be obtained by determining the decrease in
conversion during the reaction. For this, the residence time in the tubular reactor must
correspond approximately to the reaction time, as a reduction in the reactor volume due to
fouling then leads to a shortened reaction time and consequently to a decrease in conversion.
The advantage of this method is that a conversion analysis often already exists, as the reaction
conversion is an important target variable. This means that savings can be made by using an
existing analysis and precise results are obtained. Small amounts of fouling can only be detected

with a delay, as a significant change in volume must also be present here.
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The measurement of polymer deposits using an ultrasonic measuring cell is well suited to the
precise detection of early stages of fouling. The sonic velocity of ultrasonic waves is strongly
dependent on the medium, so that there is a shift in the sonic velocity in a measuring cell when
deposits form. A robust and precise analytical method for detecting fouling has been developed
by calibrating against the fouling masses in the reactor. This can track the growth of fouling as

well as their degradation through cleaning and enables autonomous operation.

In addition to investigating the fouling in continuous operation, the product properties of the
polymers play a key role in the subsequent application of the polymer. Therefore, the chemical
properties of polymers from batch processes were compared with those from the tubular reactor.
No differences were found in the molar masses, particle sizes and emulsion stabilities. The
reaction conversion depends on the production process, as the residence time plays a significant
role in continuous operation. By adjusting the residence time, the reaction conversion can be
equalised so that both processes deliver products with comparable polymer properties.
Regardless of the process, the deposits have a significantly higher molar mass than the polymer
dispersion, so that polymerisation fouling can be concluded as the main mechanism, as the
concentration ratios in polymerising films along the reactor walls deviate from the disperse
phase and therefore shifts in the molar mass are to be expected. Cross-linking of the deposits

could be ruled out by measuring the gel content.

In summary, many aspects of continuous emulsion polymerisation and the fouling of this
polymerisation were investigated and insights were gained into how this occurs and which
measurement methods can be used to access it. This has made significant contributions to the
implementation of continuous emulsion polymerisation on an industrial scale and provided a

basis for understanding the formation of deposits and for fouling prevention strategies.
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3. Introduction

Polymerisation reactions are an important part of industrial chemistry as polymers are used for
various applications in daily life. More than 390 Mt of plastics were produced in 20211 with
an increasing trend for the future. Polymers are products by process, so the manufacturing
process is important for the resulting product properties. The emulsion polymerisation is one of
these processes which is of industrially interest as it is high process safety and easy accessibility.
The market for emulsion polymers is with USD 28.8 billion in 2021 an important share of the
global polymer market which is with an annual growth rate about 10 % increasing.!*) Emulsion
polymerisation combines high molecular weights of the polymers with process safety aspects
and environmental benefits. The use of water as continuous phase with a high heat capacity and
lower viscosities compared to solution or bulk polymerisation increase heat transfer rates and
with that the process safety for exothermic processes. Moreover, emulsion polymerisations are
free of toxic or hazardous solvents, which otherwise must be separated afterwards. Thus, the
product is free of volatile organic compounds (VOC). Water-based polymer dispersions can be
used often directly as obtained by the process for coatings, adhesives and additives. Dried
dispersions are used for powder applications for example in construction work. Emulsion

1341 Most emulsion

polymers are used for synthetic rubbers or plastic applications as well.l
polymerisation processes are performed in batch or semi-batch operation mode as a continuous
process is challenging. The challenges are mostly given by reaching comparable product
properties and fouling during the reaction, which causes high cleaning times and costs
especially in continuous operation. Therefore, to increase the efficiency of the process the
fouling mechanism must be investigated to obtain knowledge about the processes and reasons

that cause the formation of deposits in the reactor.

Polyvinyl acetate is one of the common polymers produced by emulsion polymerisation. The
global production of vinyl acetate is about 7.2 Mt in 2023 and is mainly used for polymerisation
and production of polyvinyl alcohol as emulsifier for the production of polyvinyl acetate.*! The
largest part is used for the production of the homopolymer polyvinyl acetate followed by the
production of copolymers e.g. polyethylene-co-vinyl acetate which contains 10 —20% of
ethylene for lower glass transition temperatures and better product properties.*) Polyvinyl
acetate and its copolymers are used for construction materials, automotive applications,
adhesives, paints and coatings for moisture barriers and electric insulation.®) The production
processes are all in batch or semi-batch operation mode as fouling is an important challenge

which requires cleaning between the batches and prevents continuous operation.



3.1 Emulsion polymerisation

In emulsion polymerisation, a hydrophobic monomer is emulsified in an aqueous phase using
an emulsifier. Most of the monomer is in the monomer droplets or micelles and only small
amounts of monomer are solved in the continuous water phase (Fig. 1). Anionic (e.g. SDS,
SDBS) or neutral surfactants (e.g. Mowiol) are usually used as emulsifiers.>7! The initiation is
carried out by a hydrophilic initiator in aqueous phase. For initiation thermal (e.g. AIBN, BPO)
or redox initiator systems (Ascorbic acid/tert-butyl hydroperoxide/iron catalyst)®®! can be used.
Subsequently, the radicals formed react in the aqueous phase with the monomer molecules
present there to form oligoradicals (Fig.1a). The hydrophilicity of these oligoradicals decreases
with increasing chain length, so that the oligoradicals are no longer water-soluble and

nucleation occurs (Fig. 1b).5~7]

-
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Figure 1: Mechanism of emulsion polymerisation. (a) initiation and formation of oligoradicals in continuous phase, (b)
nucleation of particles and (c) particle growth and termination.”)

Two relevant mechanisms are known for nucleation (Fig. 2). Depending on the monomer,
homogeneous or heterogeneous nucleation predominates. In the case of heterogeneous
nucleation, the hydrophobic oligoradicals diffuse into the monomer-swollen micelles in which
growth begins. This mechanism is particularly relevant with a high emulsifier concentration
and a hydrophobic monomer.”] More hydrophilic monomers or emulsifier concentrations
below the critical micelle concentration (CMC) favour homogeneous nucleation as
predominant mechanism. The oligoradicals continue to grow due to the higher concentration of
monomer in the aqueous phase until they are too hydrophobic and therefore precipitate.
The precipitating oligoradicals are stabilised by the emulsifier and thus latex particles are

formed.[>!0:11]
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Figure 2: Nucleation in emulsion polymerisation. The different pathways for homogeneous and heterogeneous nucleation are
shown.l']

The polymerisation rate of the emulsion polymerisation can be divided into three phases.
During nucleation the reaction rate in the latex particles increases significantly due to the higher
concentration of monomer. After nucleation (phase I) is complete, the polymerisation rate
remains constant caused by constant monomer feed from the monomer droplets (phase II) until
all monomer is in the micelles and monomer depletion occurs (phase III). Subsequently, the

polymerisation rate decreases until all chains are terminated (Fig. 3).[°10-19-24.11-18]

Monomer o - ) Erple © Q O
droplets
) * Q
° o ” © o Q
) © © © o Q
"'tt © X h:r’v::lrent:' Q o l::mr O O
5} & © Q (@}

K
Y
A

Yy
A

y

Polymerisation Rate

Time

Figure 3: Developments in polymerisation rate during emulsion polymerisation. The polymerisation is divided into three
phases, in the first phase nucleation occurs and the reaction rate is increasing. In the second phase nucleation and
termination are in equilibrium and reaction rates are constant and in the third phase the monomer depletion occurs and
termination increases so that reaction rate is decreasing.!>)

19



The classical assumption of NOMURA et al.?®! determines the number of radicals per micelle to
be 0 or 1. This assumption applies well to very fine-particle latices, as termination is
significantly faster than possible desorption. For real emulsion polymerisation micelles with
more radicals can also be observed especially with larger particle sizes of the latices.
Hydrophilic monomers, such as vinyl acetate, show another difference to ideal kinetics as chain
transfer of the oligoradical to a monomer occurs. Subsequent desorption of this monomer
radical is much more likely than termination by recombination of both radicals. With increasing
hydrophobicity of the monomers and increasing size of the latex particles, the probability of

desorption decreases compared to termination.?”!
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3.2 Emulsion polymerisation of vinyl acetate

With an annual production volume of 7.2 Mt, polyvinyl acetate is one of the polymers of
industrial relevance.®! The large-scale polymerisation of vinyl acetate is generally carried out

as free radical polymerisation using a thermal initiator.

Emulsion polymerisation is often preferred, as dispersions or powders are the favoured form
for most applications in adhesives or coating industry. In addition, the reaction enthalpy of the
polymerisation of vinyl acetate is very high at AHr = —88.8 kJ mol !, meaning that good heat
dissipation is necessary for reliable polymerisation and process safety. An anionic emulsifier is
not sufficient for the formation of a stable emulsion; instead, partially hydrolysed vinyl alcohol

polymers are used in the processes, which are surface-active as hydrophilic polymers.[!*28]

Pure homopolymerisation of vinyl acetate is of minor importance, as the homopolymer has a
glass transition temperature 7 of 30 °C which is too high for many applications and the polymer
therefore too brittle.?”) However, the pure homopolymer is used for hydrolysis to polyvinyl

alcohol.

Copolymers or terpolymers are used for most applications. In the usual case, monomers of the
VeoVa family or ethylene are added. This lowers the glass transition temperature and also
increases resistance to hydrolysis and UV radiation.*”) Both comonomers serve as internal
plasticisers and ensure that no additional additives are required. The advantage of the VeoVa
system lies in the simple polymerisation process at normal pressure and the low mass fraction
required to achieve the polymer properties. The side chain of the comonomer increases the free
volume of the polymer, which lowers the glass transition temperature 7 of the polymer. This
is particularly important for the production of thin polymer films, as the minimum film
formation temperature (MFT) correlates directly with the glass transition temperature. For the
homopolymer, the MFT is around 15 — 20 °C, making film formation at room temperature more
difficult.””) The addition of a small amount of long-chain vinyl esters significantly reduces the
MFT so that film formation can be improved. The addition of long-chain vinyl esters increases
the hydrolysis resistance of the polymer, so that the material properties are improved with
regard to environmental influences. This effect is caused by steric shielding of the hydrolysis-

s [31.32

sensitive bonds by the highly branched side chains of the long-chain vinyl ester IHowever,

the higher price of the monomers is a disadvantage.
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In contrast, vinyl acetate-ethylene copolymers (VAE) offer a favourable comonomer, but the
polymerisation must be carried out under increased pressure so that sufficient ethylene is
soluble in the vinyl acetate. The reaction is carried out at pressures between 20 and 60 bar
ethylene.’3! The process is usually carried out as a semi-batch with a redox initiator system as
a starter, but continuous processes are also known from the literature.** Typically, the ethylene
content is 5 — 40 %. This increases the process costs, but the raw material costs are lower than
using vinyl esters, making this process more economical for large production volumes.

Polymerisation is often carried out in batch or semi-batch autoclave reactors.3>-]
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3.3 Fouling

Fouling describes the deposition of solid material on the surface of reactors or internals. A
distinction is made between different forms of fouling. Fouling can be formed in water
treatment as salts (e.g., limescale deposits) or bioorganic layers (biofilms, bacteria, algae) may
occur in the pipes or vessels. For chemical processes, the formation of deposits during the
reaction caused by reduced inertness of the reactor surface is usually decisive.*”! The problems
of deposit formation are primarily the formation of an additional barrier for heat dissipation due
to the new boundary layer and the poor thermal conductivity of the deposit. Both reduce the
effect of heat dissipation, so that the reactor design must take this into account. In addition, the
reactor volume, and the resulting residence time change, meaning that the product specifications
can deviate. In the worst case, clogging of the reactor or mixing elements would be possible.[**!
Cleaning procedures for large-scale industrial plants are time and cost intensive, so it is
advantageous to avoid fouling for obtaining an efficient process. Fouling mechanisms are often
very complex as multiple factors e.g., surface temperatures, electrostatics, are influencing. The
full understanding of these processes is very challenging and needs a lot of research. For
wastewater treatment the fouling mechanisms are published by Ekowati et al.*®! who found out
that cationic polymers cause fouling on reverse osmose membranes. In the publication the
prediction of time dependent fouling masses was achieved and they distinguished between
reversible fouling which could be removed by chemical cleaning and irreversible fouling that
influenced the efficiency of the membranes permanently.** For heat exchangers, the fouling in
dependence of heating or cooling operations can be predicted by the usage of learning
algorithms.!**! For most other applications there are no detailed mechanisms described and only
empirical correlations are known. Most of the established strategies are patented as they are

important improvements for process efficiency.

One strategy is to use additives to reduce or avoid fouling.[*!~4"!

Some examples are
alkylphosphonate esters which reduce the fouling during polymerisation of ethylene
dichloride.[*! Polyoxyalkenes are reported to reduce fouling in solution polymerisation of
ethylene co- and homopolymers.[*! Alkyl and aryl phthalates prevent polymer fouling during
monomer synthesis and solution polymerisation of acrylates, methacrylate or acrylic acid.[*”]
Moreover, the addition of comonomers to the recipe can reduce fouling which is described for
kinetic hydrate-inhibitor formulations.!**! As the lack of inertness of reactor surfaces is one
reason for chemical fouling. There are different applications that describe coatings of the

equipment as solution for fouling reduction.*->21 The fouling-free polymerisation of vinyl

halides or vinylidene monomers is possible with monolayer coatings of polyvinyl alcohol and
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the disodium salt of bisphenol A on reactor surfaces.!*’! For the polymerisation of vinyl chloride
coatings of alumina oxalyl bis(benzylidene)hydrazide®® respectively aqueous selenous acid®®!!

can be used for fouling reduction.

Special reactor concepts can be another approach to reduce or prevent fouling.>>->% McFadden
et al.’% reported that highly precise control of monomer streams and process parameters
reduced fouling during continuous polymerisation. Side reactions are mainly responsible for
fouling and these can be reduced by precision in process control.l’* Lowell et al.> optimised
the geometry of the reactors for gas phase polymerisation to eliminate fouling-rich zones and

reduce fouling therefor.

The optimisation of cleaning concepts for the reactors is another approach. The efficiency of
the process could be increased by efficient cleaning. Deposits of olefinic polymers can be
removed efficiently by circulating aromatic hydrocarbon solvents at high temperature in the
reactor and recovering them by flash separation.*®! Haruyamal®” developed a mechanical
cleaning strategy which removes polymeric fouling by displacement through expansion or
contraction of the reactor parts.®”) Saikhwan et al.l’!l investigated temperature and pH
conditions where non-cross-linked acrylate-styrene copolymers are easily cleaned by taking

advantage of their swelling behaviour.
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3.4 Fouling during emulsion polymerisation

The mechanism and kinetics of emulsion polymerisation for various monomers and process
conditions are described in multiple publications but there are less publications discussing the

kinetics or mechanisms for fouling. For bulk or solution polymerisation there are some detailed

62-64] 62]

publications.| Deglmann et al.[®?l reported fouling processes during free radical
polymerisation of N-vinyl pyrrolidone are caused by radical transfer reactions. This is leading
to terminal double bonds which can be crosslinked. The crosslinked polymers show increased
molecular weights and are not sufficiently dissolvable which leads to deposition.[?! NeBlinger
et al.[% investigated fouling during solvent polymerisation of vinyl pyrrolidone. They discussed

the fouling reduction of coated reactor surfaces and their long-term suitability.[5’]

Fouling formation for the emulsion polymerisation of vinyl acetate is described in literature as
well.[5866-681 Carvalho et al.’®! investigated continuous emulsion copolymerisation of vinyl
acetate and n-butyl acrylate in a tubular reactor and reported problems in operation caused by
fouling. With an oscillating pulsed flow control and internal sieve plates in the reactor the
fouling could be reduced. The oscillating flow causes short periods of turbulent flow control
with high shear rates which suppress the deposition of fouling while the internal sieve plates
improve radial mixing and reduce side reactions.[*® The fouling behaviour on heated and cooled
surfaces was investigated for emulsion copolymerisation of vinyl acetate and vinyl esters. They
reported that higher temperatures increase fouling masses. A general trend for surface
modifications was not observable as it is dependent on the other process parameters.[®6-68]
Hohlen et al.[*”! compared fouling of non-reactive polymer dispersions with the fouling during
emulsion polymerisation processes. Reactive polymerisation systems cause increased fouling
masses so the polymerisation process is an important part for fouling.'”) During emulsion
polymerisation two main mechanism for fouling can occur, polymerisation and polymer
fouling. Polymerisation fouling describes the formation of deposit during the polymerisation
reaction. Due to positive interactions, growing polymer chains are deposited homogeneously
on the reactor surface, forming a uniform polymer film that covers the entire surface.[”! This is
caused by the reduction of the surface energy, so fouling should be material dependent. In
addition, dependent on the reactor material unpaired electrons in the reactor walls can also lead
to initiation on the wall and thus to the formation of polymer layers. On the other hand, there is
polymer fouling, which is caused by stabilisation problems in the polymer latex. If the polymer
dispersion is not stable, agglomeration of latex particles into larger particles will occur,®”!

which tend to sediment. This is resulting in non-stabilised solids that accumulate, particularly

in dead zones of the reactor. As a result, polymer fouling forms selectively at reactor edges and

25



imperfections in the surface. This creates an uneven appearance, and the fouling structure is not

a homogeneous film but have a drop-like structure. The appearance of the two types of fouling
[38]

is shown in Figure 4.

Palymerization fouling

80mm
Figure 4: The appearance of polymer and polymerisation fouling on reactor surfaces.3®!

The structural differences in fouling can be seen in the images; the homogeneous film formation
in the case of polymerisation fouling produces an even surface, while the polymer fouling
surface is macroscopically structured. The fouling structures also differ on microscopically

scale, as Figure 5 illustrates.

Figure 5: Images of fouling layers taken with an optical microscope of polymerisation fouling (a) and polymer fouling (b).13®)

The surface structure in the case of polymerisation fouling (Fig. 5 a) is much more finely
structured, the structuring of the surface is in lower micrometre range, as there is no significant
agglomeration of the latex particles. With polymer fouling, the surface is more structured, as
the latex particles agglomerate to form particles many micrometres in size, which are deposited

(Fig. 5 b).8l

26



The fouling depends on some reaction parameters independent of the mechanism. An increase
in the reactor wall temperature leads to increased fouling, while increased Reynolds numbers,
cause a reduction in fouling.*® The shear rate is indirectly correlated with fouling processes,
as high shear tends to detach growing deposits and thus the fouling is inhibited. The polymer
content has no influence on the tendency to fouling if the stability of the emulsion is guaranteed.
This theoretical understanding is difficult to realise in practice, as ideal conditions are hard to
achieve and a high polymer content increases the tendency to agglomerate, which in turn
accelerates the polymer fouling.[*%¢7% The choice of emulsifier and the quantity used also
influences the stability of the emulsion. Electrostatic and steric stabilisation of the latex particles
are relevant mechanisms. Electrostatic stabilisation of dispersions is particularly dominant with
hydrophobic monomers, as the micellar structure of an ionic surfactant is favourable here and
a high density of emulsifier molecules can be achieved on the surface. These are thus
sufficiently stabilised, while more hydrophilic monomers do not cause sufficient alignment of
the ionic emulsifiers, so that the density on the particle surface is insufficient. Steric stabilisation
is the more important mechanism here, in which non-ionic protective colloids are used to make
the surfaces compatible. The use of sterically stabilising protective colloids, such as polyvinyl
alcohol, improves the stability of the emulsion against electrolyte addition and higher solid
contents,’!! although the dependence on the concentration of the emulsifier is high. Polyvinyl
acetate does not form a stable emulsion by ionic emulsifiers alone. Non-ionic surfactants such

as polyvinyl alcohol are usually added for this purpose.l’’!
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3.5 Fouling Detection

Fouling detection is another important field of research as the knowledge about possibly
occurring fouling is necessary for process safety on industrial scale. If fouling is detectable
inline it is possible to react and start cleaning procedures in order to keep the process safe and
the product specifications constant. Besides optical detection methods like inspection glasses

d.">8 For non-reactive systems polymer

there are different technical approaches describe
fouling can be measured using emulsion stability. This is accessible via particle size
measurement as coagulation causes an increasing particle size which can be detected by e.g.,
dynamic light scattering (DLS) or nephelometry. The resulting particle size data can be used to
develop models that enable predictions for fouling behaviour. The limitation is given as reactive
systems and polymerisation fouling cannot be described as the fouling is mainly caused by
reaction and not emulsion stability.l”8! For inline detection of reactive systems most approaches
are only established on lab-scale so far. The implementation of conductivity sensors to detect
the formation of fouling is one way of fouling detection as fouling layers often show different
conductivity than liquid phase.l””) Bottcher et al.l”! reported an inline measurement technique
for monitoring fouling masses during emulsion copolymerisation of butyl acrylate and methyl
methacrylate using a quartz crystal microbalance with dissipation monitoring. The frequency
of the quartz crystal resonator is dependent on the mass adsorbed at the surface of the quartz
crystal. So thin fouling layers can be monitored in frequency shifts. For fouling intense
processes this method reaches saturation quickly and no longer information about fouling
deposition can be obtained.l”? In this case on lab-scale it is established to detect the changes in
the reactor weight.l”>7# At low fouling masses this method is not as precise as a quartz crystal
microbalance but for stronger fouling differential weighting of the whole reactor or parts of it
is more suitable. This method is mostly used on lab- or pilot plant scale but would be possible

on industrial scale as well.[”>74]
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The development of inline or atline measurement cells for scale-independent real-time fouling
detection during polymerisation process are another field of research. An advantage would be
that the same measurement cell and technology can be used on lab-scale and in industrial
applications. There are different sensor technologies which are addressing this field. NeBlinger
et al.[®>7] investigated the application of electrochemical impedance spectroscopy (EIS) for
fouling detection during different polymerisation processes and were able to detect early stages
of fouling growth in the measurement cell. The saturation of this measurement technology is
reached in an early stages of polymerisation, so that it is only possible for detecting thin fouling
layers.l””! Osenberg et al.’>’¢l reported the suitability of ultrasonic fouling detection for
polymerisation processes, such as solvent polymerisation and emulsion polymerisation.t”>76-8
For solvent polymerisation of polyurethanes the fouling mass in the measurement cell could be
measured by analysing the average sound velocity (ASV), which is media-dependent and
changes with growing fouling.[”>¢! For emulsion polymerisation of vinyl acetate the average
sound velocity (ASV) or the signal attenuation of the coupling reflection are possible measured

variables.®"] Concluding, there are different approaches for fouling detection on lab-scale but

no universal solution for wide applications is present.
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4. Aim of Work

The goal of this work was to investigate fouling processes in continuously operated reactors.
For that purpose, an emulsion copolymerisation was chosen as an industrial relevant system
with strong tendency to deposit formation. Vinyl acetate and vinyl neodecanoate were chosen
as comonomers as it is a commonly used industrial copolymer. The reactions were carried out
in a continuous plug flow reactor (PFR) with static mixers because it is a favourable reactor
concept for large scale industrial purposes and for continuous emulsion polymerisation there

are less investigations and publications.

The polymerisation was carried out as redox-initiated polymerisation with ascorbic acid, tert-
butyl hydroperoxide and ammonium iron(IIl) sulphate dodecahydrate as initiator system. This
initiator system enables fast emulsion polymerisations at low temperatures and the kinetics are
well known.®81821 Monomer concentrations between 10 wt.% and 50 wt.% have been
investigated. Monomer and emulsifier solution were pre-emulsified using a continuously stirred
tank reactor (CSTR) and combined with the initiator at the entrance of the reactor. The reactor

setup was characterised regarding residence times and mixing of components.

A standard operation procedure and recipe were developed and the reproducibility of polymer
properties and fouling behaviour investigated. Afterwards the recipe and process parameters
were varied to investigate the influences on dispersion and polymer properties as well as on the
fouling masses. The changes in recipe included monomer content, comonomer composition and
emulsifier and initiator concentration. The investigated process parameter were temperature and
mass flow, which change the mean residence time. Moreover, the initial mixing situation and
their influences on fouling were considered. The goal was to achieve an experiment-based
model for fouling prediction in that process which helps to find suitable formulations for

reducing fouling and reaching the product properties.

The polymer properties of the deposits and emulsion were analysed. For that purpose, molecular
weights, solubility and swelling behaviour were measured. The chemical properties of fouling
and dispersion were compared and samples from different spots in the reactor taken to obtain

knowledge about fouling processes.



Moreover, an inline measurement technology for determining particle sizes was established as
the particle size is one of the key specifications for dispersion properties and sampling followed
by offline analysis of the dispersion is time-consuming. A calibrated inline measurement using

nephelometry was investigated and the precision and deviation evaluated.

The development of inline or atline sensor concepts for real-time fouling detection was another
goal of this work. Different approaches were investigated and their suitability was evaluated.
These technologies were a conversion-based fouling detection, an ultrasonic measurement
technique and electrochemical impedance spectroscopy (EIS). Besides the suitability for

detecting fouling growth, the robustness, reproducibility, and precision were examined.

Different approaches for increasing the efficiency of the polymerisation process were
investigated as well. This includes possible fouling reduction strategies as well as efficient
cleaning concepts. For that purpose, coatings of reactor parts were tested and their influence on
fouling masses determined. Chemical cleaning concepts were developed that should reduce
cleaning time and effort. Optimally this cleaning concepts do not need hazardous or expensive

substances so that a scale-up to industrial scale is possible.
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5. Cumulative part of the dissertation

5.1 Determination of inline-particle sizes by turbidity measurement in high solid content

emulsion polymerisations

Soren Rust, Werner Pauer
Synopsis

The particle size of a dispersion is one of the key specifications for product properties as it
influences the chemical properties as well as the processability for the applications. The
established methods for determining particle sizes require high effort as samples must be taken,
diluted and measured. Typically, polymer emulsions are showing particle sizes between 100 nm
and 1000 nm, a size range that is accessible via dynamic light scattering (DLS) or disc
centrifugation. Both methods lead only to reliable results with highly diluted samples. For high
solid content polymer emulsions one or more dilution steps are necessary. The dilution of
polymer dispersions can affect their stability as the concentration of the emulsifier is changed
and agglomeration may occur. So measured particle sizes can be falsified due to the preparation
of the samples. An inline measurement technology which is able to handle high solid contents

up to 50 wt.%.

% would be a great improvement for fast analysis of the dispersion properties. Following a
process probe measuring the turbidity of the dispersion was integrated and the turbidity-values
were correlated with the particle sizes of the dispersion analysed by dynamic light scattering.
A recipe-dependent correlation between particle size and turbidity was obtained which allowed
to measure particle sizes inline during emulsion polymerisation. This achievement significantly
reduces the time for analysing the particle sizes. Process monitoring can be improved, and

process efficiency increased.[®’]
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Abstract

Particle size determination in optically dense systems requires costly techniques or dilution of collected samples. A gainst this
background, turbidimetry was investigated as a potentially robust as well as inexpensive alternative. Emulsion copolymerisa-
tions of vinyl acetate and VeoValO® with solid contents up to 48 wi% were examined time resolved with respect to mean
particle size at different temperatures, solid contents and with different co-monomer ratios and emulsifier concentrations.
The mean hydrodynamic diameters were validated by dynamic light scattering (DLS). Precise number mean hydrodynamic
diameters in the range from 100 to 250 nm were obtained in-line for polyvinyl acetate dispersions with deviations in parti-
cle sizes below + 5%. In addition, the turbidity values were recorded by means of a nephelometry process probe and thus a
robust, system-related calibration was created, which was subsequently able to reliably track the number mean hydrodynamic
diameter inline time-resolved.

Keywords Emulsion polymerization - High solid contents - Turbidity measurement - Particle size determination - Inline

analytics - Vinyl acetate

Introduction

In emulsion polymerisation an inline or online analytical
measurement procedure for the determination of the mean
particle size would be advantageous over established offline
procedures [1]. Several approaches can be found in literature
for inline measurement of the mean particle size, but very
few of them are commercially available and established.
Moreover, most methods are not related to polymer disper-
sions, but rather to dusts, powders and aerosols with differ-
ent particle size ranges [1]. Typical analytical methods for
this are dynamic light scattering (DLS) or photon density
wave spectroscopy (PDW) light scattering methods or meas-
urements via the disc centrifuge.

Swithenbank et al. reported a laser diffractometric method
that detect particles and droplets in liquid phase inline. Due
to the used wavelength of the laser, their method is limited
to the micrometre range and cannot detect particles below
one micrometre [2]. For crystallisation processes, several
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methods of inline particle size measurement were also inves-
tigated and compared, whereby the shape of the particles
as well as their influence on the measured size are of inter-
est, since crystallisation processes do not usually produce
spherical particles. Here, both ultrasound techniques and
laser scattering methods (3D-object-relational mapping
and Focused Beam Reflectance Measurement) were suc-
cessfully used for inline particle size determination in the
range between 80-200 pm, whereby the sensitivity of the
method to the particle shape varied. However, use of the
measurement methods for particles in the submicrometric
range has not been described [3].

Regarding to the submicron-range a frequently described
solution is the use of an at line analysis, in which a sample is
taken continuously and automatically diluted, prepared and
fed to a light scattering analysis via an autosampler. The dilu-
tion step is essential to eliminate multiple scattering, to which
dynamic light scattering reacts very sensitively [4-6]. There-
fore, different particle sizing methods were compared in the
nanometre range with regard to their suitability for mapping
polydisperse as well as multimodal distributions of polymer
latices. It was shown that all the methods investigated (Tunable
Resistive Pulse Sensing (TRPS), disk centrifuge (CPS) and
dynamic light scattering (DLS)) can correctly determine the

&) Springer
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particle size for monomodal distributions, but that DLS fails
for multimodal distributions. Referenced studies were carried
out against an electron microscopy evaluation [7]. One method
for the inline measurement of submicron mean particle sizes
is the photon density wave spectroscopy, which is suitable to
measure hydrodynamic diameters even in high solid disper-
sions. Unfortunately, the method is expensive [8, 9].

The usage of turbidity measurement in emulsion
polymerisation was investigated as well. Bloch et al. investigated
the changes in wrbidity during the emulsion polymerisation
of styrene, especially during the early phases of emulsion
polymerisation to obtain nucleation and inhibition times of the
polymerisation. Moreover he showed the sensitivity of the method
to changes in the polymerisation system, which goes along with
differences in particle sizes [10] Houben et al. reported that a
Raman spectroscopy could be used to monitor particle sizes
during emulsion polymerisation of styrene copolymers by
computer-based partial least-squares (PLS) models basing on
changes in chain-expansion vibrations [ 11]. Gao et al. showed
a dependence of the turbidity values of N-isopropylacrylamide
dispersions on the concentration of the particles as well as the
particle size [12]. Moreover Tauver et al. performed numerous
studies on the changes in characteristic properties during emulsion
polymerisation, including the change in turbidity values of the
system during particle growth but never used this data to predict
particle sizes by turbidity measurement [13, 14]. Kiparissides
et al. [15] have also shown that the particle size of polyvinyl
acetate emulsions can be mathematically derived from the
turbidity and thus inline turbidity measurement could be a suitable
method for tracking particle size in the polymerisation process.
They never proved this mathematical approach by experiment or
determined the limitations and deviations of the method [ 15]. The
general methodological suitability of a turbidity probe was also
shown by Liu etal. [16] who used turbidity to track the adsorption
of polymer particles on modified cellulose. Here, the suspension's
content of 40 nm polymer particles could be quantitatively tracked
up to 0.2% solid content [ 16].

All these works have in common that industrially relevant
solid contents are not investigated.

Turbidity in polymer dispersions could be described by Mie
scattering theory or Rayleigh scattering, because the particle
sizes are in range of 0.1 A<d<0.3 4, so it is the transition
area of both theories. Both theories describe that at a constant
concentration of particles ¢, the scattering intensity / is directly
proportional to the particle volume V and consequently cor-
relates cubically proportional with the particle diameter (Eq. 1)
[17].

I=c¢ -F
24x3 n'2—1
fo=Z Va2 M
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With scattering intensity /, particle concentration ¢, a con-
centration independent term F|, the wavelength of the irradi-
ated light 4, the particle volume V and the refractive exponent
m.

Following to previous work this paper uses turbidity meas-
urement as analytical approach for inline measurements in
high solid content polyvinyl acetate copolymer dispersions.
In contrast to previous work, this paper takes a lab-based
approach to develop a cheap and experimentally easy-to-
implement method for in-line measurement of mean hydro-
dynamic diameter in polyvinyl acetate dispersions with a large
formulation window up to more than 48 wit% solids content.
Moreover, the polymer system related calibration reduces the
effects of additives to the obtained data, so that the method
could also be used for industrial processes. Even differences
in formulation could be easily implemented in this method by
calibrating the system to the new formulation within hours.

Exp. section

All reactions were carried out in a cylindrical jacket-tempered
500 mL batch reactor produced by Colaver (type: 49CL4005),
which was stirred at 250 rpm using an eliptical magnetic stir-
rer bar (d=50 mm). The precise setup is shown in Fig. |.
Turbidity was measured using a Mettler Toledo InPro 8200
process probe and Trb 8300 transmitter and recorded via Lab-
View. The internal reactor temperature was recorded using a
type K temperature probe via NuDam boxes and LabView
software. The final turbidity was determined after the poly-
merisation was complete and the temperature had stabilised
back to the initial value.

A comonomer stock system containing vinyl acetate and
vinyl neodecanoate (trade name VeoValO®) was used for
emulsion polymerisation, with 10 wit% VeoValO® based on
total monomer content. Polymerisation was carried out with
a monomer content of 23.8 wt%, unless otherwise stated.
Polyvinyl alcohol was used as emulsifier in different weight
proportions (Mowiol 4-88®, 2 — 20 wt% based on mono-
mer). The initiation was carried out by a redox initiator sys-
tem consisting of tert-butyl hydroperoxide, ascorbic acid and
ammonium iron(IIl) sulphate dodecahydrate in a molar ratio
of 1:1:0.03 [18].

Results
Calibration of the turbidity probe against DLS

To establish the calibration between turbidity and particle
size, a series of tests was carried out in which the emulsifier
content was changed in order to be able to set variable parti-
cle sizes. All other parameters, especially the solids content,
were left the same so that the tests could be compared. The
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Fig. 1 Schematic structure of the reactor including the position of the
measuring instruments

mean particle size was described by the mean hydrodynamic
diameter, which could be determined by dynamic light scat-
tering (DLS) of the diluted final sample. In addition, the
turbidity values measured inline by the process probe were
averaged and the particle size was plotted against the turbid-
ity value (Fig. 2).

The particle size correlates with the turbidity and can
be described by a cubic function, which shows high agree-
ment (R*=0.97). The cubic calibration function shows a
high agreement as well as a good accordance to the Mie
scattering functions, which expects a cubic dependency
(Eq. 1). The precision amounts to +5 nm deviation between
calibration function and measured samples for particle sizes
in the range between 120 and 250 nm. For particle sizes
above 250 nm the turbidity values are close to the detector
saturation and fluctuations around the mean value can be
distorted as a result.

The influence of the solids content was investigated, as
this is a parameter that, according to the underlying Lorenz-
Mie scattering theory, has a strong influence. For this pur-
pose, emulsion polymerisations were carried out with solids
contents between 10 wt% and 48 wt% and the measured data
were plotted as a function of this (Fig. 3).

From the Fig. 3, the influence of the solids content on
the turbidity can be confirmed, so that it is important that
the calibration used was measured for the same solids con-
tent. For deviations in the solids content, up to approx. 5%,
the calibration can still be used with a deviation between

35

300
y=0.014x* +110.9 ‘
1= e |
250 | RE=0973 /
: .
8 ¥
‘@ 200 | 3
4
3 A
g y
§ ol ; [
= .
e
s
100 |
6 8 10 12 14 16 18 20 22 24

turbidity [a.u.]

Fig.2 Plot of the mean particle sizes measured by DLS including
device-specific error against the wrbidity values determined inline for
the reactions with solid contents about 23.8 wi% at 20 °C. A cubic fit
was chosen as the calibration function. Calibration functions for other
solid contents are shown in Fig. 3

measured sample particle sizes and calibration of + 15 nm.
For larger deviations above 5% solid content deviation an
adjustment of the calibration to the new system is essential
to obtain valid particle sizes.

To validate the calibration function obtained by a dif-
ferent experimenter with 23.8 wi% solid content new poly-
merisations were carried out. A new calibration curve was
determined and compared with those of Fig. 2.

4 10 wi% (R* = 0.86)
4001 o 24 wi% (R = 0.98) &
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Fig.3 Plot of the mean particle sizes measured by DLS against the
turbidity values determined inline for the reactions with different
solid contents between 10 wi% and 48 wi% at a reaction temperature
of 20 °C. Fluctuations in the data may be because the real solids con-
tent deviates in part
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The independent set of reactions has a high agree-
ment with the calibration function obtained above (Fig. 4)
(R*=0.96). Deviations between the determined mean par-
ticle size by the originally calibration function (red) and fit
of validation experiments (black) are below 3%, which is in
range of the errors set by experiment. The mean hydrody-
namic diameter could be measured inline in the measure-
ment range between 120 and 250 nm with a deviation of less
than + 10 nm to the calibration function.

Influence of various process and recipe parameters
on the validity of the calibration

The impact of the temperature on the turbidity values
obtained was also investigated as a potentially relevant influ-
encing variable that could falsify correlated particle sizes
(Fig. 5).

The temperature has a subordinate influence on the
average turbidity. Although the temporal fluctuation of the
turbidity values increases somewhat with increasing tem-
perature, the average remains the same for the same solids
content and particle size, so that a change in the process
temperature does not necessarily require a new calibration,
as long as no other changes occur in the material system that
could influence the product properties.

The influence of the co-monomer composition on the tur-
bidity of the emulsion was also investigated. (Fig. 6) The vinyl
acetate content was varied between 80 and 100% by weight.

In the window of the ratio Vac:Veoval( from 10:0 to
8:2, the differences in particle size caused by co-monomer
composition changes of + 10%., so that the same calibration
could be used for a similar formulation with deviations in
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Fig. 4 Measured particle sizes by DLS vs turbidity for independent
experiments at 24 wi% at 20 °C temperature. The calibration function
(Fig. 2) is compared with a fit function of the validation experiments
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Fig.5 Plot of turbidity against mean particle size of the tests carried
out at different temperatures, the fluctuations within the test series are
greater than between the test series

predicted particle sizes smaller than 5%. Thus, individual
screening experiments can be evaluated with the universal
calibration, but for a longer-term use it is worthwhile to pre-
pare a calibration specially for the system.

Measurement limits

The measurement limits of the method were previously
established by the particle sizes achieved in the formulation
window used and no precise limit values were determined.
Therefore, in the following, these measurement limit val-
ues for the mean particle size at 23.8 wt% were determined
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Fig.6 Plot of turbidity against particle size of the tests carried out
with different vinyl acetate contents at 20 °C, the fluctuations within
the test series are greater than between the test series
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mathematically from the calibration and the measuring
range of the detector as well as confirmed by experiments.
The lower measurement limit of the detectable particle size
results mathematically from the calibration function and
the background value of the turbidity (4.22 a.u. for clear
water) at around 110 nm. This agrees with the experimental
findings where particle sizes of 98 nm could not yet be reli-
ably distinguished from the background noise, but at a mean
hydrodynamic diameter of 105 nm detection was possible
due to a small increase in turbidity. Consequently, in prac-
tice, the detection of particles from a particle size of approx.
110 nm is possible.

The upper measurement limit of the measurable hydro-
dynamic diameter also has a technical limitation, which is
given by the detector saturation of the turbidity probe. This
is at an absolute turbidity of 22.6 a.u., which corresponds to
a mean hydrodynamic diameter of about 270 nm. This also
corresponds to experiments in which particles with a particle
size of around 250 nm or more reach the detector saturation.
However, the upper measurement limit can be determined
less precisely. since the temporal turbidity fluctuations are
greater there than in the range of small particles due to
the substance system. Above 250 nm, no statement can be
obtained with the detector used; with another detector, the
range could most likely be extended. The lower measure-
ment limit could be lowered by a shorter wavelength of the
light used. Due to different calibration functions for other
solid contents the measurement limits will be dependent
from the solid content and cannot be determined universally.

Application in practice

The created calibration was used to follow emulsion poly-
merisations with different solid contents about 24 wt% and
48 wit% inline. For this purpose, the turbidity course during
the reaction was recorded and converted into a particle size
course by means of the calibration. In parallel, samples were
taken from the reaction solution and measured using DLS
and disc centrifuge. The course and the obtained particle
sizes of the offline methods are plotted in Figs. 7 and 8.

The particle sizes calculated by means of calibration
agree within+ 10 nm with the particle sizes of the samples
taken at the time points. Even for dispersions with high sol-
ids contents of over 48 wit%, the particle sizes can be deter-
mined in real time. Small deviations can be explained by the
fact that intermediate samples continued to react despite the
immediate addition of inhibitor solution and thus falsified
the particle size at the time of sampling.
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Summary

Turbidity measurement for polymer dispersions with solid
contents between 10 and 48 wt% is a suitable method for
in-line measurement of mean hydrodynamic diameters in
polymer dispersions in the range between 100 and 250 nm.
For this purpose, a universal calibration related to the system
is necessary, which is robust against common variances in
a procedure. The calibration shows significant dependen-
cies on the solids content of the system, while no significant
dependency on temperature or stirrer speed/flow or minor
recipe changes could be found. The tracking of the particle
size development of a complete emulsion polymerisation
could also be successfully established for solid contents up
to 48 wt%.
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5.2 Formulation and process determined fouling prediction for the continuous emulsion

co polymerisation of vinyl acetate

Soren Rust, Werner Pauer
Synopsis

Fouling is a major challenge in industrial chemistry as it influences both, product properties
and process safety. Especially emulsion polymerisations are fouling intense processes which
lead to challenges in process optimisation and intensification. A mechanistic knowledge about
the fouling processes and influencing variables could improve this situation. The influencing
parameters for fouling growth are not fully known. Some publications report influences of the
temperature!®®7] or emulsion stability!® but no publication investigates the influences of all
process and recipe parameter. A standard procedure for fouling quantification was established
and the process and recipe influences of the fouling behaviour during continuous emulsion
polymerisation were investigated to obtain deeper knowledge about the fouling pathways.
Influences of temperature, comonomer composition, emulsifier and initiator concentration were
investigated. Firstly, a single factor approach was chosen to determine the influences of the
parameters on fouling mass and conversion. Then a multivariate approach was followed, and
the results compared for validation of the single factor approach. Both approaches agree very
well with small deviations in reproduction experiments. All parameters influenced the fouling
formation, but most of them indirectly by influencing the conversion of the reaction. Only the
comonomer composition directly influences the fouling deposition. The experimental
correlations between these process parameters and the fouling mass enabled the development
of a model to predict the expected fouling masses for different recipes and process conditions
of vinyl acetate copolymers. The obtained model was able to predict conversion and fouling
mass for unknown recipes with a precision of 15 %. For a different polymerisation or reactor
system the model must be adjusted by performing a few experiments, but the general procedure
can by transferred. With these achievements the experimental effort can be reduced, and
promising recipes and process conditions can be found using the model and then controlled in

an experiment.
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Abstract

Fouling is challenging for the industrial implementation of continuous emulsion polymerisations. A requirement for the
development of successful anti-fouling concepts is an in-depth understanding of the processes involved in fouling and the
knowledge of the main influencing factors. In this work, an experiment-based strategy was developed for the quantification
of fouling trends and in order to calculate the expected fouling intensities during the continuous emulsion polymerisation of
vinyl acetate copolymers. These, then, can be correlated with the direct process parameters temperature, initiator and emulsi-
fier content and comonomer ratio. The expected fouling tendency for formulations could be determined in the investigated
range with an accuracy of + 15% referred to experimental validations.

Keywords Emulsion polymerization - Fouling - Fouling prediction - Continuous emulsion polymerisation - Vinyl acetate -

Fouling model

Introduction

As fouling is an important challenge for the chemical indus-
try there are lots of patents regarding fouling reduction for
different industrial polymerization systems or reaction pro-
cesses. One widely used strategy is the fouling prevention
by using additives during the process [1-7]. For example
alkylphosphonate esters reduce the fouling during poly-
merisation of ethylene dichloride [3], polyoxyalkenes could
be used for fouling reduction in solution polymerisation of
ethylene co- and homopolymers [6] or alkyl and aryl phtha-
lates could be used for the polymerisation of acrylates,
methacrylate or acrylic acid. [7]. Another commonly used
strategy in different fields of application is the coating of
reactor surfaces [8-11]. Examples for this are monolayer
coatings with polyvinyl alcohol and the disodium salt of bis-
phenol A for the polymerisation of vinyl halides, vinylidene
halides or vinylidene monomers [8] or coatings with a water
dispersion of alumina oxalyl bis(benzylidene hydrazide [9]
respectively aqueous selenous acid [10] for vinyl chloride
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polymerisation. Moreover there are some ideas for reducing
fouling by special reactor concepts [12-17]. For example
McFadden et al. [13] reported that fouling during continuous
polymerization could be reduced by highly precise control
of monomer streams and process parameters. Lowell et al.
[ 14] investigated that special geometry changes could reduce
fouling for gas phase polymerisation. Carvalho et al. [17]
used at lab scale an oscillatory flow reactor for a fouling
free continuous emulsion polymerization. For specialized
applications there are ideas of adding comonomers to reduce
fouling like for Kinetic Hydrate Inhibitor Formulations [ 18].

Besides fouling reduction or prevention there are some
patents and publications regarding the optimized cleaning
procedures for fouling intensive processes. For olefinic poly-
mer deposits a cleaning procedure by circulating high boil-
ing aromatic hydrocarbon solvents in the reactor and after-
wards recovering them by flash separation is described [19].
Haruyama [20] published a cleaning strategy for mechanical
cleaning of polymeric fouling. The polymerization is carried
out in the gap between two tempered tubes built into each
other, which can be tempered independently of each other
for cleaning, so that the reaction gap is closed by material
expansion or contraction and removes polymer residues [20].
Saikhwan et al. [21] investigated the swelling and cleaning
behavior of non-cross-linked acrylate-styrene copolymers
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and reported temperature and pH conditions where cleaning
is easily done.

In dependence of heating or cooling operations the pre-
diction of heat exchanger fouling can be realized by the
usage of learning algorithms [22].

Besides multiple publications on emulsion polymeriza-
tion kinetics e.g. by Schork and Lu Fujun [23-27] and the
influences of oxygen and process parameters on the nuclea-
tion and particle formation by Krishnan et al. [28] there are
less publications discussing the mechanisms or reasons for
fouling. Deglmann et al. [29] reported that the fouling pro-
cesses in the radical polymerisation of N-vinyl pyrrolidone
are mainly caused by transfer reactions leading to termi-
nal double bonds which are crosslinked afterwards. This
crosslinking leads to a significant increase in the molecular
weight and is an important reason for deposit formation [29].
NeBlinger et al. [30] have investigated the fouling during sol-
vent polymerisation of vinyl pyrrolidone. They discussed the
influences of coatings of reactor surfaces on fouling masses
and their possibility of fouling prevention [30]. Ekowati
et al. [31] investigated the fouling on membranes during
waste water treatment and reported that cationic polymers
are causing fouling on reverse osmose membranes. They
were able to predict the time dependent fouling masses and
could distinguish between reversible fouling that could be
removed by chemical cleaning and irreversible fouling that
couldn’t be removed and influenced the efficiency of the
membranes permanently [31].

Fouling processes during emulsion polymerisation of
vinyl acetate are investigated in literature as well. There
are different publications discussing this topic [17, 32-34].
Carvalho et al. [17] investigated the continuous emulsion
copolymerisation of vinyl acetate and n-butyl acrylate in
a tubular reactor. They reported that fouling during reac-
tion caused problems and that could be solved by oscillating
pulsed flow control and internal sieve plates in the reac-
tor. The oscillating flow leads to short periods of turbulent
flow control and prevents fouling while the internal sieve
plates optimize radial mixing and reduce side reactions [17].
Moreover the fouling during emulsion copolymerisation of
vinyl acetate and vinyl esters on heat-exchangers is inves-
tigated and compared to the fouling of commercial poly-
vinyl acetate dispersions on heated or cooled surfaces. In
these publications the influences of temperature and surface
modifications on fouling masses are discussed and it could
be shown that higher temperatures lead to higher fouling
masses. For surface modifications a general trend could not
be observed as it is highly dependent on the other process
parameters [32-34]. Hohlen et al. [33] investigated the dif-
ferences between fouling of reactive emulsion polymerisa-
tion systems compared to the fouling of non-reactive poly-
mer dispersions. Reactive systems cause more fouling than
non-reactive so polymerisation fouling is the major part. The
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morphology of the deposits has its origin in the fouling pro-
cess. Thus the dominant fouling process can be concluded
from the fouling morphology [33].

For fouling quantification there are different strategies
described in literature. Bottcher et al. [35] presented an in-
line measurement technique for monitoring heat-transfer
fouling masses during emulsion copolymerisation of butyl
acrylate and methyl methacrylate using a quartz crystal
microbalance with dissipation monitoring. They showed that
there are two different pathways for heat-transfer fouling, one
leading to thin fouling films which don’t grow further after
being formed and the other leading to thick fouling which
grows over time [35]. For fouling quantification in fouling
intense processes it is commonly used practice to detect the
changes in the weight of the reactor [36, 37]. In early stages
of fouling this method is not as precise as a quartz crystal
microbalance forexample. For stronger fouling a quartz crys-
tal microbalance does not work. The weight detection of the
whole reactor ore parts of them is more robust.

Concluding all these publications there are lots of patents
which optimize fouling behaviour in small, specialized applica-
tions but less literature which discusses scientific approaches
to fouling processes. Most of the scientific publications are
focussed on mechanistic influences or temperature effects so
there are no publications addressing fouling behaviour to the set
of process parameters that could be changed for the continuous
emulsion polymerisation process of vinyl acetate copolymers.
This work presents a strategy for evaluating the process and rec-
ipe dependent fouling behaviour in emulsion polymerisations
and results in an experiment-based model for fouling prediction
in the investigated system.

Experimental section

For the stirred tank in series concept the continuous pro-
duction of polybutadiene and polyvinyl acetate derived
latices is well established. In contrast tubular reactors are
not well established in continuous emulsion polymerisation
although the specific heat transfer capacity and thus the the-
oretic space time yield is much higher at lower costs than
that of continuous stirred tank reactors. The main reason is
the challenging fouling tendency of these products. In order
to come forward with continuous emulsion poly merization
experiments were carried out in a Fluitec ContiPlant LAB®
tubular reactor with CSE-X static mixing elements (Fig. 1a).
The half-shell reactor has a channel diameter of d=12 mm
filled with CSE-X static mixing elements and resulting vol-
ume of V=45.5 mL. Temperature control was achieved by a
cryostat of the type Julabo FP50 tempering the double jacket
to a constant inlet temperature, closed loop temperature con-
trolled at the jacket inlet (Fig. 1b).



Journal of Polymer Research (2023) 30:242

Page3of 11 242

Fig. 1 a picture of the static

mixers type CSE-X, b Sche- a
matic structure of the reactor

plant, ¢ detailed plan of the

initiator nozzle

Three solenoid-driven diaphragm metering pumps
ProMinent” Gamma were used to deliver the dosing flows.
The monomers (ProMinent gamma/4-1, stroke volume
0.13 mL/stroke, dosing flow 0.05 g/s) and the emulsifier
solution containing poly (vinyl alcohol), Ascorbic acid and
ammonium iron(Il)sulphate (ProMinent gamma/5, stroke
volume 0.16 mL/stroke, dosing flow 0.15 g/s) were pre-
emulsified in a cylindrical CSTR equipped with a magnetic
stirrer (d=25.4 mm, V=20 mL, d,,.,= 18 mm, 600 rpm)
and the initiator flow containing tert-butyl hydroperoxide
(ProMinent gamma/4, stroke volume 0.03 mL/stroke, dos-
ing flow 0.01 g/s) was added 55 mm upstream and centered
to the reactor inlet via a capillary nozzle (inner diameter
I mm) (Fig. lc).

All chemicals were used without further purifying. Vinyl
acetate, vinyl neodecanoate and Mowiol 4-88 (molecular
weight~31 kDa, Degree of hydrolysis 88%) were purchased
in technical grade from Wacker Chemie AG, Burghausen.
Ascorbic acid and ammonium iron(111) sulphate dodecahy-
drate were purchased in analysis grade from Sigma Aldrich.
tert-butyl hydroperoxide was purchased as an aqueous solu-
tion (¢=70%(w/w)) from Sigma Aldrich.

For the monomer feed a vinyl acetate-vinyl neodecanoate
(VeoVal0®) comonomer stock system was used for emulsion
polymerisation, with 0 — 20 wt% VeoVal0® based on total
monomer content. The comonomer system is very advanta-
geous for the investigation of fouling, as the addition of vinyl

initiator

= pre-emulsion
55 mm

neodecanoate increases the hydrophobicity and lowers the
glass transition temperature of the polymer, which favours
film formation. Polymerisation were carried out with a mon-
omer content of 23.8 wt%. Polyvinyl alcohol was used as an
emulsifier in different weight proportions (5 — 15 wt% based
on monomer). The initiation was carried out by a redox ini-
tiator system consisting of ters-butyl hy droperoxide, ascor-
bic acid and ammonium iron(111) sulphate dodecahydrate in
a molar ratio of 1:1:0.03. The initiator weight proportions
were varied between 0.1 — 2 wt% based on monomer. As a
reaction time 120 min was chosen and fouling masses after
this time compared. An overview of the used recipes is given
in Table 1.

The influencing variables investigated were the reactor
inlet temperature (5 °C—>50 °C), the initiator content (0.1
wt%—2 wt% based on monomer), the emulsifier content
(5 wt%—15 wt% based on monomer), and the monomer
composition given as mole fraction of vinyl acetate xy,,
(0.8—1.0). The total monomer content was kept constant
at 23.8 wt% within the scope of this work to obtain a valid
model for a substance system that delivers reproducible
results in the set-up used. The total monomer content was
kept lower than in typical industrial processes as fouling
would be much more occurring with 50 wt% total mono-
mer content and influencing effects can’t be observed that
good. So, asimilar recipe with lower total monomer content
was used for investigation in lab scale. For typical industrial

Table 1 Overview of used mass
flows for recipes

Dosing flow Chemicals Content [g/s]
continuous phase [0.15 g/s] Water 0.144 - 0.148
Mowiol 4-88 178107~ 536 107

Monomer [0.05 g/s]

Water soluble Initiator [0.01 g/s]

356-105-7.12 10
107-10%-2.14- 107
0.04 - 0.05
0.00-0.01
924-10%-9.96- 107
3.78-107%-7.56-107*

Ascorbic acid

ammonium iron(l11) sulphate
Vinyl acetate

Vinyl neodecanoate

walter

tert-butyl hy droperoxide
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applications with recipes with 50 wt% or more total mono-
mer content similar trends can be expected but in the used
lab scale plant changing monomer proportions would either
massively influence the conversion of the reaction or require
more profound changes to the reactor. A detailed overview
of the conducted experiments is given in the supplementary
information. The fouling in the reactor is growing on every
surface in the reactor in similar amounts. So quantification
is based on differential weighting of the static mixers as they
are containing more than 95% of the inner reactor surfaces
and effects of the reactor walls could be neglected. All foul-
ing masses are given as fouling masses referenced to the
weight of the static mixers in the reactor where the fouling
mainly occurs (Mggiing/E mirer)-

Conversions X(t) were calculated as the weight ratio
between formed polymer wy and total initial monomer
content wy, (Eq. 1). The polymer content was measured by
microwave gravimetry of the product dispersions.

“"p"}

Xt)=—2"_
by

(n

Results

Fouling causes conversion changes in continuous polymeri-
sations because of the changed mean residence time by loss
of reactor volume. Therefore, with respect to experiments of
fouling kinetics an optimal measurement point is to deter-
mine. For experiments with dynamic fouling, it is neces-
sary to determine the point in time, when quasi stationarity
of conversion is reached while fouling has not significantly
reduced the reactor volume. For that purpose, the time-
resolved conversion described as the proportion of formed
polymer versus total monomer consumption of several reac-
tions was observed (Fig. 2) in order to obtain the best point
for in deep analytics.

Figure 2 shows that the increase in conversion is finished
after two to three mean hydrodynamic residence times for
the reactions. After four to five mean hydrodynamic resi-
dence times for some recipes the conversion starts decreas-
ing because of losses of reactor volume caused by signifi-
cant fouling phenomena. Concluding, the preferred spot for
a comparable conversion analysis is at three mean residence
times after reaction start. This is in good accordance with
common literature, which summarizes that in a plug flow
reactor a stationarity could be reached after three to ten
residence times [38]. In this case no stationarity is reached
because of the intense fouling. For further investigation this
work is using the conversion after three residence times as
a characteristic reaction conversion.

@ Springer
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Fig.2 Time-dependent changes in conversion during the reaction
caused by initiation and fouling processes. Shown are the standard
recipe at 20 °C and a high fouling recipe for comparing the time
range where no conversion decrease caused by fouling is observable

The experiments showed significant influences on the
fouling mass for the reaction temperature (Fig. 3a), the ini-
tiator content (Fig. 3b), emulsifier content (Fig. 3¢) and the
monomer composition (Fig. 3d). Each data point in Fig. 3
indicates one experiment, so more data points represent
replications on same conditions. The relationships between
the influencing factors are complex and the strength of the
influences, apparent from the change in the fouling masses,
varies significantly between the parameters (Fig. 3). The
influences of the parameters on the conversion are plotted,
as the conversion in a tubular reactor is directly proportional
to the reaction rate. Following the effects on reaction foul-
ing can be compared to the effects on reaction rate (Fig. 3).

Temperature, initiator content and emulsifier content
do not exert an independent influence on fouling mass, but
rather influence the reaction conversion and determine by
that the fouling mass. Fouling mass and conversion have
similar time slopes. (Fig. 3a-c). Concluding this finding,
fouling can be reduced by lower temperatures or less initia-
tor but this decreases the reaction rate and conversion of the
polymerisation so less product is formed. This demonstrates
that it is possible to investigate the influences on fouling but
regarding this parameters there is no possibility to obtain a
industrially applicable recipe that avoids fouling.

An increased temperature and an increase in the initia-
tor quantity accelerate the chemical reactions. The depend-
ency of the conversion by emulsifier content is expected.
Initiation takes place in the aqueous phase and the oligo-
radicals subsequently migrate into micelles or precipitate
and are terminated. Consequently, an increased emulsifier
content leads to a higher number of latex particles and
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Fig.3 Dependency of process conditions and formulation parameters on fouling mass and conversion after three mean residence times. a

temperature, b intiator, ¢ emulsifier and d comonomer ratio

thus to a higher yield of growing chains [39]. This causes
a smaller mean particle size. (Fig. 4). Particle numbers are
calculated from the particle volume for spherical particles
and the total volume of the monomer fraction.

The experimentally determined mean particle sizes
(Fig. 4) are decreasing with increasing emulsifier content
and the resulting particle number is increasing according
to literature. An acceleration of the reaction is observed.

Following the above discussion, the conversion term
and the monomer composition must be considered for foul-
ing calculations. Since the conversion is not significantly
correlated with the monomer composition (R*=0.05 for
linear correlation) the conversion X and the monomer
composition, as a mole fraction of vinyl acetate x,, are
independent of each other with regard to their influence
on the formation of fouling my;,, (Eq. 2).

Mo ping (X5 ¥ype) = flconversion) + f(monomer composition)

2
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Fig.4 Volume mean particle diameters and the calculated number of
particles against the emulsifier content
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The form and factors of these terms were obtained from
56 independent experiments (Fig. 3). For the determination
of the conversion term, the fouling masses (after 120 min
Migylings=120min) ©OF the conversion-dependent process param-
eters are plotted against the conversion X of the reactions.
The term was determined by linear fitting (Fig. 5).

In regard that only factors that influence the conversion of
the reaction are changed, the fouling mass can be predicted
as a function of the planned stationary conversion. Since
the conversion depends on several factors the conversion
term in Eq. (3) must be refined with respect to the indi-
vidual conversion influences. For this purpose, the changes
in the reaction conversion were determined in dependence
of temperature, initiator content and emulsifier content. In
order to size the influencing factors, the difference in con-
version for the investigated recipe range was formed and
the factors were ranked accordingly. The temperature had
the strongest influence with a difference of 58% change in
conversion, while emulsifier and initiator content had dif-
ferences of approx. 40% change in conversion. Since the
temperature has the strongest influence on the conversion,
the temperature influence was determined first (Fig. 6) and
the other parameters were then inserted as correction terms.

m m
Mioutinga=120min (Xi=37) = 326( 132-3)?X(Xr=3?) - 29-6(120-6}?2
(3)

The temperature conversion term where best described
by an Arrhenius-type exponential function (Eq. 4) which
relates to the Arrhenius-theory [40] that the reaction rate
can be described by an exponential function. If tempera-
ture T is the only change between the experiments is that
the conversion X(7), which results from the reaction rate

350

fouling mass [mg/g, ;...
g z g 2 g

(3
=

0.6
conversion [-]

Fig. 5 Fouling mass independence of the conversion with a linear fit
(R?=0.898)
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Fig.6 Plotting conversion after 3 residence times against tempera-
ture to determine the temperature conversion term for the prediction
model

could be described temperature-dependently by an
Arrhenius-type function.

XDz =A-e 7 +B

X(T)pss = 0.902(£0.118) - ¢ T +0.318(£0.073)
4)
For the next step, the influence of the amount of emulsi-
fier on the reaction conversion was plotted and then inte-
grated into the conversion term. Regarding to Koltzenburg
et al. [39] or Elias [41] the reaction rate of an emulsion
polymerisation dependents on the number of latices per
volume [L], the monomer concentration [M], the mean
number of radicals per micelle (), the rate coefficient (kp)
and the Avogadro number (N, ) (Eq. 5).

Ml g 10
T—" *P [MI NA (5)

Moreover Friis and Nyhagen [42] reported an experi-
mental correlation between the rate of polymerisation and
the emulsifier content wy; to the power of 0.12 foremulsion
polymerisation of vinyl acetate. This finding agrees very
well with the conversion dependency in this research. Due
to that the description of the conversion a function, based
on this equation was chosen (Eq. 6), which considers the
experimental data in literature (Fig. 7) [42].

The correlation (Eq. 6) was obtained from the experi-
mental data.

X(wg) e =A- (we+B)" +C
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model

012

X (wg) ) -137045)
(6)
The initiator content was identified as a factor influ-
encing the fouling mass. While the reaction rate is influ-
enced by the initator content, the initator determines the
conversion. Experimental investigations of the emulsion
polymerisation of vinyl acetate by Friis and Nyhagen [42],
Chang et al. [43] and Dunn and Taylor [44] are reporting
correlations to the power of 0.5 to 0.6 for the reaction
rate dependency of the initiator content. Besides the reac-
tion rate the initiator content influences the ionic strength
of the aqueous phase as the concentration of ions ¢, is
increased so there might be effects that a higher ionic
strength causes more fouling. This effect can’t be denied
but the concentration of ionic species in the aqueous phase
is only changed by the ammonium iron(IIl) sulphate the
change in ionic concentration is below 0.201 mmol/L

(Eq. 7) and should be neglectable.

Cion = Z i%-

Wi
= L.71(+0.34) - (ﬁ —3.73(+0.69)

=37

W(NH Fe(S0,), max — W(NH ) Fe(SO,),,min
Aci,, =

M, raso,),
_(0.102- 0.005)g/L

28228 /mol =0.201 mmol/L

(7

The initiator content was plotted against the reaction
conversion to determine the correlation (Fig. 8).

46
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Fig.8 Conversion after 3 mesidence times against initial initiator
content to determine the initiator conversion term for the predictive
model. Fits are showing a square root correlation (red) and a correla-
tion to the power of 0.56 reported by Friis

Figure 8 shows a square root function correlation (Eq. 8)
and a correlation to the power of .56 for the initiator depend-
ence, which are both agreeing well with the Kinetics of free
radical polymerisation and the experimental investigations
|42-44]. For this model the square root function was chosen
[39].

0.335m;
Iwi%

X{“’; ),=3? = (8)

Temperature, initiator content, emulsifier content and the
monomer ratio describe the fouling well when only one factor
at time is changed. In order to improve the prediction flexibil-
ity, the influencing factors have to be combined in on predic-
tion equation. Since the largest influencing factor was the tem-
perature term, it was used at a starting point. The influences
of the initiator and emulsifier content were included as cor
rection terms. The reaction parameters 7=20 °C, w;=1 wt%,
wp=8 wt% were used as fundamental recipe and as for the
emulsifier and initiator content the relative change in conver-
sion to this standard point was introduced in the complete con-
version term (Eq. 9).

Xie(wy ) ) Xise (W)
mf(wl'rffﬂm'z) er,f{“'E.rrf=anrx)
9)
After combining Eqgs. (5), (6) and (7) with Eq. (8) the
following equation is obtained (Eq. 10).

X(T, Wy We)yoiz = X(T) -

X(T,wpwg) Lz = (0.902 75507 +0318)-

=37
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( V0335w, ) ( L7 Gog=am8) P =iy )
VO350, opm 171+ (W ngutus = 373) ™ = 1.37
(10)

By inserting the constants and summing up the coef-
ficients, the following Eq. (11) is obtained.

X(T.wy, W) 5z = (0:902- €07 +0318).

0.12 _ ]‘37)

With Eq. (11) the conversion of the whole reaction
could be estimated and the conversion-related fouling
MASSES M,y ine cOuld be described by combining with Egs.
(2) and (12).

171 - (wp = 3.73)
0.665

(1

(m-(

: mg
’"ﬁlll.il‘ng=11)l‘llin{T‘ Wi W, ) = 326? ’

173.6
8314 T

(0.902 e + 0.318)‘

171 (wp—3.73
0.665

0.12
- 137
) ) - 29.6? (12)

Starting with Eq. (12) the coefficients were adjusted by a
multivariate approach fitting all bold parameters of Eq. (12)
in one step. The multivariate fitting approach agrees well to
the previous described model based on single-factor evalua-
tions as the multivariate equation shows (Eq. 13).

-

mg
mﬁluﬁng.t:l:!)min(T' “"r-“’z-) = 326?'
173.6
(0‘902 €= g + 0841 )
170 - (wg — (=0.102)) " = 173 mg
(13)

Regarding to Eq. (13) the multivariate fitting approach
and the single-factor evaluation model agree well so both
equations could be used for the description. For the follow-
ing calculations the multivariate adjusted equation was used.

In addition, the influence of the comonomer composi-
tion xy,. on the fouling mass must be addressed. With
increasing proportion of vinyl acetate in the polymer the
fouling mass increases and can be described by a linear
fit (Fig. 9) Eq. (14).

¢ \ mg mg
mfwlins.l=lll}min(x$’:tr} = 486-35?-‘9:« =271 -425—3,“ (14)

@ Springer

47

250

.
— -
E ) /_/" -
] -
E =
/
§ 150 ) 2
5 ~
&0 -
8 "
=
£ 100 -
5{' 1 | 1
0.8 0.9 1.0

proportion vinyl acetate [-]

Fig.9 Plotting of the fouling mass at =120 min against the propor-
tion of vinyl acetate to determine the monomer composition term for
the prediction model

In order to improve Eq. (2) the conversion term and the
monomer composition term must be combined. For that
reason, the comonomer term was transformed as a change
from the standard formulation with xy,.=0.9 (Eq. 15)
to describe the additional fouling expectations due to the
changed comonomer ratio.
mg

—Xvac
g

mg

&fﬂr"“lim (‘tvﬁ(‘) = 486.35 — 437.625—
8

(15)

Consequently, Eq. (16) results for the entire substance
system after combining all terms.

Miouling,i=120minXr=37, Y VAC) = (3262;'”' (Ximze) = 29-6?)
+(486.355;5xVAc - 437‘6255;5)
(16)
If the explicit expression for conversion is introduced into
Eq. (14) the target-independent model equation (Eq. 17) is
obtained.,

mg
ml‘mlingJ:l!ﬁmin(T' W, ‘“'.E"r'l"ﬁl‘) = 326—-

012 1.73 )

mg

(0.902 . e'% +0.841 )

1.70 - (wp +0.102)
0.665
mg

1
v = 4672

W)-(

-29.678 4 486.4
g (17)

The accuracy of the fouling prediction was determined
from the scatter of the replication tests. For this purpose,
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Fig. 10 Experimentally measured fouling masses at (=120 min
against the model-based calculated fouling masses to validate the
model. The y-error bars describe the measurement errors during the
experiment, while the x-error bars indicate the intrinsic uncertainty
range of the model. The solid line indicates the expected value, the
dashed lines the uncertainty range of 12% given by deviation of
reproduction experiments. As an example, for the red point the cal-
culation of fouling masses is given in the supplementary information

seven tests were carried out under conditions that were as
identical as possible and the results were compared. From
these replications, the statistical component of the fouling
can be estimated, as fouling processes always have a statis-
tical range of variation. This results in an average scatter
of the results of 12%, and therefore the prediction of the
model also contains an uncertainty of 12%.

Comparison of calculated fouling masses
with experimental data

In order to validate the model, fouling masses were deter-
mined by calculation using the model equation and then
compared with experimental measured data (Fig. 10).

The model predicts the fouling masses well within the
uncertainties of 12% derived from the standard devia-
tion of reproduction experiments. The calculated values
and experimental fouling masses agree as well with the
model. Moreover, the conversion calculated via the con-
version term was compared with the measured conversion.
(Fig. 11).

The description of the conversion by means of the
model term corresponds approximately well with an
uncertainty of + 12% derived from the standard deviation
of reproduction experiments based on the conversion value
in the model.

48

calculated conversion [%]

Fig. 11 Experimentally measured conversions at 1= 120 min against
the model-based calculated conversions for specified process param-
efer st to validate the model. The y-error bars describe the measure-
ment errors during the conversion determination, while the x-error
bars indicate the intrinsic uncertainty range of the conversion term.
As an example, the calculation of conversion for the red data point is
given in the supplementary information

Summary

A strategy for fouling quantification during continuous
emulsion copolymerisation of vinyl acetate was established.
For this strategy it is in the first step necessary to evaluate
the influences of process and formulation parameters on
the formation of deposits. Conversion and monomer com-
position were found to be relevant influencing factors. The
conversion is mainly influenced by reaction temperature as
well as initiator and emulsifier content. In the second step
an experiment-based model was developed with which the
expected fouling mass for emulsion polymerisations with
similar recipes could be predicted in dependency of the
influencing process and formulation parameters. Each influ-
encing factor is described by a single term while process and
formulation parameters which influence the same factor are
connected via correction terms. For the investigated system
the model can predict fouling masses with an accuracy of
12%. The presented strategy for developing a fouling predic-
tion model could be used for different recipes as well so that
a model can be obtained within short time.
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5.3 Ultrasonic and conversion-based inline fouling measurements for continuous

emulsion copolymerisation of vinyl acetate

Soéren Rust, Marco Osenberg, Thomas Musch, Werner Pauer
Synopsis

Inline analytics for relevant process parameters are advantageous for continuously operated
processes as they reduce the time for detecting deviations in process or product properties. No
time-consuming offline analysis of taken samples is needed and changes are detected
immediately as they occur. Fouling is one of the important process parameters as it influences
process safety and product properties at once. There are different possibilities of detecting
fouling during reaction but only few are established. In this work two more sensor concepts are
presented, and their suitability and limitations are discussed. Firstly, a detection based on the
conversion is discussed as conversion is often monitored for process control and no further
equipment is needed. Due to fouling the reaction volume is decreasing and thus the conversion
of the reaction should decrease as well. A requirement for this method is that the residence time
in the reactor and the reaction time are similar so that a decreased residence time caused by
fouling leads to a decreased conversion. This is mostly given as reactors are optimised for the
reaction and higher residence times than necessary decrease efficiency of the process. This
method is suitable for detecting strong fouling, but initial deposit formation cannot be detected
as the decrease in volume is not strong enough in the beginning. The other method presented is
an ultrasonic-based technology which uses the difference in sound velocity between fouling
and dispersion. The changes in average sound velocity (ASV) can be detected in a measurement
cell so fouling layers can be detected. This method is more sensitive and can be installed scale-
independent as inline or atline measurement in a bypass. Both methods agree well with
gravimetric reference within a deviation below 10 %. Two suitable sensor concepts were

presented and their feasibility was shown. 348!
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Ultrasonic and conversion-based
inline fouling measurements

for continuous emulsion
copolymerisation of vinyl acetate
in a tubular reactor

Soren Rust?, Marco Osenberg? Thomas Musch? & Werner Paver'™”’

One of the serious challenges for the implementation of continuous emulsion polymerisation is their
significant fouling. The elucidation of time-dependent fouling processes and the development of inline
analysis methods for fouling mass quantification are crucial to making progress in this area. Inline-
sensor concepts based on ultrasonic measurements as well as residence time and conversion analysis
were investigated regarding their suitability for the detection of time-dependent fouling formation
and compared with gravimetrical results in order to validate their precision. Both a set-up using a
turnover analysis for determination of losses in reaction volume by fouling and an ultrasound-based
measurement system detecting deposit-caused changes by evaluating the average sound velocity
could be used as suitable sensor concepts. The accuracies of both sensors are below 10% deviation to
fouling references.

Keywords Emulsion polymerization, Continuous emulsion polymerisation, Tubular reactor, Vinyl acetate,
Fouling, Inline measurements

Fouling is a major challenge for various chemical processes on industrial scale. As cleaning of large-scale plants is
time and cost intensive, it is advantageous to gain knowledge about possible occurring fouling during the reaction
and how to avoid it to obtain an efficient process. The full understanding of fouling mechanisms is challenging
and needs a lot of further research. Some cmpmc.ﬂ fouling prevention strategies were established and patented.

Additives are used to reduce or avoid fouling'”. For example polyoxyalkenes could be used for fouling reduction
in solution polymerisation of ethylene co- and homopolymers® or alkyl and aryl phthalates prevent fouling for
the polymerisation of acrylates, methacrylate or acrylic acid’. In different applications coatings of the equipment
were described as solution for fouling reduction® "', Monolayer coatings with polyvinyl alcohol and the disodium
salt of bisphenol A are advantageous for the polymerisation of vinyl halides or vinylidene monomers® or water
dispersion coatings of alumina oxalyl bis(benzylidene)hydrazide” respectively aqueous selenous acid'’ can be
used for vinyl chloride polymerisation. Besides chemical concepts for foulul# reduction there are mechanical con-
cepts as well which are using special reactor concepts'*'". McFadden et al."” reduced fouling during continuous
polymerization by highly precise control of monomer streams and process parameters. Lowell et al." optimized
the geometry of the reactor to nduu fouling for gas phau polymerisation. Carvalho et al. "7 reported that an
oscillatory flow reactor causes a f g free cor e polymerization at lab scale. Moreover, for some
specialized applications the addition of comonomers to the recipe is described like for Kinetic Hydrate Inhibitor
Formulations'*. Another approach instead of preventing fouling is the optimization of deaning concepts, so the
efficiency could be increased by efficient deaning. Olefinic polymer deposits for example can be efficient deaned
by circulating high boiling aromatic hydrocarbon solvents in the reactor and afterwards recovering them by flash
separation'”, Haruyama® developed a mechanical cleaning strategy of polymeric fouling by polymerizing in the
gap between two tempered tubes built into each other, which can be tempered independently of each other for
cleaning, so that the reaction gap is closed by material expansion or contraction and removes polymer residues™.

Uinstitute for Technical and Macromolecular Chemistry, University of Hamburg, Bundesstrafle 45, 20146 Hamburg,
Germany. “Chair of Electronic Circuits, Rubr-University Bochum, Universititsstrale 150, 44801 Bochum,
Germany. “email: werner.paver@ chemie.uni-hamburg.de
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Saikhwan et al.”' reported temperature and pH conditions where cleaning of non-cross-linked acrylate-styrene
copolymers is ca.sily done by taking advantage of the swelling behavior.

Regarding fouling kinetics or mechanisms there are less publications. For wastewater treatment there are pre-
cise mechanistic studies by Ekowati et al.”* who reported lhat aliomc polymers cause fouling on reverse osmose
branes. It was possible to predict the time depend and distinguish between reversible

fouling that could be removed by chemical cleaning and xrrevurslble fouling that influenced the efficiency of the
membranes permanently”, Regarding homogeneous polymerisation reactions Deglmann et al.** reported the
fouling processes in the free radical polymerisation of N-vinyl pyrrolidone are caused by radical transfer reactions
leading to terminal double bonds which are crosslinked afterwards. This crosslinking increases the molecular
weight significantly and leads to deposit formation™. Nelinger et al.** performed solvent polymerisation of
N-vinyl pyrrolidone and evaluated the fouling They investigated the infl es of coated reactor surfaces
on fouling masses and their suitability for fouling prevention™.

The kinetics of emulsion polymerization are described in multiple publications by different research groups,
for example Smith and Ewart®, Chern®, Gilbert””, Schork and many others*’-*, The state of the art regarding
modelling development of particle size distributions in emulsion polymerisation and discussing coagulation is
well described by Vale et al. ™. Especially continuous emulsion polymerisation in tubular reactors and approaches
for modelling them are discussed here™. The fouling behaviour during emulsion polymerisation of vinyl acetate is
described in literature as well. Different publications are discussing some parts of this topic™~*, Carvalho et al.”
performed continuous emulsion copolymerisation of vinyl acetate and n-butyl acrylate in a tubular reactor and
found that fouling caused problems which could be solved by oscillating pulsed flow control and internal sieve
plates in the reactor. The oscillating flow results in short periods of turbulent flow control and prevents fouling
by high shear rates while the internal sieve plates improve radial mixing and reduce side reactions'’. Emulsion
copolymerisation of vinyl acetate and vinyl esters were investigated regarding to their fouling on heated or cooled
surfaces and compared with commercial polyvinyl acetate dispersions. The influences of temperature and sur-
face modifications on fouling masses show that higher temperatures lead to higher fouling masses. For surface
modifications no general trend could be observed as it is highly dependent on the other process parameters™=*,
Hohlen et al.** compared fouling of reactive emulsion polymerisation systems with fouling of non-reactive
polymer dispersions. Reactive polymerisation systems cause much higher fouling masses than non-reactive so
polymerisation fouling is the major part. Moreover, the morphology of the fouling is given by the pathway of
formation so the dominant fouling process can be conduded optically from the fouling morphology™.

On the field of fouling quantification technologies there are different approaches described*™*, For example
Bottcher et al.* reported an inline measurement technique for monitoring fouling masses during emulsion
copolymerisation of n-butyl acrylate and methyl methacrylate using a quartz crystal microbalance with dis-
sipation monitoring. They reported two different pathways for heat-transfer fouling, the first one leading to
thin fouling films with no further growth after formation and the other resulting in continuously growing
thick fouling™. In fouling intense polymerisation processes it is commonly practiced to detect the changes in
the reactor weight'*2, At low fouling masses this method is not as precise as a quartz crystal microbalance but
for stronger fouling a quartz crystal microbalance does not work robust enough so the weighting of the whole
reactor or parts of them is more suitable. Osenberg et al.***! proved in previous work the general suitability of
ultrasonic fouling detection for polymerisation processes as the solvent polymerisation of polyurethanes v+,

Concluding these publications there is much published work about fouling reduction or prevention but
less literature which addresses scientific approaches to fouling processes. Most of the scientific publications are
focussed on mechanistic influences or temperature effects so there are no publications addressing time-resolved
fouling behaviour for the continuous emulsion polymerisation process of vinyl acetate copolymers. This work
investigates the fouling behaviour of continuous emulsion polymerisations of vinyl acetate vinyl ester copolymers
and develops and ultrasonic measurement approach as well as and conversion based method for inline fouling
quantification.

Exp. section

The experiments were carried out in a tubular lab reactor set-up of the type Fluitec ContiPlant LAB with CSE-X
static mixing elements (Fig. 1a). The half-shell reactor has a channel diameter of d=12 mm and filled with
CSE-X static mixing elements a resulting volume of V = 45.5 mL. Temperature control of reactor and ultrasonic
measurement cell was achieved by a cryostat of the type Julabo FP50 tempering the double jacket to a constant
inlet temperature, closed loop temperature controlled at the jacket inlet (Fig. 1b).

The experimental procedure and recipe were chosen similar as in previous work and are described detailed
here for better understanding with the included differences for this task™. The dosing was achieved by three
solenoid-driven diaphragm metering pumps ProMinent’ Gamma. The monomers, vinyl acetate and vinyl neo-
decanoate (VeoVal0'), (ProMinent gamma/4-1, stroke volume 0.13 mLfstroke, dosing flow 0.05 g/s) and the
emulsifier solution containing poly(vinyl alcohol), Ascorbic acid and ammonium iron(I11)sulphate (ProMi-
nent gamma/5, stroke volume 0.16 mL/stroke, dosing flow 0.15 g/s) were pre-emulsified in a cylindrical CSTR
equipped with a magnetic stirrer (d= 254 mm, V=20 mL, d,e = 18 mm, 600 rpm) and the initiator flow con-
taining tert-butyl hydroperoxide (ProMinent gamma/4, stroke volume 0.03 mL/stroke, dosing flow 0.01 g/s) was
added 55 mm upstream and centered to the reactor inlet via a capillary nozzle (inner diameter 1 mm) (Fig, 1¢)*.

All chemicals were used without further purifying. Vinyl acetate, vinyl neodecanoate and Mowiol 4-88
(molecular weight ~ 31 kDa, Degree of hydrolysis 88%) were purchased in technical grade from Wacker Chemie
AG, Burghausen. Ascorbic acid and ium iron(I11) sulphate dodecahydrate were purchased in analysis
grade from Sigma Aldrich. tert-Butyl hydroperoxide was purchased as an aqueous solution (c=70%(w/w)) from
Sigma Aldrich®.
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Figure 1. (a) Picture of the static mixers type CSE-X, (b) schematic structure of the reactor plant, (c) detailed
plan of the initiator nozzle.

For the monomer feed a vinyl acetate-vinyl neodecanoate (VeoVal0’) comonomer stock system was used for
emulsion polymerisation, with 10 wt% VeoVal0' based on total monomer content. Polymerisation were carried
out with a monomer content of 23.8 wt%. Polyvinyl alcohol was used as an emulsifier in weight proportions
of 8 wit% based on monomer. The initiation was carried out by a redox initiator system consisting of fert-butyl
hydroperoxide, ascorbic acid and ammonium iron(I11) sulphate dodecahydrate in amolar ratio of 1:1:0.03, The
initiator was used in weight proportions of 1 wi% based on monomer®. The mean hydrodynamic residence time
of the reactor is approximately four minutes which is comparable to the time for reaching full conversion. The
runtime of the experiments was varied between 20 and 180 min.

Two ultrasonic measuring cells were developed by the chair of electronic circuits at the Ruhr-University
Bochum, To favor fouling to settle in the measuring cell, the flow profile was designed in a way that allows for
regions with small flow velocities, since previous work has shown that higher flow velocities reduce fouling®.
The measurement cells were made of 1.4404 stainless steel To couple the ultrasonic signals into the emulsion
phase, a coupling path (Fig. 2, yellow part) made of polyetheretherketone (PEEK) is used, since the acoustic
impedance (Al) of PEEK better matched with the Al of the emulsion than the Al of stainless steel. Thus, more
energy can be coupled into the sensing element, resulting in a higher dynamic range. The measurement cells
are cylindrical in shape, with different dimensions leading to different dwell times and dead volumes. The first
measurement cell (Fig. 2a) has a height of h =10 mm and a radius of r,= 15 mm concluding to a cell volume

Figure 2. CAD modds of the ultrasonic measurement cells, the coupling path (yellow) is made of PEEK,
all other parts are made of stainless steel 1.4404, (a) measurement cell with large volume, (b) optimized
measurement cell with smaller volume.
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of V,=7.0 mL with large, fouling intense dead zones. The second measurement cell (Fig. 2b) has an optimised
geometry with less dead zones. The dimensions are a height of i =7.5 mm and a radius of r.=8 mm concluding
toa cell volume of V = 1.5 mL. A cell with higher volume would be more sensitive to early stages of the deposit
formation because of the low flow velocities but will not represent the situation in the reactor well. Concluding
the second t cell with smaller volume was considered and detailed in 1. A sectional view of
the computer aided design (CAD) models is shown in Fig, 2.

An ultrasonic transducer with a center frequency of fy,= 4.8 MHz (6 mm aperture diameter, 4.02 MHz band-
width, Olympus Corp.,, USA, model V310-5M) was used for measurement because the emulsion causes high
signal attenuation at higher frequencies. At the selected center frequency, still a best spatial resolution is ensured
with sufficient signal-to-noise ratio. The ultrasonic transducer is excited with an experimental MOSFET out-
put stage, this generates a pulse with a pulse length of ty, = 100 ns and a voltage of Uy, = 50 V. To decouple the
reflection signals from the excitation a passive decoupling is used. For protection of the amplifiers and analog
filters, an analog voltage limiter is applied to limit the received signals to Uy, =0.7 V, ensuring that the receiving
circuitry is not damaged. The signals are filtered with a 6th order bandpass filter with a lower cutoff frequency
of f,=0.5 MHzand an upper cutoff frequency of f, = 20 MHz. To digitize the signals, an oscilloscope (Rohde &
Schwarz GmbH, Germany, model RTO 1004) with a sampling frequency of £, = 500 MSps is used. The measure-
ment set-up is shown graphically asa block diagram (Fig. 3).

To enhance the signal to noise ratio, the mean value is formed from 25 individual measurements and a digital
band pass filter is used to suppress any interference that is outside the useful frequency range. To determine
reflection times and signal powers, the envelope of the time signal is evaluated. For this purpose, a Gaussian fit is
performed with the Curve Fitting Toolbox of Matlab™ in the calculated in-coupling and out-coupling reflection
time sections. The Gaussian fit provides a good representation of times and signal powers, since many measure-
ment points are incorporated for the fit. From these data, the average sound velocity (ASV) of the phases in the
measurement cell can now be evaluated over the coupling time f, and the back-wall reflection time t; (Eq. 1).

-]

he
h—k

All fouling masses are given as fouling masses referenced to the weight of the static mixers in the reactor where
the fouling mainly occurs (Mg B - Conversions X(t) were calculated as the weight ratio between formed
polymer wy and total initial monomer content wy; (Eq. 2). The polymer content was measured by microwave
gravimetry of the product dispersions.

(1)

CASY =

- wpll)
X()y = = (2)

Mt =0)
For gel permeation chromatography (GPC) a set-up using tetrahydrofuran as eluent with a flow rate of 1 mL/
min was used. The set-up contained in order of use a Knauer K-4002 2- channel Degasser, a FLOM Intelligent
Pump Al-12-13 and a Knauer Smartline 3800 Autc pler with 20 pL sample loop. As col one Plgel 10 pm
Guard followed by two PLgel 10 pm MIXED-B columns by Agilent Technologies were used. The detection was
performed by a Schambeck SFD GmbH RI 2000 detector measuring refractive index. All measurements were
calibrated with linear polystyrene standards of different molecular weights, so the obtained molecular weights
are qualitative and not quantitative.
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Figure 3. Block diagram of the ultrasonic measurement set-up.

Scientific Reports |

(2024) 14:4077 | https:/fdoi.org/10.1038/s41598-024-54321 -4 nature portfolio

55



www.nature.com/scientificreports/

0.8

Results

For the development of inline-sensor concepts to itor time-dep g formation it is in the first step
necessary to establish a robust and reproducible polymerisation which results in reproducible fouling masses. In
the second step the time and space resolved fouling deposition can be quantified. In further experiments these
data will be used to evaluate possible sensor concepts regarding their suitability and precision.

dent fouli

Investigation of a suitable polymerisation

An emulsion copolymerisation of vinyl acetate and vinyl neodecanoate was chosen as test system for the fouling
detection. The polymer properties of the products from reproduction experiments were investigated to validate
the reproducibility of the reaction. For this purpose, the molecular weights of the emulsion polymers and the
deposit of three different reactions under same conditions were determined by qualitative GPC and compared
(Fig. 4). Moreover, the molecular weights of the emulsion polymers of two additional reactions from sensor
testing were included.

Very similar molecular weights for all emulsion polymers as well as all deposits were obtained, with the
molecular weight of the emulsion polymers always being lower than that in the fouling, so the polymerisation
process is reproducible and the polymeric products are comparable.

The molecular weight of the emulsion polymer, the deposit and the deposit in the first part of the reactor were
compared as well. The deposit in the first part of the reactor was investigated as the conversion there is lower and
a broader molecular weight distribution is expected, if the deposits are caused by polymerisation fouling (Fig, 5).

The molecular weights of the emulsion polymers are significantly lower than those of the deposits (Fig, 5),
indicating that the polymeric properties of the two phases do not match. In particular, the molecular weight
distribution of the fouling at the reactor inlet is of interest, as it is much broader than the others. It ranges from
very low molecular weights to the high molecular weights of the deposits. This indicates that polymerisation
fouling is the dominant process, since at the reactor inlet at low radical concentrations significant monomers
as well as oligomers in in the deposit, i.e,, polymerisation takes place in a film on the reactor wall and no
sedimented particles are responsible for the fouling, The increased molecular weights in the deposits are pre-
sumably since the initiation takes place in the aqueous phase and therefore, due to the lower surface-to-volume
ratio, fewer radicals enter the film on the reactor wall than the micelles, so that termination occurs later there.

The statistical deviation of fouling deposition was determined by replication tests, For this purpose, seven
tests were carried out under conditions that were as identical as possible and the deviation was calculated. The
statistical component results in an average deviation of 12% which indicates the range of scattering including
measurement errors.

Time and space resolved fouling deposition
First, the average fouling masses of the entire reactor were determined gravimetrically and their development over
time was investigated. Since it is known that the temperature also exerts an influence on the fouling®, the influ-
ences of the temperature are investigated as well (Fig. 6). This data could be used later for calibrating the sensors.
The overall fouling in the reactor is linear, i.e. the formation of initial fouling neither inhibits the fouling as
would be expected from a reduction in the surface energy, nor does the deposit formation increase due to the
more uneven surface. The linear correlations of the time-dependent fouling exist for all investigated tempera-
tures (Fig. 6). Only the slope of the linear function is different due to the changed temperature and describes
the temperature dependence of the fouling. This indicates that nothing changes mechanistically in the selected
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Figure 4. Plot of the qualitative molecular weight distribution of emulsion polymers from five different
reproduction experiments (a) and deposits from three of this reproduction reactions (b) at same conditions at
20 °C to confirm reproducibility.
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Figure 5. Plot of the molecular weight distribution of emulsion polymer, deposit and deposit at the reactor inlet
for comparison of the polymeric properties for an experiment at 20 °C,
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Figure 6. Plot of the mean fouling masses of the total reactor over the runtime of the experiment at different
temperatures.

temperature range, since a mechanistic change would usually be accompanied by a different time-related behav-
iour, For the fouling masses at 5 °C the slope of linear correlation is dose to zero and in the shown time-interval
the offsetin fouling caused by dead zones in the reactor domi the time-dependent fouling trend.

The reaction progresses along the reactor and the fouling is depending on the conversion® Itisto be expected
that higher fouling masses occur at the reactor outlet than at the inlet, since higher conversions are achieved
there. For this purpose, the fouling masses of the individual static mixers were compared with the mean values
of the overall reactor (Fig. 7).

The foullng largely reflects the cxpected conversion process in the reactor (Fig. 7). This agrees well with the
literature®, which predictsa strong ¢ i lence of the fouling. An exception to this is the first static
mixer, in which the deposit formation is stgnlﬁcantly increased. This is pmbahly due to increased dead zones at
the reactor inlet and deficits in the initial mixing®. Both favour an increased fouling, since the conversions are
increased locally and the shear rates are also reduced by dead zones, so that sedimentation is favoured, After a
minimum of fouling in static mixers two and three, the deposit formation then increases along the reactor and
reaches its maximum near the reactor outlet. For technical implementation, the most fouling-intensive point
is usually the most important, as this is most likely to lead to critical situations, Therefore, the time-depend
fouling of the last static mixer was compared with the average fouling mass for the whole reactor (Fig. 8).

‘The fouling formation at the reactor outlet is initially above the reactor mean. With increasing runtime, the
deposit formation at the reactor outlet reaches a plateau and hardly increases any further. This course is attributed
to that with increasing fouling, the flow velocity in the remaining channel volume is increased, so that further
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Figure 7. Plot of the mean fouling masses of the entire reactor and the fouling masses of the individual static
mixers at a runtime of 120 min and a temperature of 20 °C.
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Figure 8. Plot of the mean fouling masses of the total reactor and the fouling masses of the last mixing dement
(ME7) over the runtime of the test at 20 °C.

fouling is reduced due to the shear rates. Thus, a saturation is reached after which the fouling increase slightly.
This saturation is reached at different times due to the different rates of fouling along the reactor, so that the mean
value increases linearly for a long time, while saturation is already reached close to the reactor outlet.

Conversion based online fouling sensing
‘The observation of the volume loss due to the fouling is a possible measurement method for fouling quantifica-
tion. Here the volume loss was determined by conversion observation. Prerequisite for this is that the hydrody-
namic residence time of the process corresponds approximately to the reaction time, so that a volume loss during
the reaction directly influences the conversion. If the residence time is significantly higher than the reaction
time, declines in conversion by reduced reaction volume will be detectable only at late fouling stages. Complete
conversions would still be achieved even if the volume was reduced by significant fouling masses. In the set-up
investigated here, the hydrodynamic residence time in the reactor was about 4 min, while the reaction time
until complete thermal conversion of the investigated substance system in the batch reactor at 20 °C was about
3.5 min. In the batch process an increase in reactor temperature of about 20 °C was observed. In the continuous
tubular reactor with improved cooling capacity compared to the batch reactor, the reaction time would there-
fore be somewhat longer and thus above the hydrodynamic residence time, so that the method is suitable here.
For this purpose, the reaction conversion at the reactor outlet was measured at regular intervals and the
percentage conversion decrease over the runtime was determined. The conversion is directly proportional to
the reaction volume at constant temperature and dosing currents, the decrease in conversion can be used to
conclude the degree of filling in the reactor (Fig. 9).
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Figure 9. Plot of the decrease in conversion against the decrease in reaction volume for the experiments
at 20 °C. The decrease in conversion is compared with the calculated decrease in reaction volume by
gravimetrically determined reactor filling from the fouling masses in the reactor.

‘The indirect determination of fouling masses by the decrease in conversion is in good agreement (R* =0.96)
with the direct, gravimetric determination. To confirm that the regression requirements were met, the normal
distribution of the residuals was analysed using Shapiro-Wilk. The test showed a significant normal distribu-
tion (p >0.05). The determination of fouling masses by conversion analysis results in similar reactor fillings,
the deviation of which lies within the measurement errors of the methods caused by conversion analytics or
statistical deviations in fouling processes. Despite all possible deviations, the coverage of both methods is within
5%, so that the statistical deviation in the investigated fouling processes with 12% is significantly higher than the
measurement errors. This method can be inline, online or atline depending on the method for determining the
conversion. In this case, a real-time microwave gravimetric determination of conversions was used, so the method
is between online and atine. The conversion could be easily accessed inline by calibrated Raman-spectroscopy as
previously published”. Conduding, the real-time conversion analysis is a good strategy to quantify the amount of
fouling fast. Although the conversion-based determination of the fouling masses is well practicable as a laboratory
method, it is unsuitable for larger plants or routine operation due to the high effort involved.

Inline fouling sensing using ultrasonic techniques

The ultrasonic measuring technique can determine material characteristics which will be discussed as oppor-
tunity for fouling measurement. Since the reactor outlet was identified in the above considerations as the most
fouling-intensive and therefore most critical point, the measuring cell was placed directly behind the reactor out-
let. The fouling behaviour of the measuring cell was compared with the average fouling in the reactor (Fig. 10a)
as well as the fouling at the reactor outlet (Fig. 10b) to validate that the measuring cell is representative of the
fouling situation inside the reactor.

The average fouling masses of the reactor is not linear correlated with the fouling masses in the measure-
ment cell. The measurement cell is especially in the beginning more sensitive to fouling deposition than the
average reactor (Fig. 10a). In comparison the fouling at the last static mixer in the reactor agrees well with the
gravimetrically determined fouling masses in the measuring cell (Fig. 10b). It is noticeable that for the whole
runtime investigated up to 120 min there is a linear correlation between both fouling masses (R*=0.77, Shap-
iro-Wilk p>0.05). It was chosen a regression of the type y=ax+bas there is a constant offset in fouling mass
in the measurement cell caused by small dead zones, which is described by parameter b. With the measuring
cell, the course of the reactor end can be mapped well, so that it is suitable for describing the fouling behaviour,

Since the section with the most fouling is usually the most interesting, this method can represent this well.
Further, it is still crucial to consider the directly accessible measurement variables of the ultrasonic measure-
ment technology in which this trend can be depicted to obtain a useable technology. The average sound velocity
(ASV) in the measuring cell is media dependent, so it is a promising approach for detecting fouling (Fig. 11).

During the first 15 min of the experiment, the reaction has not reached stationarity so the avemgc sound
velodity is fluctuating (Fig. 11). These fluctuations of the ASV at lhe beginning of the t are caused
by the low homogeneity of the pre-emulsion contai , micelles and water. About 7 min
after starting the experiment first reaction can be detected in the measurement cell. This is expected as the
hydrodynamic mean residence time for the reactor, connecting tubes and measurement cell is between 5 and
6 min, It can be recognized by the temperature increase due to the exothermic reaction but also visually by the
resulting product. The curve of the average sound velocity clearly indicates the start of the reaction by the strong
reduction of the average sound velocity, reaching a constant level with reaching the stationarity of the process
after 15 min. In the following the fouling starts and the ASV is increasing as the solid fouling has a higher sound
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Figure 11. Plot of the fouling masses of the measuring cell and the average sound velocity against the runtime
for one experiment at 20 °C.

velocity than the emulsion. Time-resolved gravimetrically determined fouling masses correlate well with the
change in average sound velocity indicating that the sound velocity is representing deposit formation. For vali-
dation the fouling mass in the measurement cell for 16 experiments are plotted against the difference in average
sound velocity (Fig. 12).

The fouling mass and the average sound velocity correlates with R* =0.98 (Shapiro-Wilk p >0.05). Conclud-
ing, the average sound velodity is suitable for inline itoring of the fouling masses in the reactor.

As proof of the conceptual suitability of the measurement technique, a complete deposit formation cleaning
cycle was followed using ultrasonic measurement technology. First, the fouling in the measuring cell and reactor
was observed and then the deaning of the reactor was followed using acetone (Fig. 13). Both the fouling mass
before cleaning and the cleaning result were confirmed gravimetrically and optically.

The average sound velocity of acetone was measured as reference for cleaning. After that, the reaction was
started and after 12 min the stationarity was reached and fouling growth can be observed. The runtime was set
to 30 min and after that the experiment was ended and the measurement cell was rinsed with compressed air.
In the next step acetone was used for cleaning and the decrease of the fouling layer can be observed starting
37 min after initiation. After 15 min of cleaning the average sound velocity reaches the level of pure acetone, so
there should be no more fouling in the nt cell which is confirmed visually. Only in the corners of the
measuring cell outside the measuring path could small amounts of deposits still be detected optically, but these
could not be measured because the measuring path was completely free of fouling. Further optimisation of the
measuring cell is necessary here so that there are no undetectable zones, and the behaviour of the reactor can
be described even more precisely.

Scientific Reports |

(2024) 14:4077 |

https:/idoi.org/10.1038/541598-024-54321 -4 nature portfolio

60



www.nature.com/scientificreports/

fouling mass measurement cell [g]
-
[ 3

0 50 100 150 200
A(average sound velocity) [m/s]

Figure 12, Plot of the fouling masses of the measuring cell against the change in mean sound velocity for
experiments at 20 °C.

initiation __ fouling growth cleaning

1320 + ‘

1260

1240

ASViacetone)

runtime [min]

Figure 13. Plot of a complete deposit formation-cleaning cycle as proof of the conceptual suitability of the
measurement technique at 20 °C.

Summary

Two suitable sensor concepts were established, one monitoring fouling processes via conversion analysis and
one using ultrasonic measurement techniques or fouling quantification. In the first case the loss in reaction
volume caused by fouling was measured by the decrease in conversion during the reaction. In the second case
the deposit formation was monitored by tracking the changes in average sound velocity in the measurement
cell, which are substance-dependent and therefore caused by the formation of deposits. Both methods agree well
with gravimetric references and reach deviations below 10%. Deposit formation is mainly caused by polymeri-
sation fouling and for the average reactor value a linear fouling trend can be observed. This is caused by local
differences in fouling behaviour as the conversion influences the fouling speed. The most intense fouling occurs
at the reactor end causing a higher slope in fouling growth but reaching a saturation after 60 min as increased
flow velocities reduce further fouling. Thus, the time-dependent fouling processes during continuous emulsion
copolymerisation of vinyl acetate could be determined.

Data availability
All data generated or analysed during this study are included in this published article and its Supplementary
Information files.
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5.4 KoPPonA 2.0 — Continuous polymerisation in modular, intelligent, fouling resistant
reactors — Subproject: Process development and implementation for emulsion

polymerisation.

In this chapter the sections of the project report discussing the results at the University of
Hamburg are shown. These are the pages 56 — 74. The full report can be requested at the
Technische Informationsbibliothek (TIB), Hannover.[%¢!

Jan Forster, Thomas Fritsch, Jan Tebriigge, Thomas Musch, Marco Osenberg, Dominik Haspel,
Werner Pauer, Soren Rust, Annika Klinkert, Wolfgang Augustin, Stephan Scholl, Timo
Melchin, Bernhard Eckl

Synopsis

Fouling is highly challenging for industrial processes. The knowledge about fouling processes
and methods to measure fouling are widely unknown. Especially polymerisation processes tend
to high fouling masses. Following this a research project was founded to investigate the fouling
behaviour during different polymerisation processes with industrial relevance. One of the
chosen polymerisations was the emulsion polymerisation of vinyl acetate copolymers. The
approach of this research project was different to the publications stated before, as here lots of
topics were investigated superficially and some were discussed deeper. This causes a wide
range of topics addressed in the report. Some of them have been published in scientific papers
with more research, and others have been investigated more detailed but are so far unpublished

work. These are discussed more detailed in chapter 6.

Fouling behaviour on different scales was analysed and compared. This enables the transfer of
gained knowledge to different scales and validation if fouling is scale-dependent or not.
Moreover, chemical fouling characterisation as well as characterisation of the dispersions
obtained were research goals of the project as the product properties are important for
comparing the results from different partners. Another part was the development of different
sensors for inline fouling detection in the tubular reactor which were carried out in cooperation
with engineering partners. The sensors were developed, optimised, and validated for the
different polymerisations. Moreover, the reactor used in the project was a newly developed PFR
which was characterised regarding mixing and residence time behaviour to analyse effects of

the reactor on the polymerisation.
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3.2 Wissenschaftlich-technisches Ergebnis
Die ITMC-UH ist mit fiinf Schwerpunktthemen

* Bestimmung der Mikrovermischung von Fluiden in kontinuierlichen Reaktoren mit sta-

tischen Mischelementen
e Entwicklung eines geeigneten Referenzsystems fiir die Belagscharakterisierung

e Entwicklung eines ortsaufgelsten, faseroptischen Temperatursensors zur Belagsdetek-

tion
e Chemische Untersuchung der Belagsbildungsprozesse
e Entwicklung von Belagsvermeidungsstrategien und Belagsvorhersagemodellen.

im KoPPonA-Projekt vertreten, in denen wissenschaftlich-technische Ergebnisse erzielt wur-
den, Zudem hat die ITMC-UH zusammen mit weiteren Projektpartnern Ergebnisse auf dem
Feld der Sensorapplikation in das vorliegende Emulsionsstoffsystem erzielt. Im Folgenden sind
die wissenschaftlich-technischen Ergebnisse der ITMC-UH nach Arbeitspaketen geordnet kurz

dargestellt.

3.2.1 AP 1 Entwicklung und Evaluation von Sensor- und Messtechniken zur Belagserkennung
und -quantifizierung

AP 1.2 Entwicklung und Bau einer Teststrecke sowie Implementierung von Sensormesstechnik
zur Belagsdetektion in den Versuchsanlagen

Wesentliche wissenschaftlich-technische Ergebnisse:

Aufbau der Versuchsanlage zur Belagsdetektion

Geeignete Reinigungsrezeptur fiir die Belagsentfernung liegt vor

Belagsbildung wurde in Umpumpversuchen quantifiziert

Belagsquantifizierung kann mit guter Ubereinstimmung chemisch sowie gravimetrisch erfol-

gen

Die Auswahl einer passenden Messtechnik ist abgeschlossen

« Die faseroptische Temperaturmessung wurde im Modellaufbau erprobt

¢ Der Einbau und die Erprobung von Glasfasern in einem 3D-gedruckten Rohrreaktor wurde
erfolgreich abgeschlossen

¢ Die online Temperaturmessung bei Emulsionspolymerisation in 3D-gedrucktem Rohrreaktor

mittels FOS wurde durchgefiihrt

. & 8 9

Im Fluitec-Halbschalenreaktor wurde im Laborversuchstand (Abbildung 3.1) eine ausreagierte
Polymeremulsion bei 80 °C im Kreis geférdert und die Belagsmenge in Abhiingigkeit der Zeit

ermittelt.

56 Institut fir Technische und Makromolekulare Chemie
Universitdt Hamburg
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Abbildung 3.1: Versuchsstand mit zugehorigem R&I-Schema.

Hierfiir wurde eine Dispersion aus VAc/Versal0 verwendet, welche in Zeitriiumen von 1 bis
40 Stunden im Kreis gefordert wurde. Die Belagsmenge wurde chemisch und gravimetrisch
untersucht und verglichen. Die gravimetrische Quantifizierung erfolgte durch Differenzwiigen
des getrockneten Reaktors vor und nach dem Versuch. Die chemische Belagsquantifizierung
erfolgte iiber eine Reinigung des Reaktors mit einer 8 molaren NaOH-Ldsung und Ethanol im
Massenverhiiltnis von 1:1. Diese wurde bei 80 °C fiir drei Stunden im Kreis gefordert und an-
schlieBend iiber den Feststoffgehalt der Reinigungslésung sowie das verwendete Volumen die
Belagsmenge ermittelt. Die Belagsmengen stimmen mit mittleren Abweichungen unter 10 %
iiberein (Abbildung 2
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Abbildung 3.2: Auftragung der Belagsmengen gegen die Umpumpzeit sowie Blick in den Halbschalenreaktor
nach Durchfiihrung des Versuches.
Durch Offnen des Reaktors nach Versuchsdurchfithrung wurde die Verteilung des Belages im

Reaktor bestimmt. Es ist deutlich zu erkennen, dass der Belag hauptsiichlich an den statischen
Mischelementen in der Nihe des Reaktoreinganges ausgebildet wird (Abbildung 3.2). Nach
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dem ersten Drittel des Reaktors sind nur noch geringe Belagsanhaftungen erkennbar, welche
mit zunehmender Entfernung zum Eingang weiter abnehmen. Es wird vermutet, dass dies auf
die Temperaturunterschiede zwischen auf 80 °C temperiertem Reaktor und nicht temperierter

Dispersion bei 20 °C, die am Reaktoreingang am gréBten sind zuriickzufiihren ist.

Als Methode zur inline-Belagsdetektion sind Gasfasern als faseroptische Sensoren etabliert
worden. Nachdem die Erprobung im Testkorper mit Wasser erfolgreich war und die Software
zur Auslesung mehrerer Fasern parallel fertiggestellt wurde, wurde eine erste Belagsbildung
durch Einfiihren von Papierschichten zwischen Testkorper und Temperiermedium simuliert

(Abbildung 3.3).
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Abbildung 3.3: Skizze des Versuchsaufbaus zur Belagssimulation sowie Auftragung der Temperaturverliufe in
Abhiingigkeit der Anzahl an Papierschichten.

Aus der Veriinderung der Temperatur bei unterschiedlichen Anzahlen an Papierschichten
konnte gezeigt werden, dass die faseroptischen Sensoren zur Belagsdetektion geeignet sind.
Anschlieffend wurden zwei Faserkanile in die Wand eines 3D-gedruckten Rohrreaktors einge-
druckt und mit Fasern versehen (Abbildung 3.4). Es konnte gezeigt werden, dass die Tempera-
turen an den Fasern den Temperaturverlauf der Polymerisation widerspiegelt und auch zeitliche

Veriinderungen zu erkennen sind, die mit der zunehmenden Belagsbildung korrelieren.
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Abbildung 3.4: Aufbau des 3D-gedruckten Reaktors mit implementierten Glasfasern und Auftragung der zeitli-
chen Temperaturentwicklung im besonders belagstriichtigen Endsegment des Reaktors,

Zusammenfassend wurde das Arbeitspaket termingerecht abgeschlossen und die Arbeit an den

darauf aufbauenden Arbeitspaketen aufgenommen.

AP 1.3 Einsatz und Bewertung unterschiedlicher Mess- und Sensortechniken in den Versuchsan-
lagen

Wesentliche wissenschaftlich-technische Ergebnisse:

Chemische Belagscharakterisierung erfolgt

Faseroptische Sensoren in Halbschalenreaktor implementiert
Auslesung der Temperaturen méglich

Kalorimetrische Messungen durch externe Kalibrierung in Planung
Charakterisierung der Mischgiite im Halbschalenreaktor

Die wiihrend der Polymerisationen erhaltenen Beldge wurde chemisch mittels unterschiedlicher

analytischer Methoden
e Gelpermeationschromatographie
e Loslichkeitsversuche
e Quellversuche
e Gelgehaltsbestimmung

charakterisiert. Zuniichst wurden Restfeuchte sowie ldsliche Bestandteile untersucht. Dazu
wurden frische Reaktionsbelige bis zur Massekonstanz getrocknet und der Gewichtsverlust
gravimetrisch ermittelt. Bei den untersuchten Beliigen wurden Restfeuchten zwischen 30 % und
40 % gemessen. Die Gelgehaltsbestimmung erlaubte Riickschliisse auf die Vernetzung der Be-
lige Bei einer Soxhlet-Extraktion der Belige wurden Gelgehalte von ca. 45-55 % gemessen,
withrend die korrespondierende Emulsion bei gleicher Behandlung Gelgehalie von unter 10 %
aufwies. Da eine Soxhlet-Extraktion teilweise bei Verschlaufungen der Polymere zu falschen
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Ergebnissen fiithrt, wurde der Gelgehalt ebenfalls durch mehrstiindiges Kochen unter Reflux in
THF und anschlieBende Filtration bestimmt, wobei fiir die Emulsion Gelgehalte von unter 2 %
und fiir die Belige Gelgehalte von unter 5 % erhalten wurden, sodass davon ausgegangen wer-
den kann, dass auch die Beldge weitgehend unvernetzt sind, jedoch stirker verschlauft sind, als
die Emulsion. Dies deckt sich mit der Untersuchung der Molekulargewichte mittels GPC, bei
welcher die Belidge mit ca. 400 000 — 500 000 g/mol nur ein doppelt so hohes mittleres Mole-
kulargewicht wie die Emulsion aufwiesen. AbschlieBend wurde die Quellbarkeit der Belige
untersucht, hierbei wurden Quellgehalte von ca. 400 % - 500 % ermittelt, wobei kalt 16sliche

Bestandteile der Belédge nicht beriicksichtigt wurden.

Ein faseroptischer Sensor wurden in die Bohrungen des Halbschalenreaktors eingebracht.
Hierzu wurden alle Bohrungen im selben Abstand zur Reaktormitte durch dieselbe Glasfaser
ausgelesen, sodass das Temperaturprofil lings des Reaktors durch einen faseroptischen Sensor
dargestellt werden kann, wihrend die Wiirmeleitung zwischen Reaktor und Temperiermedium

durch den faseroptischen Sensor gemessen werden kann (Abbildung 3.5).

Abbildung 3.5: Ansicht des Reaktoraufbaus mit eingebautem faseroptischem Sensor zur ortsaufgeldsten Tempe-
raturmessung lings und quer zum Reaktor.

Da die Reaktionen von verschiedenen Personen durchgefithrt werden sollen, wurde zuerst mit
BasicScan eine Software geschrieben, welche einfach zu bedienen ist. Sie erméglicht nach kur-
zer Einweisung das Datenerfassen mit den faseroptischen Sensoren. Des Weiteren wurden meh-
rere Thermoelemente in eine Bohrung eingebaut, die den gleichen Abstand zum Temperierme-
dium und zum Reakiorinneren besitzt wie die Fasern. Mithilfe dieser herkbmmlichen Tempe-
raturmessung ist ein direkter Vergleichswert zu den Fasermessungen gegeben. Die Rohdaten,
die aus der Fasermessung erhalten werden, sind Ddmpfungsinformationen. Diese erfordern eine
Kalibrierung, um sie in absolute Temperaturwerte umrechnen zu kénnen. Zuerst wurde dies

aber iibergangen und die Auswertung auf relative Temperaturinderungen begrenzt, da zuniichst
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untersucht werden soll, ob die Fasern in dieser Weise zur Temperaturmessung eingesetzt wer-
den kénnen, oder ob zu starke Spannungen auftreten, welche die Messergebnisse der Fasern

verzerren.

In Abbildung 3.6 ist eine beispielhafte Messung einer belagsbildenden Reaktion gezeigt. Die
Dampfung skaliert antiproportional zu einer TemperaturerhShung, weswegen die Ausschlige
iiber die vier Messstrecken trotz Temperatursenkung in den positiven Bereich gehen. Diese
Messung wurde bei einer eingestellten Temperatur von 20 °C durchgefiihrt. Die vier Messstre-

cken sind deutlich durch Temperaturabweichungen zu der Umgebung zu sehen.

00 02 04 06 0B W0 12 14 18 18
Faserange/m

Abbildung 3.6: Faseroptische Verfolgung einer belagsbildenden Reaktion mit einer Faser, die viermal durch den
Halbschalenreaktor gewunden wurde.

Abbildung 3.7 zeigt die zeitliche Signalinderung einer der Messstrecken durch den Reaktor bei
derselben Reaktion.

& T T T T ey e—
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Abbildung 3.7: Erste Faserstrecke aus Abbildung 7.
Wie in Abbildung 3.7 zu erkennen ist, kann die ca. 8 cm lange Querstrecke durch den Halb-
schalenreaktor erkannt werden, AuBerdem ist zu erkennen, wie die Temperaturiinderung zu Be-

ginn der Messung eine Spitze ausbildet, was geschieht, weil das Temperiermedium durch einen
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zentralen Kanal gepumpt wird. Die Wiirmeleitung im Stahl fiihrt dann dazu, dass sich das er-
wartete Plateau an der Stelle der Querbohrung ausbildet. Nach einiger Zeit kommt es trotz kon-
stanter Temperatur im Reaktor zu einem vermeintlichen Temperaturanstieg, wie durch die sin-
kende Diampfung erkennbar ist. Dies war zuerst vermutlich darauf zuriickzufiihren, dass die
Fasern durch ihre Verlegung und ihre Plastikschutzschicht unter mechanischer Spannung ste-
hen, die sich mit der Zeit veriindern. Das Problem der Spannungen im System ist im Moment
das gréfite Hindernis betreffend einer reproduzierbaren und genauen Temperaturmessung mit
den Glasfasern. Dies ist allerdings bereits in Bearbeitung. In der Vergangenheit konnte gezeigt
werden, dass nackte Glasfasern nicht nur schneller auf Temperaturiinderung reagieren, sondern

auch weniger zu Verzerrung neigen.

Durch mehrere Messungen dieser Art konnte ein Temperaturprofil entlang des Halbschalenre-
aktors gemessen werden. Wie auch in Abbildung 3.8 zu erkennen, ist die gréBte Temperaturin-
derung bei der zweiten Querbohrung zu erkennen. Die Messstrecken waren vom Eingangsende

des Halbschalenreaktor dabei jeweils 56 mm, 153 mm, 295 mm, 332 mm und 433 mm entfernt.

.| Temperatur- |4 W T
0 gradient _ B e = — '

2 L L
[T} 10 12 14 .4 8 a0

22 24 8
Fibrs langthim Nackte Faser

Abbildung 3.8: Temperaturgradient entlang des Halbschalenreaktors, illustriert mithilfe der Fasersensoren.

Diese Funde wurden mithilfe von Thermoelementen iiberpriift. Wenn die sich iiber die Reakti-
onszeit dndernde Diampfung des Signals durch eine mit Thermoelementen messbare Tempera-
turiinderung zuriickfithren lieBe, wiiren die Fasersensoren weniger durch mechanische Span-

nungen beeinflusst als gedacht.

In Abbildung 3.9 sind die Temperaturverliufe von Thermoelementen gezeigt, die in dhnliche
Positionen wie die Glasfasern zuvor eingefiihrt wurden. Die Positionen waren vom Eingangs-

ende des Halbschalenreaktor dabei jeweils 56 mm, 120 mm, 332 mm und 433 mm entfernt.
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Abbildung 3.9: Thermoel gen analog zu den Messungen mit den Fasersensoren.

Es kann in der Tat gesehen werden, dass es ein Temperaturmaximum im Reaktorverlauf gibt.

Des Weiteren kann erkannt werden, dass der Temperaturausschlag sich durch den Reaktor pro-

pagiert und die Sensoren daher zeitlich versetzt auf die exotherme Reaktion reagieren. An-

schliefiend Fallen die Temperaturen wieder ab, was durch Belagsbildung erklirt werden kénnte.

Der sich bildende Belag sollte dazu fithren, dass der effektive Durchmesser des Reaktors kleiner

wird und dadurch die zeitabhiingige Initiierung der exothermen Reaktion weiter hinten im Re-

aktor stattfindet. Des Weiteren sollte die Temperatur abnehmen, da die Belagsschicht thermisch

isoliert.

AuBerhalb des Halbschalenreaktors konnte dasselbe Verhalten bestitigt werden.

sl A —— Sensor 1/
I\ ——— Sensor 2|
II' i —— Sensor 3|
o 40F H! :f ll"'\ RT -
E Reaction start |/ \
o sl {Active polymeri- IJ |
zation mixture ||
E entering reactor) |/
=
30
25
i A
0 20 40 80 80 100 120
Reaction time/min

Abbildung 3.10: Thermoel tmessungen in ei 50 em langen 3D gedruckten Reaktor ohne duBere Tempe-
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Der Reaktor hat einen Innendurchmesser von 12 mm und ist die in Abbildung 3.11 gezeigt
geformt. Der abgebildete Abschnitt ist 16 cm lang und es kénnen mehrere Abschnitte aneinan-
dergereiht werden. Fiir die hier gezeigten Messungen wurden jeweils drei dieser Abschnitte
kombiniert um einen ca. 50 cm langen Reaktor zu kreieren. Der Reaktor besitzt ein Loch in das

ein Thermoelement in den Reaktionsstrom eingefiihrt werden kann.

Abbildung 3.11: Geometrie des 3D gedruckten PLA Reaktors.

Der Reaktor passt fest in ein Modul, in das bis zu drei faseroptische Sensoren integriert werden
kénnen. In der Rundung wurde Thermopaste verstrichen, sodass es keine Lufiliicke entsteht

und die Temperaturmessung beeinflusst.

Abbildung 3.12: Modul fiir den Reaktor aus Abbildung 3.11 fiir faseroptische Temperaturmessungen.

Die Belagsdetektion die in den vorgehenden Thermoelementmessungen gezeigt wurde, konnte
mithilfe der faseroptischen Messungen bestitigt werden. Der erwartete Temperaturverlaufeiner
exothermen Reaktion in einem nicht temperierten Rohrreaktor enthiilt ein Temperaturmaxi-
mum, welches ohne Belagsbildung wihrend der gesamten Reaktionszeit stationdr stabil sein
miisste. Das Maximum liegt in dem verwendeten Aufbau hinter dem Reaktorausgang, aber

trotzdem kénnen Beobachtungen gemacht werden.

In der folgenden Heatmap ist zu sehen, dass das Temperaturmaximum der Reaktion hinter dem
Reaktorauslang liegt. Diese Messung entspricht der Thermoelementmessungen in Abbil-

dung 3.10.
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Abbildung 3.13: Heatmap der faseroptischen Messung im 3D gedruckten PLA Reaktor withrend einer Belags-
triichtigen Reaktion.
Es kann zusammenfassend festgestellt werden, dass Belag im Halbschalenreaktor, sowie in ei-
nem 3D gedruckten PLA Reaktor detektiert werden konnte. Der Belag fiihrt dazu, dass das
gemessene Temperaturprofil entlang der Rohrreaktoren weiter nach hinten verschoben wird,
und zu abnehmender Temperatur im Reaktormantel. Dies bestitigt die urspriinglichen Annah-
men. Eine Belagsquantifizierung durch Temperaturmessung konnte noch nicht durchgefiihrt

werden.

AP 1.4 Ubertragung erfolgreicher Messmethoden auf die anderen Stoffsysteme

Wesentliche wissenschaftlich-technische Ergebnisse:

e Test der Ultraschallmesstechnik zusammen mit RUB-EST im Wacker-Stoffsystem

e Bisherige Ergebnisse schen vielversprechend aus, benGtigen jedoch noch weitere Messungen
zur Validierung der Aussagen

e Anpassung der Geometrie der Ultraschallmesszelle zur Optimierung der Strémungsverhilt-
nisse durchgefiihrt, Verbesserung der Ergebnisse erzielt

s Stabsonde (CEMOS) ist bestiindig gegeniiber dem verwendeten Stoffsystem, nicht aber ge-
geniiber der Reinigungslosung, daher Ausbau vor Reinigung nitig

¢ Erprobung der Stabsonde zusammen mit CEMOS durchgefiihrt

¢ Es wird vermutet, dass die Stabsonde als Belagsdetektor nicht geeignet ist, da die Sensitivi-
tit gegeniiber dem Feststoffgehalt hher ist als gegeniiber einer Belagsbildung

Zusammen mit der RUB-EST wurde die Ultraschallmesszelle am Hamburger Laborversuch-

stand im Wackerstoffsystem erprobt. Dazu wurden sowohl Saat-Emulsionspolymerisationen
als auch ab initio Emulsionspolymerisationen durchgefiihrt, bei welchen die Messzelle vor den

Reaktor geschaltet war. Eine neue Messzellengeometrie mit vergriferten Zu- und Abliufen
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wurde entwickelt, welche auch vom Strémungsbild optimiert wurde. Mithilfe der Messzelle
konnte bestitigt werden, dass eine Zunahme der Didmpfung withrend der Reaktion zu beobach-
ten ist, die auf Belagsbildung zuriickzufiihren ist. Nach weiteren Optimierungen der Messzelle
und Messmethode ist es méglich, mit der Belagsbildung in der Messzelle die Belagsbildung im
letzten Reaktordrittel nahezu zu simulieren und somit die zeitliche Belagsbildung im Reaktor
abzubilden. Zudem ist es ebenfalls mdglich, durch die Messtechnik auch eine Reinigung des
Reaktors zu iiberwachen und somit analytikbasiert einen sicheren closed-loop-Betrieb zu er-

mdaglichen. Weitere Details zu diesen Ergebnissen sind im Bricht der RUB-EST dargestellt.

Die Erprobung der Stabsonde im Hamburger Labor Versuchs wurde gemeinsam mit CEMOS
durchgefiihrt. Vorversuche zur Bestindigkeit zeigen, dass die Sonde gegeniiber der Reaktions-
dispersion bestiindig ist, die Reinigung erfolgt mechanisch, da die Sonde nicht dauerbestindig
gegeniiber der Reinigungsldsung ist. Erste Messungen im Versuchsstand zeigten zuniichst ei-
nen erfolgsversprechenden Verlauf des Messignals, da dieses withrend der Reaktion signifikant
anstieg und nach einiger Zeit eine Sittigung erreichte. Weitergehende Untersuchungen legen
jedoch die Vermutung nahe, dass der Anstieg des Messsignals auf eine Zunahme des Festkor-
pergehalts der Dispersion zuriickzufiihren ist und nicht wie zunichst angenommen auf eine
Belagsbildung. Dabei besteht die Mdglichkeit, dass durch den Festkérpergehalt der Dispersion
die Siittigung des Detektors bereits erreicht wird und weitere Veridnderungen durch Belige so-
mit nicht mehr detektierbar sind. Auch eine Validierung der Ergebnisse zeigt, dass die Storein-
fliisse im System aufgrund von Verinderungen im Festkorpergehalt sowie statistischen Ein-
fliissen grofer sind als die zu erwartenden Belagssignale, sodass eine erfolgreiche Belagsde-

tektion mit diesem Stabsonden-Aufbau im Emulsions-Stoffsystem nicht realisierbar erscheint.
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3.2.2 AP 2 Quantitatives Monitoring von Belagsbildungsvorgiingen in spez. Zellen und Reakto-
ren der Firmenbeispiele

AP 2.2 Belagsbildungsversuche mit integrierter Messtechnik im Laborreaktor

Wesentliche wissenschaftlich-technische Ergebnisse:

Modellierung der Wirmeiibergéinge des Halbschalenreaktors
Ermittlung geeigneter Positionen zur Implementierung der faseroptischen Sensoren
Charakterisierung der Mischgiite im Halbschalenreaktor
Charakterisierung der Vermischung, insbesondere der Initialvermischung, im Polymerisati-
onsaufbau

¢ Durchfiihrung von Versuchen zu unterschiedlichen Prozessbedingungen
Der Halbschalenreaktor wurde hinsichtlich seiner Wirmedurchgiinge im zu untersuchenden

Betriebsbereich simuliert. Anhand der Simulationen wurden gemeinsam mit Fluitec fiir die
Messaufgabe geeignete Positionen zur Implementierung der Glasfasern in den Reaktor identi-

fiziert und von Fluitec ein entsprechender Reaktor gefertigt. (Abbildung 3.14).

Lochdurchmasser 1.8 mm
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Abbildung 3.14: Simulation der Wiirmedurchgiinge des Halbschalenreaktors samt zuniichst ausgewiihlter Liings-
bohrungen sowie Skizze samt nun geplanter Tangentialbohrungen.

Nach Lieferung des Halbschalenreaktors wurde dieser in den Versuchsstand integriert und
Emulsionspolymerisationen durchgefiihrt. Es wurde deutlich, dass der Hauptteil des Belags
sich an den statischen Mischelementen bildet, sodass die gravimetrische Belagsquantifizierung
ausschlieBlich auf die Mischelemente bezogen wurde. Dadurch ist eine Ortsauflésung der Be-
lagsbildung im Reaktorverlauf moéglich, da jedes Segment einzeln betrachtet werden kann. Bei
den ab initio Emulsionspolymerisationen variiert der Belagsschwerpunkt je nach Reaktionsbe-
dingungen. Oft befindet er sich im letzten Reaktordrittel, da die Belagsneigung mit zunechmen-
dem Umsatz der Polymerisation steigt. Lediglich bei Reaktionsbedingungen, die sehr friihzeitig

hohe Umsiitze erzielen, ist der Belagsschwerpunkt in die erste Reaktorhilfte verschoben.
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Der Halbschalenreaktor mit Vormischer wurde auf seiner Mikromischgiite mittels der Vil-
lermaux-Dushman Reaktion charakterisiert. Aufgrund der Reproduktionstoxizitiit von Borsiure
wurden Experimente durchgefiihrt, um einen guten Ersatz hierfiir zu finden. Hierbei wurden
TRIS [tris(hydroxymethyl)aminomethan und Phosphorsiure untersucht. Das Puffersystem auf
Basis von TRIS wurde mit Perchlor- und Schwefelsiure getestet. Aufgrund von diesen Experi-
menten und Untersuchungen des Verhiltnisses von HPO4* und HoPOy konnte festgestellt wer-
den, dass die lonenstiirke die Kinetik der Villermaux-Duschman Reaktion beeinflusst und in
Berechnungen einflieBen muss. Die Reaktionsordnung der Villermaux-Dushman Reaktion mit
Phosphatpuffer wurde untersucht. Sie betriigt in Summe 5, bestehend aus der Abhiingigkeit der
Séurekonzentration (H') — 2, der lodatkonzentration (I03) — 1, und der londidkonzentration
(I) — 2. Die Reaktionsgeschwindigkeitskonstante wurde in Abhingigkeit der lonenstirke [
festgestellt. Die Mikromischzeiten wurden mit einem erweiterten Inkorporationsmodel berech-
net.

Vi
1+Va

Mithilfe von Saccharose wurden Losungen verschiedener Viskosititen hergestellt und das

k= ko foushman = —1.93(+0.06) - +0.40(+0.02) - G.1)

Mischverhalten in Abhiingigkeit der Viskositiit und der Mischgeschwindigkeit in einem Bulk-
reaktor untersucht. Abbildung 3.15 stellt die Triiodidkonzentration (mindere Mischgiite) in Ab-
hiingigkeit der Viskositit fiir verschiedene Riihrgeschwindigkeiten dar.
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Abbildung 3.15: Ergebnisse von Villermaux-Dushman Versuchen in einem Bulkreaktor bei verschiedenen Vis-
kositiiten.
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Im Halbschalenreaktor mit Vormischer und ohne Vormischer wurden Mikromischversuche im Vis-
kosititsbereich zwischen 1-1000 mPas durchgefiihrt. Es wurden pulsationsarme Zahn-radpumpen,
Exzenterschneckenpumpen und nicht hubsynchronisierte, pulsationsstarke Hubmembranpumpen
beziiglich der Mikromischgiite miteinander verglichen. Die Mikrover-mischung wurde fiir ver-
schiedene Mischergeometrien, wie dem CSE-X/4 4.7 mm, CSE-XD/6 12.3 mm und dem CSE-X/8
G 12.3 mm, mit unterschiedlichen Einlaufkonfigurationen bei Volumenstréme von 5-290 mL/min

untersucht.

Fiir den Sédurestrom wurde eine 1/16* Kapillare und ein 8 mm Einlass eingesetzt. Es wurden
Mikromischzeiten zwischen 0.02-1.6 s gemessen, wobei der CSE-X/4 mit Vormischer zur ef-

fektivsten Mikrovermischung fiihrte. Die Ergebnisse sind in Abbildung 3.16 dargestellt.
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Abbildung 3.16: Mikromischzeiten fiir verschiedene Konfigurationen in wiissriger Losung.
Zudem wurde die Belagsbildung in Abhiingigkeit der Initialvermischung im Halbschalenreak-
tor untersucht und dabei festgestellt, dass die Belagsbildung des ersten Mischelementes stark

von der Einmischung des Initiatorstroms abhiingt (Abbildung 3.17).
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Abbildung 3.17: Darstellung der Einmischungsgeometrien sowie der Belagsmengen betrachtet auf die Mischele-
mente.

Aus den Versuchen geht hervor, dass die Belagsbildung der Versuche nahezu reproduzierbar
verlduft, einzig die Belagsmenge im Eingangssegment weicht zwischen den Aufbauten stark
voneinander ab, sodass die Vermutung naheliegt, dass die Initialvermischung einen erheblichen
Einfluss auf die Belagsbildung aufweist. Ab dem zweiten Mischelement ist die Einmischung
durch die statischen Mischelemente hinreichend gut, sodass Initialeffekte ausgeglichen werden

und die Belagsbildung sich angleicht.
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Zudem wurde die Abhiingigkeit der Belagsbildung von der Monomerzusammensetzung, der
Reaktionstemperatur, sowie Rezepturparametern, wie Initiator- und Emulgatoranteil unter-
sucht. Die Auswertung der Versuche legt nahe, dass es signifikante Einfliisse der gewiihlten
Parameter auf die Belagsbildung gibt (Abbildung 3.18).
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Abbildung 3.18: Auswertungsgrafiken der Versuche zur Untersuchung der Rezeptur- und Prozesseinfliisse auf
die Belagsbildung, oben links Zusammenhang zwischen Come Z zung und Belags , oben
rechts Auftragung des Einflusses der Initiatormenge auf die Belagsmasse, unten links Einfluss der Reaktionstem-

peratur auf die Belagsmasse und unten rechts Einfluss der Emulgatormenge auf die Belagsmasse.

Aus Abbildung 3.18 geht hervor, dass alle untersuchten Parameter einen direkten oder indirek-
ten Einfluss auf die Belagsmasse aufweisen. Um direkte von indirekten Einfliissen zu unter-
scheiden, wurde der Initialumsatz der Reaktion in Abb. 6 ebenfalls mit aufgetragen, um zu dif-
ferenzieren, welche der Einflussgréfien umsatzbedingt in Erscheinung treten und welche einen
dariiberhinausgehenden Einfluss haben. So wurde festgestellt, dass Initiator- und Emulgatorge-
halt sowie Temperatur lediglich einen Einfluss auf den Reaktionsumsatz und dadurch mittelbar
auch auf die Belagsmasse ausiiben. Dabei ist der Einfluss des Umsatzes der Grofite auf die
Gesamtbelagsmenge. Zudem weist Monomerzusammensetzung einen Einfluss auf die Belags-
bildung auf, welcher in der erhihten Klebrigkeit der Polymere mit steigendem Vinylacetat-
Anteil zu begriinden ist und unabhingig von Umsatz oder Polymeranteil ist. Diese Untersu-

chungen stellen ein spannendes wissenschafilich-technisches Ergebnis dar, welches aber die
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wirtschaftliche Nutzung fraglich erscheinen liisst, da alle Belagsvermeidungsstrategien die hie-
raus hervorgehen die Effizienz des Prozesses herabsetzen wiirden und somit an Wirtschaftlich-

keit einbii3en.

3.2.3 AP 3 Modellhafte Beschreibung von Belagsbildungsvorgiingen

Wesentliche wissenschaftlich-technische Ergebnisse:

¢ Versuchsplan zur Belagsvorhersage durchgefiihrt

¢ Aus Versuchsplan wurden Temperatur, Emulgator- und Initiatorkonzentration sowie Como-
nomer-Verhiltnis als relevante GroBen ermittelt

» Direkte Einfliisse auf die Belagsbildung haben der Umsatz und die Monomerzusammenset-
zung

+ Umsatz wird beeinflusst durch Temperatur, Emulgator- und Initiatorkonzentration

¢ Aus Experimenten wurden Modellterme fiir alle EinflussgroBen entwickelt und zu einer Mo-
dellgleichung kombiniert

» Belagsvorhersage fiir vergleichbare Rezepturen mit Abweichungen unter 15 % méglich

Aus den Einflussfaktoren aus Abbildung 3.18 geht hervor, dass alle Faktoren einen Einfluss auf
die Belagsbildung ausiiben. Aus den experimentellen Daten konnte dariiber hinaus ein mathe-
matisches Modell zur Belagsvorhersage entwickelt werden, welches es ermdglicht, die Belags-
masse anhand der gewihlten Werte fiir die Parameter mit einer Genauigkeit von 15 % abzu-
schitzen. Dabei wurde als Gesamtgleichung fiir das Modell Gleichung 3.2 erhalten. Die detail-

lierte Herleitung der Gleichung ist aktuell zur Publikation eingereicht.
Meouting(T, 1], [E], Xy 4c) =

173.6
3.26 - (90.24 . 7B3U4T +31,75).( )

. 1025
(- 0.612 - [E] + 22.5) - (1144}\1,{}[5_]) 3.2)
65.016

+ 486.4 xyp - 467.2

Um das Modell zu Validierung wurden mit dem Modell Belagsmassen fiir bestimmte Versuchs-
bedingungen berechnet und mit experimentell gemessenen Belagsmassen verglichen (Abb.

3.19).
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Abbildung 3.19: Darstellung der experimentell gemessenen Belagsmassen gegeniiber den modellbasiert berech-
neten Belagsmassen zur Validierung des Modells. Die y-Fehlerbalken beschreiben die Messfehler wiihrend des
Experiments, wiithrend die x-Fehlerbalken den intrinsischen Unsicherheitsbereich des Modells angeben. Die

durchgezogene Linie gibt den erwarteten Wert an, die gestrichelten Linien den Unsicherheitsbereich.

Aus Abbildung 3.19 ist zu erkennen, dass das Modell zur Vorhersage der Belagsmassen im
betrachteten Rezepturfenster gut geeignet ist und meist im angegebenen Unsicherheitsbereich

liegt.

3.3 Fortschreibung des Verwertungsplans

Seitens der ITMC-UH als akademischem Partner waren als Verwertung Publikationen sowie
die Prisentation auf wissenschaftlichen Tagungen geplant. Die wissenschaftlichen Ergebnisse
wurden bereits in peer reviewed Publikationen zu Mikrovermischung und inline-Analytik fiir
Emulsionspolymerisationen veriffentlicht Weitere 3 drei Publikationen zu Einfliissen auf die
Belagsbildung im untersuchten Stoffsystem sowie Sensorkonzepten in konkreter Planung und
werden in den niichsten Monaten umgesetzt. Auch langfristig nach Projektende stehen die Er-
kenntnisse aus dem Projekt damit der zur Verfiigung und auch an der ITMC-UH werden an das
Projekt vertiefende Arbeiten einzelner Aspekte angeschlossen, um weiteren wissenschaftlich-
technischen Nutzen zu erzielen. Insbesondere auf dem Feld der faseroptischen Temperaturmes-
sung sind noch weitreichende Arbeiten in Planung. Zudem ist ein weiteres Projekt zur Unter-
suchung von hydrophilen Beschichtungen bei der kontinuierlichen Emulsionspolymerisation in
Zusammenarbeit mit der Universitit Paderborn sowie der Wacker Chemie in Planung. Folglich
werden auch nach Projektende die wissenschafilichen Erkenntnisse genutzt und an einer Fort-

fiihrung der Projektziele gearbeitet.
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3.4 Arbeiten, die zu keiner Losung fiihrten

Im Rahmen des Projektes konnten nicht alle Ideen erfolgreich umgesetzt werden. Das Hauptziel
einen kontinuierlichen Betrieb der gewiihlten Polymerisation im TechnikumsmaBstab umzuset-
zen wurde nicht erreicht, da eine hinreichende Belagsvermeidung im Stoffsystem nicht gelang.
So konnten zwar zahlreiche Erkenntnisse zur Belagsbildung gewonnen werden, diese fiihrten
allerdings nicht zur Findung eines Betriebszustandes, der bei sinnvollen Prozessbedingungen
Reaktionszeiten von mehr als 5 Stunden zuliel. Somit war eine Realisierung im Technikums-
maBstab nicht méglich. Zudem wurden im Rahmen des Projektes keine Lésungen fiir die Im-
plementierung mancher Sensorkonzepte erzielt. So konnte die Stabsonde, deren theoretische
Eignung fiir das Emulsions-Stoffsystem bei der TUBS gezeigt werden konnte, nicht erfolgreich
in den Versuchsstand der ITMC-UH implementiert werden, da im genutzten Aufbau die Stér-
effekte durch veriinderliche Festkirpergehalte und statistische Effekte gréBer waren als eine
belagsinduzierte Signalidderung. Auch fiir die Implementierung der faseroptischen Temperatur-
messung in den Halbschalenreaktor konnte im Projekt keine Lsung gefunden werden, da diese
zwar eine sehr gute Eignung in Teststinden zeigen, die Wiirmeleitung des Edelstahls aber eine
Detektion thermischer Effekte in den Bohrungen des Halbschalenreaktors sehr herausfordernd

macht.

3.5 Prisentationsmoglichkeiten fiir den Nutzer

Samtliche wesentlichen Erkenntnisse der ITMC-UH wurden detailliert dokumentiert und wur-
den oder werden publiziert. Somit stehen die Ergebnisse allen Interessenten in Form von Ver-
offentlichungen zur Verfiigung und kénnen auch priisentiert bzw. zitiert werden. Zudem wur-
den detaillierte Berichte verfasst, die ebenfalls mit allen Projektpartnern geteilt wurden und als
Basis fiir mégliche Prisentationen dienen kénnen. Dabei sind vertrauliche Abschnitte als diese
gekennzeichnet, sodass Interessenkonflikte eindeutig vermieden werden. Fiir weitergehende
Prisentationen steht die ITMC-UH mdéglichen Interessenten auch jederzeit zur Verfligung und

unterstiitzt diese bei ihren Vorhaben.
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6. Unpublished Work

This thesis approaches the topic of fouling during continuous emulsion polymerisation on
different ways. Some parts of the investigated topics have been published in scientific articles,
but many findings were not published so far. Some of them are here shortly presented as there
are interesting results which did not lay within the scope of the published topics. Lots of this
could be published with intensified research on these topics as well and the chosen publications
above are just the most promising parts. Moreover, the reactor setup was characterised before

the conduction of polymerisation reactions inside. Some aspects of this are presented here.

6.1 Residence time characterisation of the tubular reactor

The residence time distribution is one relevant characteristic of every reactor. The residence
time distribution enables disclosures to dead zones and short-circuit currents in the reactor. For
that purpose, the residence time distribution of the used tubular reactor was investigated and

the suitability of measured residence times for fouling quantification evaluated.

The residence times were measured by adding colour-marker directly at the inlet of the tubular
reactor and detecting the output signal photometrically. This signal was compared with the
calculated mean hydrodynamic residence time. If short-circuit currents exist, colour-marker can
be detected before reaching the hydrodynamic residence time. Dead zones would also cause a
tailing of the colour-marker because the marker remains in the dead zones and is released later.
The reactor volume is VR =45.5 mL, and the total mass flow rate was set to m = 12.6 g/min.
The hydrodynamic residence time 74,4 can be calculated using equation 1.18” For the calculation
of the hydrodynamic residence time, the mass flow must be converted into the volume flow
using the density of the system.

VR _ VR VR

Thya = 5 = Tm_ = ™ (1)
Pmean (w;i- ;)

As simplification the density of water can be used, so that mass flow and volume flow are the
same. The hydrodynamic residence time with this simplification is calculated to
Thyd,ideal = 3.61 min. For a more precise approach the densities of the monomers must be
considered. With the densities of vinyl acetate pvac =0.94 g/cm?® and vinyl neodecanoate
pveova = 0.88 g/cm? the volume flow rate is a bit increased, and the hydrodynamic residence
time decreases to Thyd,eal = 3.55 min. The difference between both residence times is below the

precision of the reactor set-up so that there is no need to consider the densities of the



components of the system. The hydrodynamic residence time for this tubular reactor is
Thyd = 3.6 min.

The real residence times were measured using a colour-marker and water determining the
coloration of samples taken at the inlet and outlet of the reactor. The recovery rate of the colour-
marker was determined as 79.3 % and measured intensities were area standardised for

evaluation of residence times. A gaussian approach was chosen to fit the real residence time

distribution (Figure 6).
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Figure 6. Residence time measurements for the tubular reactor without fouling using colour-markers in water. The
intensities of colouration were measured at the inlet and outlet of the reactor photometrically and the mean residence time
was determined as time between the mean inlet signal and mean outlet signal.

The real residence time distribution measured for the reactor without fouling results in a mean
residence time of 7reat = 3.1 min which is lower than the hydrodynamic residence time with
Thyd. = 3.6 min. This indicates that not the whole reactor shows an even flow profile and dead
zones are present. Moreover, the real residence time distribution at the outlet (420 s from first
marker-signal to last marker-signal) is wider than the one of the inlet (380 s) and tailing of the
signal can be observed, which indicates dead zones in the reactor. Concluding, the reactor has
a non-ideal flow profile with significant dead zones that are reducing the mean residence time
about 15 % compared to the hydrodynamic residence time. With the hydrodynamic residence
time and variance of the residence time distribution the BODENSTEIN number can be
calculated.’®® For the reactor, a BODENSTEIN number of 22.4 was obtained, which indicates a

continuous flow with low back mixing.

85



In the next step, residence time measurements with the same procedure were carried out in a
rinsed tubular reactor with intense fouling to compare the measured residence times and
evaluate if fouling can be detected by this characteristic reactor parameter (Figure 7).

Measurements were carried out using water and colour-marker.
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Figure 7: Residence time measurements for fouling detecti()ntzl':]tze[lsﬂlactor. A reactor containing fouling produced by the
standard recipe was used and after rinsing with water the residence time was measured using water and colour-marker.
The residence time distribution is significantly affected by the fouling in the reactor. The mean
real residence time with fouling iS 7rear foul. = 2.2 min which is significantly reduced to the real
residence time for the empty reactor zreas = 3.1 min. As reference the reactor filling with fouling
was determined gravimetrically by differential weighting of the reactor before and after the
reaction, resulting that 55 % of the reactor volume are filled with deposits. The decrease in
residence time is 30 % and with that lower than the calculated filling of the reactor by
gravimetric methods. Compared with the hydrodynamic residence time tnyd. = 3.6 min, the
residence time with fouling is 40 % reduced, which is comparable to the gravimetrically reactor
filling. The comparability of this is given as the formation of deposits is favoured in dead zones.
The whole reactor volume has to be considered for comparing fouling and not only the even
flowed parts. Moreover, the tailing of the residence time distribution is much stronger with
fouling in the reactor (480 s from first marker-signal to last) as there are more complex flow
profiles and colour-marker can be retained in the fouling. All in all, fouling affects the residence
time distribution in two ways. Firstly, the mean residence time is reduced by fouling. For high
fouling masses a reactor filling can be estimated with residence time measurement. Secondly,
the residence time distribution is getting wider with more fouling occurring and tailing of the

signal is more significant, so dead zones are increasing and the flow profile is less ideal.
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6.2 Cleaning procedures for polymerisation reactors

The reactor cleaning is a crucial point in the field of fouling research as one possible strategy
can be an efficient cleaning of the reactor when fouling occurs. A first cleaning strategy is
described in literature®>*"1 but there are further optimisations possible so cleaning of deposits
was investigated here. Different approaches were examined for deposits formed by emulsion
polymerisation, both chemical and mechanical cleaning was tested. As factors the remaining
fouling mass, the total time from end of the reaction to start of the next reaction and the scale-
up potential was evaluated. All cleaning concepts were firstly tested with the static mixers type
CSE-X (see ch. 5.2, p. 42, Fig. 1a) in a batch cleaning process and the most promising of them

afterwards transferred to continuous cleaning of the whole reactor.

For chemical cleaning, the reactor was washed with solvents that show a good solubility for the
polymer. Solvents tested were acetone and methanol as well as mixtures containing alkaline
solvents. The advantage of alkaline is that ester bonds are hydrolysed and the solubility in
hydrophilic solvents is increased. For this reason, mixtures containing sodium hydroxide or
potassium hydroxide in water combined with methanol or ethanol were investigated. The

temperature dependency of the cleaning was examined as well.

In literature a cleaning by mixing 50 wt.% 8 mol/L aqueous sodium hydroxide and 50 wt.%
ethanol was discussed. The mixture was circled for three to six hours at 80 °C in the reactor. It
was shown that the cleaning of deposits formed from circling non-reactive polymer dispersions

118689901 A recovery of the cleaning solution was not discussed. Concluding, this

was successfu
method is both time and resource consuming and seems not efficient on industrial scale but
reaches good cleaning results on lab-scale.

Alkaline cleaning as described in the publications mentioned abovel®*-*"!

causes changes in the
structure of fouling but is not suitable for efficient cleaning. The white deposit is changed to a
more dense, yellowish polymer but is not solved in the cleaning solution. Even 24 h of treatment
with cleaning solution at 60 — 80 °C do not remove the deposits completely. This agrees with
literature as polyvinyl alcohol is poorly soluble in organic solvents and even hot water.[°!
Cleaning can be reached by repeated treating the static mixers in hot alkaline solution followed
by boiling water to dissolve the formed polyvinyl alcohol. With this procedure most fouling
can be removed and only small aggregates of fouling remain at spots which are bad accessible.

Concluding the effort for cleaning the static mixers in a batch process, this approach was not

transferred to continuous cleaning.
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Solvent cleaning of the static mixers was performed with acetone, methanol and tetrahydrofuran
as all three solvents dissolve the polymer emulsion sufficient. A disadvantage of
tetrahydrofuran is that the emulsifier polyvinyl alcohol is insoluble so that even small amounts
of the emulsifier cannot be removed with this solvent. The polyvinyl acetate copolymer is
partially soluble in all of the solvents at 20 °C. With acetone the deposits are swelling within
minutes but dissolving is a slow process which needs more than 48 h. At elevated temperatures
the solubility is improved. With acetone under reflux cleaning with residues below 2 % is
possible within 3 h in batch cleaning. As this was the best examined chemical approach the
transfer to continuous cleaning without dismantling of the reactor was performed. One major
aspect in continuous cleaning is the accessibility of fouling as its coincidences that fouling
occurs primarily on dead zones. Dead zones are the most dificult to clean by rinsing the reactor
as exchange is very slow there. Moreover, boiling solvents cannot be handled safely in
continuous PFRs so that acetone at 20 °C and 50 °C was used for cleaning. Both can achieve
reduction in fouling, especially in zones with high flow velocities but the residues after cleaning
are higher as dead zones are addressed insufficient and diffusion of polymers is very slow. An
increased temperature reduces the cleaning time but the effect is lower than in batch cleaning

as the accessibility of dead zones remains a problem.

Besides chemical cleaning concepts it was investigated if cleaning can be more efficient with
addition mechanical influences. For that purpose, the batch cleaning with acetone was
compared with cleaning in acetone in an ultrasonic bath to improve diffusion and fasten
dissolving of the polymer. The cleaning times for the static mixers could be reduced from
several hours without ultrasonic treatment to few minutes with ultrasonic treatment. For fouling
intense cleaning situations two or three repetitions of the cleaning and rinsing were necessary
to remove the deposits fully. For lab-scale applications the time from end of one reaction to the
start of the next reaction was between 1.5 h and 2 h, which allows efficient cleaning. Any
further optimisation in cleaning time would not increase efficiency as the preparation of the
next reaction needs the same amount of time and both can be done parallel. This procedure was
chosen as resource-friendly and efficient cleaning concept with minimal use of solvent and
time. The scale-up potential is challenging as concepts which need a deconstruction of the

reactor set-up are not favourable on larger scale.

Concluding different cleaning strategies were tested and some of them are useful and efficient
on lab-scale but none of them seems promising on industrial scale. So, the scale-up potential is

still a challenge to solve in cleaning procedure in an industrial process.
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6.3 Influences of reactor coating on fouling masses

Reactor coatings with various materials are described in literature to reduce fouling during
polymerisation reactions.[**->2 Previous work showed that surface materials which reduce the
surface energy by their low surface energies could reduce polymerisation fouling so that
polymer fouling is dominant and total fouling masses are significantly decreased. Moreover, a
smoothened surface would reduce polymer fouling as reported.”?! The coating of static mixers
or the complete reactor would be expensive, so in a first step circular sample plates (d = 29mm)
were coated via atomic layer deposition (ALD) and the fouling behaviour on them observed.
The plates with hydrophilic and hydrophobic coatings were implemented in the measurement
cell for ultrasonic measurements'®®! as it was easily accessible for testing and samples can be
removed and analysed. The coatings tested were a hydrophilic titanium dioxide (TiOz) coating
with a water contact angle (WCA) of 11 °— 14 ° and a hydrophobic polydimethylsiloxane
(PDMS) coating with a water contact angle of 150 © — 160 °. The coatings were compared with
sample plates of the same electropolished stainless steel without coating. All experiments were
performed using the standard recipe published before for comparability.[®*! For all experiments
a runtime of 45 min was chosen and the amount of fouling as well as the cleaning behaviour

was investigated.

The stainless-steel reference plates result in fouling masses between 4.3 gand 4.9 g. The deposit
was strong attached to the plates and cleaning was only with mechanical work or solvent
possible. The hydrophobic PDMS coating does not result in a reproducible reduction of fouling
mass but the adhesion of fouling at the coated surface was weaker and deposits can be removed
by rinsing with water easily. A possible explanation for this is that the adhesion to coated
surfaces is lower and therefor the fouling can be removed easier. After rinsing a thin film
remains at the surface which can be removed mechanically. For hydrophilic titanium dioxide
coatings, the fouling mass in the measurement cell was reduced but the variance between three
experiments was large with 0.2 g to 3.0 g deposit on the sample plates. The adhesion of the
deposits is again weaker than on stainless steel and deposits can be removed by rinsing with

water and only a few micrometres thick film remains on the surface (Fig. 8).
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Figure 8: sample plates hydrophilic coated with titanium dioxide a) directly after 45 min polymerisation in the measurement
cell and b) after rinsing with water showing the thin, remaining fouling layer.

There are two possible explanations for this finding. On one hand, fouling can still occur on the
coated surfaces and only mechanical or chemical cleaning is improved with the coatings to
increase efficiency. On the other hand, fouling grows at the uncoated sides of the measurement
cell and reaches the sample plate during growth. Only the thin film is directly deposited on the
plate, so this film is difficult to clean and the rest can be removed as it was never attached to
the coated areas. For evaluating this it would be necessary to coat larger parts of the reactor to
prevent growing of fouling from uncoated surfaces to the coated. An evaluation of the
influences on fouling masses should be the next step to investigate coatings for fouling

reduction or increased cleaning efficiency as results are promising so far.
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6.4 Chemical properties of polyvinyl acetate dispersions

In emulsion polymerisation the most relevant properties are the particle size of the dispersion
and the molecular weight distribution of the resulting polymer. The stability of the dispersion
is important as well as instable dispersions change their properties fast after production. For
many applications the reaction conversion is relevant as volatile organic compounds like
monomers are not allowed in the products and removing them is mostly expensive and time
consuming. All these parameters must be considered for comparing different polymer
dispersions. The polymer properties of the obtained dispersions and their dependency of the

production process were investigated.

The reaction conversion of the polymerisation is strongly dependent on reaction conditions.
Regarding the emulsion copolymerisation of vinyl acetate conversions between 20 % and
100 % can be realised by choosing suitable formulations and process parameters. For the
standard recipe!®¥ the initial conversion is between 65 % and 85 % and decreases with time as

(5] Higher reaction conversions can be reached by increased

fouling reduces reaction volume.
initiator content, higher temperature, or higher residence times. For high solid content
polymerisations, the reaction conversion is mostly between 40 % and 60 % and can be increased
to 80 % but high conversions cause challenges in dispersion stability and flow control. If
residence times were set to a point where full reaction conversion is reached, the flow velocity
is so low that sedimentation and with that even more fouling occurs. Concluding, for emulsion
polymerisations with monomer contents above 30 wt.% the chosen reactor design is not
favourable and a second stage for post-polymerisation would improve conversion and product
properties as reaction conversion and flow velocities can be adjusted. Compared with batch
reactions the conversion in continuous reactors is decreased as batch reactors reach full
conversion with residual monomer contents below 1 % for a wide range of formulations. For
continuous operated polymerisation full conversion is more challenging as cooling capacity is
higher which reduces conversion. The residence time must be adjusted for every recipe to obtain
full conversion. On the other hand, reaction control is increased as cooling capacity is increased,
and reaction temperature can be adjusted precise which allows more control for product
properties. Concluding, the conversion is in continuous operation mostly lower than in batch
polymerisation and reaching the same conversion is more effort in continuous operation.
Otherwise, process control is increased, and same conversions can be reached with adjustments

in residence time.
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The particle sizes of the obtained dispersions were analysed by dynamic light scattering (DLS)
and disk centrifuge. Both methods are widely used for particle size measurement in polymer
dispersions.*! The particle sizes of dispersions investigated in this work varied between 80 nm
and 350 nm related to the used conditions. The strongest correlation is given by the emulsifier
content, which determines the number of formed micelles and with that the particle size of the
dispersion. Number mean particle sizes are reproductible between 180 nm and 230 nm, for
deviations the emulsifier content must be changed significantly. Compared with batch
polymerisation for the same recipe no change in particle sizes depending on operation mode is
observed. Only if process parameters are preventing a stable process, there are different particle
sizes in continuous operation. Concluding, in this case the particle size as important product
property is not affected by the operation mode of the process, so for vinyl acetate copolymers
a change in process can be achieved without changing product properties. This is important for
polymers as they are products by process and their applications depend highly on polymeric

properties.

The stability of the dispersions was investigated as well to detect if operation mode changes the
properties of the dispersion. For investigation of dispersion stability two analysis were carried
out. Firstly, the dispersions were evaluated optically if there is visible phase separation or
sedimentation. Moreover, the mean particle size of the same dispersion samples was measured
via DLS over time and the change in particle sizes was analysed for quantifying agglomeration.
The most important parameter for emulsion stability is the emulsifier content as the emulsifier
stabilises the latices. Emulsifier contents between 2 wt.% and 25 wt.% based on monomer
content were investigated. Both, less and too much emulsifier causes a decrease in emulsion
stability. For emulsions with less than 4 wt.% emulsifier content, the optical evaluation detects
heavy sedimentation and phase separation within hours or days. Dispersions with an emulsifier
content of 4 wt.% are stable on short terms but show slow sedimentation within weeks. Polymer
dispersions with emulsifier contents of 8 wt.% to 12 wt.% are optically stable for at least
30 days at 25 °C without showing sedimentation. After 90 days at 25 °C most of the samples
are still stable but some are starting to sediment. Above 16 wt.% emulsifier content the
sedimentation increases slightly, and dispersion stability is reduced. This can be caused by the
emulsifier polyvinyl alcohol which tends to form clusters which are less stable than dissolved
molecules.”!! The particle sizes of some samples of dispersion which are optically stable were

measured over time to detect changes caused by agglomeration and ripening (Figure 9).
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Figure 9: Development of particle sizes of polymer dispersion samples of the standard recipe with 8 wt.% emulsifier'®3 over
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time to detect agglomeration. As the time intervals were wide, a logarithmic scale was chosen.

The mean particle size of the dispersion is stable for at least one day but is slowly increasing
over weeks. This indicates that agglomeration and ripening is occurring in the polymer
dispersions but it is a slow process which affects the product properties in the first weeks
neglectable. After 30 days the mean particle size is 10 % increased but sedimentation is still not
visible. Concluding, the particle size of the dispersion is changing with storage but most recipes
are stable and sedimentation can be observed first after more than 30 days. The stability of
dispersions obtained from batch polymerisation and continuous polymerisation is completely

comparable and no difference given by the operation mode can be detected.

The molecular weights of the polymer dispersions were evaluated as well as it is an important
product property. Number mean molecular weights between 10 kg/mol and 150 kg/mol were
obtained. The most dispersion had number mean molecular weights between 25 kg/mol and 40
kg/mol. Molecular weights were influenced by process parameters as initiator concentration
and monomer content as expected, because the monomer to initiator ratio is changed and
termination and growth influenced. There was no significant influence of the operation mode
on molecular weights of the polymer as no time or concentration limitation was given by the

operation mode.

All in all, the product properties of the polymer dispersion are not dependent on the operation
mode and polymers with same properties as in batch polymerisation can be obtained with
continuous plug flow reactors. The most difficult parameter is the monomer conversion where
adjustments in residence time are necessary to obtain comparable results, but molecular
weights, particle sizes and dispersion stabilities are independent of operation. Concluding, the

product properties allow a transfer to continuous polymerisation.

93



6.5 Chemical properties of polyvinyl acetate deposits

The chemical properties of the fouling material were analysed as well. While particle size and
dispersion stability are important parameters for the product emulsion, for the fouling these
cannot be determined. Here the important parameters are solubility and swelling behaviour in
different solvents as well as the molecular weight of the polymers obtained. The molecular
weights are significantly higher in deposits than in the dispersion but have already been
discussed briefly in one of the publications.’®*! The main point will be solubility and swelling
behaviour of the polymer to determine possible branching and crosslinking which would
influence the solubility. As solvents methanol, acetone and tetrahydrofuran were used. The
soluble share at 20 °C and under reflux was measured and a swelling rate of the gel fraction
determined. For analysing the soluble share under reflux two procedures were carried out, a
Soxhlet extraction and dissolving in boiling solvent and filtration after 24 h of boiling. The
results of both methods are not comparable as dissolving long-chain polymers takes time and
in a Soxhlet extraction there is a time-limitation which increases gel fraction. For evaluation
the fresh deposits from the tubular reactor were used. These deposits contain 30 % to 40 % of
volatile compounds which were determined by differential weighting and drying the deposits
at 120 °C for 24 h. This fraction is mainly water, but small amounts of remaining monomer are
most likely included as well. For Soxhlet extraction the deposits were dried and a gel fraction
of 45 % to 55 % of the dried mass obtained. As solvents acetone and tetrahydrofuran were used
and both solvents were comparable in gel fraction content resulting. The gel fraction after
boiling 24 h in the solvents and filtration afterwards is with 2 % to 5 % of the fresh deposit mass
and 3 % to 8 % based on dried deposits much lower than the gel fraction determined by Soxhlet
extraction (Figure 10). This indicates that the molecular weights in the deposits are entangled
but no significant crosslinking is present. As the gel fraction is that small swelling tests do not

appear significant.

a)
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Figure 10: Visualisation of the composition of the deposits depending on the extraction method a) Soxhlet and b) boiling for
24 h.
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6.6 Influences of comonomer composition on polymerisation and product properties

The comonomer composition is one of the parameters directly influencing the fouling mass.[**!
Following it is a promising approach to change the comonomer composition for reducing
fouling. The polymer properties are likely influenced by the change in comonomer composition

as well, so the influences were investigated.

The comonomer composition is changed gradually between pure vinyl acetate and 50 wt.%
vinyl neodecanoate and glass transition temperature and monomer conversion measured for
comparison of product properties. Vinyl neodecanoate is a monomer with a larger sidechain so
the free volume of the polymer should be increased and following the glass transition
temperature should decrease. For conversion there may be a sterically hinderance that reduces
conversion. The conversion during batch copolymerisation of vinyl acetate and vinyl

neodecanoate were measured (Figure 11).
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Figure 11: Monomer conversion of the polymerisation depending on the comonomer composition.

The conversion is strongly influenced by the monomer composition, for vinyl neodecanoate
contents up to 20 wt.% the conversion of the polymerisation is not significantly influenced. An
increased share of vinyl neodecanoate reduces the conversion significantly. This is caused by
sterically hindrance of the vinyl neodecanoate. Particle sizes and molecular weights of the
formed polymer are not significantly influenced by the comonomer composition. The glass
transition temperature is another parameter which was investigated as it should be influenced

by the monomer composition (Figure 12).
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Figure 12: Correlation between glass transition temperature and comonomer composition given as weight fraction of vinyl
neodecanoate.

The glass transition temperature is strongly decreased by an increased amount of vinyl
neodecanoate. This is in good accordance with theory but changes the product properties of the
polymer dispersion. In literature the glass transition temperature for polyvinyl acetate
homopolymer is given with 28 °C.”#l For polyvinyl neodecanoate homopolymer a glass
transition temperature of -3 °C®l is published, so the glass transition temperatures of the
copolymers should be between this values depending on their composition. The glass transition
temperatures found in the experiments are generally higher than in literature described but the
trends agree well. The comparison between batch polymerisation and continuous
polymerisation shows no differences caused by operation mode. Concluding, the comonomer
composition is an important parameter for adjusting the product properties but is not influenced

by the operation mode of polymerisation.
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7. Discussion

Fouling is and will always be an important topic for industrial processes, especially for
polymerisation processes. An all-encompassing solution for this challenge would be a big
benefit but this is nearly impossible to reach as every process and every recipe is very different
and the reasons for fouling are various. For that reason, every process must be investigated

detailed and improvements for that process can be found.

In this work various aspects regarding fouling during continuous emulsion polymerisation of
vinyl acetate were discussed. Even for this system no global solution for fouling prevention

could be obtained but lots of insights were gained and different improvements were made.

In the first part the fundamentals were set, and a robust and reproducible setup was investigated.
For this reason, a recipe previously similar used for emulsion polymerisation in batch and
continuous PFR was investigated and optimised for high solid, fouling intense
polymerisations.’®¢! A redox-initiated polymerisation was chosen as it is similar to industrial
processes and a wide temperature range is accessible. The initial conversions of the standard
polymerisation were constantly between 75 % and 90 % in the used reactor and polymer
conversion decreases with time caused by fouling and the resulting loss in reaction volume.
With changes in the recipe the initial conversion can be reduced to 20 % — 30 % or increased
to nearly full conversion. The mean particle size in batch as well as continuous operation is
normally between 180 nm and 220 nm but can be adjusted by changes in the recipe from
100 nm to 300 nm to obtain stable dispersions. This particle sizes and conversions are
comparable with other publications in academic research. In industrial processes the conversion
must be higher so usually reaction time is increased to reach full conversion and a low
concentration of volatile organic compounds (VOC). The fouling mass of this standard recipe
was reproducible with an accuracy of 15 %. Fouling will never occur perfectly reproducible as
lots of statistical effects affect the fouling formation so that a deviation in fouling mass will
always be found and must be measured. With a deviation of 15 % in fouling masses it is possible
to analyse effects on fouling formation that are stronger than this deviation. This should be
possible for most effects if parameter ranges are chosen wide enough. Concluding, a standard

recipe was established, and the reproducibility and robustness proven and quantified.

With the knowledge about a standard recipe and the deviations within the recipe was varied and
effects on the fouling mass, conversion and molecular weight of the polymer were analysed. In

the first step, the single-factor influences were investigated to determine the factors which



influence the fouling. Investigated factors were the comonomer composition, the concentration
of initiator and emulsifier, and the temperature. All these factors influence the fouling mass in
the reactor which is in good accordance with the theory. The difference is that some factors are
directly influencing the fouling mass and others are influencing the conversion and the
conversion influences the fouling mass. The conversion of reactions is more commonly
investigated in kinetic studies than fouling masses. Influences of temperature and initiator

14.23.24] For emulsifier

concentration on conversion and reaction rate are widely described.!
content and comonomer composition there are less information. In this work it was shown that
emulsifier content as well influences the conversion and fouling mass only indirectly. This can
be explained by the rate of termination which is related to the probability of growing chains to
nucleate. The more emulsifier is available the higher is the probability that an initiated
oligoradical in water phase is stabilised and can grow further in a micelle. So, the conversion is
directly influenced by the emulsifier content. For the comonomer composition there is no
influence on conversion discussed in literature. This agrees well with the experimental results
because the fouling mass is influenced by this factor, but the conversion is kept constant. The
influences of all factors were quantified, and a prediction of fouling masses was possible.
Besides the single-factor evaluation there can be multi-factor effects that affect the fouling
mass. For that purpose, a multivariate approach was chosen to validate the single-factor
evaluation. Both approaches lead to very similar results so that both can be used but the
multivariate model is always the better option as it combines everything. With this model a
fouling prediction is possible for unknown recipes in this formulation field. The precision of
this prediction is given by the statistical deviation of 15 % in fouling masses discussed above.
Concluding, it is possible to determine the influences on fouling masses and predict fouling
masses for new recipes. This model can be transferred to different formulations as well and can
reduce experimental effort for fouling prediction. Unfortunately, in this polymer system the
fouling is directly proportional to the conversion so, fouling reduction is coupled with

conversion decrease which is not favourable.

Fouling reduction or prevention can be achieved with two pathways. Firstly, a chemical
approach in changing the recipe is possible but is ruled out for this polymerisation. Secondly,
an approach in reactor design can be followed. For this purpose, the optimisation of residence
time distribution or reactor surfaces can be used. The residence time distribution in the used
reactor was investigated and residence time measurements show a tailing of the marker signal
that indicates dead zones in the reactor. Dead zones are a serious challenge for fouling

prevention as low flow velocities favour sedimentation and thus fouling processes. Moreover,
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the properties of polymerisation in dead zones are completely different to the desired
polymerisation and molecular weights and stabilisation are different. This points out that the
PFR with static mixers is not the favourable reactor for continuous emulsion polymerisation or
a special design must be developed. Another possibility is the coating of the reactor surfaces
which can reduce surface energy and decrease the interactions with the reactor surfaces.
Hydrophilic and hydrophobic coatings were investigated on sample plates and both coating
types show influences on the fouling processes. The fouling cannot be completely prevented
but fouling masses can be reduced and above all the cleaning effort can be reduced significantly
as the adhesion of the deposits is lower. Concluding, coatings of reactor surfaces can improve

the situation especially for efficient cleaning as well as fouling reduction.

Another important part was the development of analytical methods for fouling detection and
inline particle size measurement. The particle size measurement in emulsion polymerisation is
mostly performed by dynamic light scattering (DLS). This method needs time and resource
consuming sampling, diluting the samples, and measuring them. An inline measurement
technology which is compatible with high solid contents as well as fast measurements is
promising as improvement for the efficiency of the process. Moreover, for continuous processes
it is possible to react fast on changed product properties and adjust the process so that the
product quality is kept constant. Turbidity is one characteristic property of any dispersion which
is mainly influenced by the concentration and shape of particles. Particle size is another
parameter as different sized particle show different scattering behaviour. In emulsion
polymerisation the number of particles is approximately constant after nucleation stage so that
no changes in particle concentration are expected. Changes in turbidity can be correlated with
the particle size in stable dispersions where agglomeration is not dominant. The measured
turbidity values were correlated with particle sizes determined by dynamic light scattering
(DLS) and disk centrifuge. Both methods result in an agreement of the values, but DLS is more
precise in correlation as both are light scattering methods referring to the same mean diameter
while disk centrifuge as sedimentation method refers to another mean diameter. A calibration
of turbidity values and mean particle sizes was obtained and validated. The method was able to
measure particle sizes between 100 nm and 250 nm for this polymerisation with a precision
below 5 % deviation. An advantage is the fast and automatic processing of the data to obtain
particle sizes within seconds. Disadvantageous is that this method is highly dependent on the
recipe and process so for every changed process a new calibration is necessary. Moreover,
precision is below the level of conventional methods like DLS but within the scope of industrial

relevance. Concluding, this method is well suitable for monitoring a production process for
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detecting divergences from specifications but is less suitable for academic particle size

measurement in changing environments.

The detection of fouling in reactors is an important challenge as fouling is a safety risk and
influences product properties. Fouling can occur in various processes and the reasons for
fouling are diverse. In this case fouling during emulsion polymerisation was investigated and
suitable detection methods investigated. For lab-scale the weighting of the reactor gives
information about fouling masses in the reactor!’>’# but this is not applicable on industrial
scale. The development of sensor concepts that are applicable scale-independent was another
goal. Different measured variables were addressed and some sensors successful established. A
first idea was to detect fouling by changes in residence time distribution as fouling decreases
the reaction volume and with that the residence time. Colour-marker measurements were
performed for residence time characterisation of the reactor, and this can be compared with
measurements for the reactor with fouling, especially at fouling intense situations. The
residence time is decreased for the reactor containing deposits and the tailing of the outlet signal
increases as more dead zones are formed by deposits. This method is generally suitable but
demands a high effort as the polymerisation must be stopped and colour-marker measurements
must be performed. This decreases the efficiency of this method. Therefore, this method is not

favourable for industrial purposes.

The detection of a reduced reaction volume for indicating fouling was followed further and a
method based on reaction conversion was established. If the reaction time and residence time
are similar, which is often given for high efficiency of the processes, a decrease in reaction
volume will cause a decreased conversion as residence time is shorter. Moreover, the
conversion of reactions is often followed for monitoring the process and so this can be used for
indirect fouling measurement as well. Fouling masses calculated by decrease in conversion and
gravimetrically references agree well so this method is suitable for detecting and quantifying
fouling inline. Advantageous is that this method is efficient as it does not require additional
equipment if conversion is already detected. A challenge can be the detection limit for fouling
as conversion is only significantly influenced if the reaction volume is significantly reduced

and small amounts of fouling cannot be detected with this method.

Different other approaches which were based on optical and scattering technologies were
promising first but did not reach the reproducibility and robustness needed as the detection area
was too small and the situation in the reactor was not pictured reliable. Electrochemical

impedance spectroscopy for fouling detection was tested as well and is promising for small

100



amounts of fouling with very low detection limits but the upper detection limit is reached soon
and fouling intense processes can only be monitored for minutes until saturation is reached.[””!
A promising approach is the ultrasonic measurement technology. A measurement cell is
attached inline, or atline for larger scales, and the average sound velocity (ASV) is monitored.
The ASV is media-dependent so fouling will cause a change in ASV. Fouling masses in the
measurement cell were determined gravimetrically and correlated with the change in ASV
measured. The results are in good accordance with the fouling masses of the reactor end which
is plausible as the measurement cell is placed at the outlet of the reactor. The same fouling
trends are detected, and the most fouling intense point is monitored. Moreover, the fouling
growth and cleaning of the measurement cell can be monitored so besides fouling growth the
cleaning can be supervised as well. This is an advantage for process efficiency as cleaning can
be optimised and automated. A challenge here are dead zones as cleaning of these needs more
time and cannot be detected. Concluding, for an optimised reactor with less dead zones this
technology would be able to guarantee precise cleaning as well as fouling measurement but for

the real reactor small amounts of fouling remained in the dead zones.

All in all, various aspects of fouling during continuous emulsion polymerisation of vinyl acetate
were investigated and progress in different fields achieved. The knowledge about fouling
processes and fouling pathways was improved and prediction models for fouling generated.
The inline analytics for emulsion polymerisation improved both for particle size measurement
and fouling detection. Different approaches were investigated and successfully their suitability

and limitations shown.
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9. Appendix

9.1 Table of Chemicals

Table 1: Chemicals used and their classification according to GHS including hazard pictograms, safety and precautionary

statements.°7]

Chemical Hazard pictograms
H-phrases P-phrases
(CAS-number) Signal word
210-240-
Acetone 225-319-336-
EUHO066 305+351+338-
(67-64-1) Danger 403+233
Ammonium
iron(III) sulfate 318 280-305+351+338-
dodecahydrate 310
Danger
(7783-83-7)

Ascorbic acid

Not a hazardous substance according to Regulation (EG) No.

(9002-89-5)

(50-81-7) 1272/2008
202-280-
302+352+312-
Dimethylacetamide
312+332-319-360D 304+340+312-
(127-19-5)
Danger 305+351+338-
308+313
210-233-280-
Methanol @ 225-331-311-301-
70 302+352-304+340-
(67-56-1) Danger 308+310-403+235
Mowiol 4-88

Not a hazardous substance according to Regulation (EG) No.

1272/2008




234-260-280-

Potassium
—+ -
hydroxide @ 014312
290-302-314 303+361+353-
(1310-58-3) Danger 305+351+338
- + + -
Sodium hydroxide 280-301+330+331
(1310732 290-314 305+351+338-
D 308+310
anger
210-220-234-243-
@ 264-273-280-284-
tert-Butyl 226-242-302-311-
. 303+361+353-
hydroperoxide @ @ 330-314-317-341-
305+351+338-310-
(75-91-2) Hl 320-405-410-
Danger
411+235-420-501
210-280-
Tetrahydrofuran @@ 225-302-319-335- 301+312+330-
(109-99-9) 351-EUHO019 305+351+338-
Danger
370+378-403+235
Vinyl neodecanoate
410 273-391-501
26544-09-2
( ) Warning
: 210-261-273-
Vinyl acetate @ 225-332-335-351-
4o 304+340+312-
108-05-4
(108-05-4) Danger 403+235
Water Not a hazardous substance according to Regulation (EG) No.
(7732-18-5) 1272/2008
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9.2 Supporting information “Formulation and process determined fouling prediction for

the continuous emulsion co polymerisation of vinyl acetate”

Supplementary Information

Set-up Temperature | Emulsifier  content | initiator content | Comonomer
number [°C) [Wt%  based on|[wi% based on | ratio Xvac
monomer] monomer|
01 30 8 1 0.9
02 40 8 1 0.9
03 50 8 I 0.9
04 20 8 1 0.9
05 20 8 0.1 0.9
06 20 8 2 0.9
07 20 5 1 0.9
08 20 15 1 0.9
09 20 8 1 1
10 20 8 1 0.8
11 20 8 0.3 0.9
12 20 8 0.5 0.9
13 20 8 0.8 0.9
14 5 8 1 0.9
15 10 8 1 0.9
16 20 12 I 0.9
400 -

o 10 20 30 40 S0
temperature [*C]
Fig. 9

Calculation of the fouling mass for the red point in Fig. 9 with the process conditions
T =50°C,w; = 1wt%,wg = 8wt%, xps = 0.9:

Meoulingt = 120 minmv(T = 50°C,w; = 1 wt%, wg = 8 wt%, xy 4. = 0.9)

mg 1736
= 3267 (0.902-e o314 T +0.841)-

012
1.70 - (wg — (~0.102))*"* = 1.73
() ( (we (0665 ) ) - 296 % + 486.4-09 - 467.2

= 290.5 mg/ gmixer
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Calculation of the conversion for the red point in Fig. 10 with the process conditions
T=20°C,w; = 1wt%, wg = 8wt%:
173.6
X(T =20°C,w; =1 wt%, wg = 8 Wt%) =37 = (0.902 - e B3TAT 4+ 0.318) .

1.71- (8 — 3.73)*12 - 1.37

L ( 0.665 ) =009

Raw data for modelling process

Table S1: Data from figure 5.

Conversion Fouling mass [mg/gmier]
0.56765 124.9
0.63193 187.5
0.73739 223.1
0.74496 185.7
0.56765 161.2
0.58655 178.1
0.46597 120.6
0.37479 96
1.01092 232.1
0.5958 227.7
0.24454 33.4
0.22647 7.6
0.65798 135.1
0.66933 173.5
0.83025 220.5
0.74664 203.2
0.85 275.2
0.81639 302.97
0.91134 309.95
0.324 94
0.445 105.8
0.495 87.8
0.354 113.7
0.381 126
0.632 197.2
0.737 197.7

Table S2: Data from figure 6.

Temperature [°C] Conversion
20 0.56765
20 0.63193
20 0.73739
20 .74496
20 0.56765
20 0.58655
30 0.83025
30 0.74664
40 0.85

40 0.81639
50 0.91134
50 0.92

5 0.35378
10 0,38067

111



Table S3: Data from figure 7.

Emulsifier content [w1%] Conversion

8 0.58403

0.63193

0.73739

0.74496

0.56765

0.73193

|00 00|00 |00 |00

0.41134

0.37479

h

0.82311

—|—|tn

h

1

12 0.86311

12 0.83403

Table S4: Data from figure 8,

Initiator content [w1%] Conversion
1 0.56765
1 0.63193
1 0.73739
1 0.74496
1 0.56765
1 0.58655
0.1 0.24454
0.1 0.22647
2 0.65798
2 0.66933
0.3 0.26303
0.3 0.346064
0.5 0.27227
0.5 0.44538
0.8 0.45882
0.8 0.72227

Table S5: Data from figure 9.

Proportion vinyl acetate Fouling mass | mg/gmixer|
0.9 124.9
0.9 187.5
0.9 223.1
0.9 185.7
0.9 161.2
0.9 178.1
1 211.7
1 193.9
0.8 103
0.8 108.1
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9.3 Supporting information “Ultrasonic and conversion-based inline fouling

measurements for continuous emulsion copolymerisation of vinyl acetate”

Supplementary information for the publication “Ultrasonic and conversion-based
inline fouling measurements for continuous emulsion copolymerisation of vinyl
acetate in a tubular reactor”

Author information
Séren Rust’, Marco Osenberg?, Thomas Musch?, Werner Pauer®

Corresponding author
Werner Pauer, werner.pauer@chemie.uni-hamburg.de

Affiliations
' Institute for Technical and Macromolecular Chemistry, University of Hamburg,

Bundesstrafie 45, 20146 Hamburg, Germany

2 Ruhr-University Bochum, Chair of Electronic Circuits, UniversititsstraBe 150, 44801

Bochum, Germany

Raw data Fig. 4+5

deposit
experiment emulsion deposit reactor
inlet
molecular | PSR- P-SR- PSR- P-SR- P-SR- Pr3R: B P-5K- e
weight 455E 4S6E 457E 458E 459F 4568 4578 4558 457A
Belag Belag Belag Anfang
| 389E+02 | 0.00E+00_| 0.00E+00_| 0.00E+00 | 0.00E+00 | 0.00E+00_| 0.00E+00_| 0.00E+00_| 0.00E+ O0E+00
[ 3976402 | 0.00E400 | 187603 | 0.00E+00 | 3.74E-06 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+ 26E-04
4056102 | 377603 | 235602 | 0.00E100 | 4.96E-04 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+ 12604

4.13E402 1.02E-03 2.38E02 9.93E-05 2.04E-02 0.00E+00 | D.00E400 | 0.00E+00 | 0.00E400 | 1.44E-03
421E402 | 4.54E-05 3.04E-02 1.62E-03 1.59E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.90E-04
430E402 1.22E-03 2.10E-02 0.00E+00 | 2.91E-02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 6.20E-03
4 39E+02 T.03E-03 2.35E-02 2.54E-05 1 46E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.24E-02
4 ASE+H02 4. 10E-03 2.78E-02 4.93E-04 3.27E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.45E-02
4.5TEA02 7.88E-03 3.55E-02 2.62E-04 281E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.98E-02
466E+02 | S6IE-03 | 4.74E-02 1. 50E-04 3.78E-02 241E-D4 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.38E-02

| 4766402 | 2.65E-03 | 4.35E-02 | 3.60E-03 4.826-03 | 0.00E+00_| 0.00E+00 | 0.00E+00 | 3.39E-02
ﬁﬁEH F 8.52E-03 4.55E-02 S.97E-03 5.39E-( OOE+00 | 0.00E+00 LOOE+ 3.51E-02
| 4.96EH)2 LBE-03 4.91E-02 SSE-03 1.34E-(4 LOOE+00 | 0.00E+00 LDOE+H 4.78E-02
SO6EH02 | 722603 | 3.52E02 | 4.31E-03 349603 | 0.00E+00 | 0.00E+00 | 0.00E+ 540E-02
5.16E+02 6.76E-03 4.47E-02 9.75E-03 1.22E-02 0.00E+00 | 0.00E+H00 | 0.00E+00 | 6.40E-02
5276402 | 9.08E-03 | 4.36E-02 | 4.32E-03 491E-03 | 0.00E+00_| 0.00E+00_| 0.00E+00 | 5.89E-02
537E+02 4.38E-03 3.83E-02 23E-04 6.56E- OOEH00 | 0.00E+00 LDOE+ 5.83E-02
S ABE+)2 T5E-03 4.42E-02 4.66E-03 205E-04 LOOE+00 | 0.00E+H00 LOOE+ 5.74E-02
5 S9E+02 6.08E-013 4. 20E-02 LOOEA+D0 S2E-03 LOOE+00 | 0.00E+00 LDOEH 6.19E-02

STIEH 4.11E-03 4.77E-02 5.60E-05 3A9E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.46E-02

SE3EH2 | 2.99E-03 2.51E02 2.99E-03 3.15E-02 0.00E400 | 0.00E+00 | 0.00E+00 | 0.00E4+00 | 5.99E-02
S94E402 | 3.94E-03 | 4.35E-02 3.48E-03 L69E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 6.74E-02
6.07E4)2 4.39E-03 4.28E-02 2.55E-03 A9E-02 .21E-05 OOEH00 | 0.00E+00 LOOEH 8.93E-02 |
6.19E+02 5.96E-03 3.15E-02 2.72E-05 2.94E-02 4.23E-03 OOEH00 | 0.00E+00 LOOEH 8.38E-02 |
6.32E402 3.52E-03 4.4M4E-02 3.15E-03 3.95E-02 LOOE+00 LOOE+H00 | 0L0OE+00 LOOE+ 6.97E-02
6ASEH02 1.89E-03 3.58E-02 4.15E-06 3.76E-02 6.29E-05 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.76E-02
6.58E+02 | 2.20E-03 2.82E-02 1.14E-03 2.74E-02 5.A42E-03 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.31E-02
6.71E402 2.31E-03 4.00E-02 1.45E-06 3.86E-02 1.73E-02 LDOEH0 | 0.00E+00 LOOEH B4E-02
6.85E+02 3. 76E-M 5.27E02 3.55E-03 JATE-02 1.96E-06 O0EH00 | 0.00E+00 LOOE+ 3.31E-02
699EH02 | 2.66E-03 5.21E-02 6.99E-03 2.78E-02 4.21E-04 OO0E+00 | 0.00E+00 LOOE+ L 36E-02
7 0.00E+00 | 7.31E-02

A3EH2 | S98E-03 | 4.08E-02 6.07E-05 | 4.61E-02 T.03E-0!
T28E+02 | 6.05E-03 3.67E-02 4.66E-03 3.72E-02 1.92E-0 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.26E-02
TAEH02 | 8.99E-03 3.63E-02 1.41E-02 3 44E-02 9.59E-08 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.79E-02
758E+)2 9A41E-03 3.66E-02 5.19E-03 3.03E-02 1.50E-( O0EHD0 | 0.00E+00 | 0.00E+00 | 7.67E-02
7.73E+02 B.85E-03 4.84E-02 6.36E-03 3.97E-02 1.28E( LOEHD0 | 0.00E+00 | 0.00E+00 | 7.79E-02
T89E40 1.86E-02 5.52E-02 847E-03 | 4.37E-02 1.56E-04 OOEH0 | 0.00E+00 | 0.00E+00 | 8.39E-02
8.05E402 1.55E-02 5.10E-02 9.32E-03 | 4.92E-02 1.85E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.03E-01
22EH)2 S3IE-02 | 440E-02 8.60E-03 | 4.15E-02 2.23E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.89E-02

g
2
=
5

J8EH)2 S8E-03 3A9E-02 LI4E-02 | 441E-02 1.69E-03 OOE+00 | 0.00E+00 LOOE+0 .22E-02
| 8.S6EH)2 S6E-02 | 4.10E-02 1.74E-02 5.37E-02 2.67E-02 LOOE+00 | 0.00E+00 LO0E+00 | 8.87E-02
8.73E4+02 24E-02 | 6.32E402 8.98E-03 | 4.25E-02 LS1E-02 LOOEHI0 | 0.00E+00 LOOE+0 9.81E-02
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891E+H2 1.29E-02 4.23E-02 1.38E-02 4.86E-02 1.30E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | B.96E-02
909E+02 | 2.14E-02 | 5.04E-02 | 2.08E-02 | 4.63E-02 | 3.77E-04 | 0.00E+00 | 0.00E+00_| 0.00E+00 | 8.19E-02
928EH)2 2.06E-02 6.98E-02 1.5TE-02 5.86E-02 2.88E-02 0.00E+00 | 0.00EH)0 | 0.00E+00 | 9.51E-02
9ATEX02 | 213602 | 633E-02 | 1.64E-02 | 5.64E-02 | 2.33E-02 | 0.00E+00 | 0.00E+00_| 0.00E+00 | 9.72E-02
| 9.66E+0)2 1.52E-02 4.98E-02 235E-02 4.65E-02 3.06E-02 0.00E+00 | 0.00E+00 | 0.00EH00 | 8.58E-02 |
| 986E+)2 2.69E-02 6.97E-02 2.13E-02 5.15E-02 240E-02 0.00E4+00 | 0.00E+00 | 0.00EH00 | 9.06E-02 |
LOIEW3 | 22302 | 6.50E-02 | 227E-02 | S88E-02 | 4.726-02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.60E-02
1.03EH) 2.43E-02 7.A5EL 2.96E02 6.26E-02 J01E-02 0.00E+00 | 0.00E+00 | 0.00EHI0 | 9.22E-02
10SE103 | 3.13E-02 | 7.03E-02 | 3.00E02 | 6.07E-02 | 3.77E-02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.47E-03
1.07E+H3 2.50E-02 3.84E-02 2. 14E-02 5.88E-02 4.25E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | 941E-02
1096403 | 2.84E-02 | 5.83E-02 | 2.65E-02 | 646E-02 | 4.66E-02 | 0.00E+00 | 0.00E+00_| 0.00E+00_| 9.91E-02
L1IEW03 | 347602 | 667E-02 | 3.18E-02 | 6.22E-02 | 3.85E-02 | 0.00E+00 | 0.00E+00_| 0.00E+00_| 1.00E-01
| 1.14E+03 3.69E-02 5.13E-02 300E-02 TA0E-02 3. 18E-02 0.00E+00 | 0.00EHNX 0.00EHD0 | 9.15E-02
| 1L.I6E+03 3.19E-02 6.72E-02 2.99E-02 6.98E-02 3.08E-02 0.00E+00 | 0.00E-HX 0.00E+00 | 7.98E-02
| 1LIBEH3 4.08E-02 T.56E-02 3.19E-02 6.59E-02 AOE-02 0.00E4+00 | 0.00E+)X 0O0EH0 | 9.27E-02
121E+03 4.40E-02 T.14E-02 3.52E-02 6.52E-02 3.TIE-02 0.00E+00 | 0.00E+00 | 0.00E+00 1.08E-01
1236403 | 392600 | 698E-02 | 3.726-02 | 7.35E-02 | 4.51E-02 | 0.00E+00 | 0.00E+00_| 0.00E+00 | 1.01E-01
26EH). 3.76E-02 6.10E-02 3ASE-02 7.37E-02 5.29E-02 O.00E+00 | 0.00E+00 | 0.00E+HID L7E-01 |
|1 28EH) 3.62E-02 6.85E-02 4.04E-02 6.96E-02 6.17E-02 0.00E4+00 | 0.00E+00 | 0.00E+00 OTE-0
31EH03 | 455602 | 8.54E02 | 3.72E-02 | 745E-02 | 6.22E-02 | 0.00E+00 | 0.00E+00_| 0.00E+00_| 1.08E-0
134E+03 4.66E-02 T.77E-02 4.08E-02 6.99E-02 S5.85E-02 0.00E+00 | 0.00E+00 | 0.00E+00 1.17E-01
136E+03 | 4.83E-02 | 8.36E-02 | 3.92E-02 | 6.80E-02 | 6.59E-02 | 0.00E+00 | 0.00E+00_| 0.00E+00 | 1.03E-01
139E+03 5.19E-02 8.68E-02 4.77E-02 TATE02 6.05E-02 0.00E+00 | 0.00E+00 | 0.00E+00 1.02E-01
142E+03 5.54E-02 8.25E-02 4.67E-02 8.28E-02 8.09E-02 (0L.OOE+00 | 0.00E-+H)X 000EHO0 | 9.93E-02
TASE103 | 532600 | 7.52E-02 | S.A7E-02 | 7.27E-02 | 7.08E-02 WE00_| 0.00E+00_| 0.00E+00 | 9.42E-02 |
| 148E+03 5.44E-02 B.87E-02 SA0E-02 8.31E-02 6.90E-02 WE+0 LOOE-H LODEHDO 1.08E-0
SIEW3 | 5.69E-02 | 072602 | 4.78E-02 | 845602 | 6.63E-02 WE+00_| 0.00E+00 | 0.00E+00 | 1.10E-0
1.54E+03 5.97E-02 7.90E-02 5.04E-02 9.00E-02 TATE-O2 0.00E+00 | 0.00E+00 | 0.00E+00 1.OTE-01
1 5TEHI3 5.37E-02 1L.O3E-01 4.94E-02 8. 19E-02 7.73E-02 0.00E+00 | 0.00E+00 | 0.00E+D0 1.22E-01
160E+03 | 638E-02 | 1.O4E-01 | 5.08E-02 | 7.54E-02 | B40E-02 | 0.00E+00 | 0.00E+00_| 0.00E+00 | I.14E-01
| 1.63E+H03 640E-02 1.08E-01 6.38E-02 8.50E-02 8.26E-02 0.00E+00 | 0LOOE+HD0 | 0.00E+HDD 1.12E-01
HTEH)3 5.89E-02 9.81E-02 6.21E-02 9.21E-02 9.04E-02 0.00E+00 | 0.00E+00 | 0.00E+00 1.09E-01
JOEH)3 6.22E-02 1.06E-01 5.73E-02 9.62E02 T.15E02 0.00E+00 | 0.00EH0 | 0.00E+HDO 1.16E-01
1.74E+03 6.46E-02 1.12E-01 5.82E-02 8.97TE-02 8.29E-02 0.00E+00 | 0.00E+00 | 0.00E+00 1.30E-01
1776103 | 6A7E-02 | 1I3E-01 | 6.35E-02 | 0.13E-02_| 6.76E-02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.29E-01
1 81E+H03 7.22E-02 1.15E-01 6.30E-02 1.02E-01 BA4E-02 (LOOE+00 LOEHO | 0.00E+H0 1.22E-01 |
I85E103 | T61E-02 | 0.84E-02 | 640E-02 | 9.43E-02 | 9.56E-02 | 0.00E+00 | 0.00E+00_| 0.00E+00_| 1.26E-01 |
1 88E403 | 6.93E-02 | 1.12E-01 | 6.03E-02 | 1.00EA 99 00E+00_| 0.00E+00 | 0.00EX00 | I.16E-01
1.92E+)3 36E-02 1.O7E-01 6.37E-02 LIIE 9.77E-02 LOOE+00 LOOEH LOOE+HDO 1.14E-01
1966103 | 8.11E-02 | 10SE-01 | 6.756-02 | LIOE-01 | 1.0SE-01 | 0.00E+00 | 0.00E+00_| 0.00E+00 | 1.22E-01
2.00E+03 8.11E-02 1.04E-01 157E-02 1LOSE-01 1.07E-01 0.00E+00 | 0.00E+00 | 0.00E+00 1.26E-01
204E403 | 721602 | LIIE-O1 | 7.52E-02 | 1.06E01 | .IGE-01 | 0.00E+00 | 0.00E+00 | 0.00E+00_| 1.26E-01
| 208E+03 8.24E-02 9.28E-02 7.08E-02 LO8E O9EA WE+00 | 0.00E+H)) LODE+H)O ATE-0
2.13E+H3 G2E-02 1.15E-L TATE-2 J0EA ATEA WE+00 | 0.00E+)( LODEH)O 28E-01 |
20TEW03 | 76402 | 1I7E-01 | 7.64E-02 | 1.08EA 06EL O0E+00_| 0.00E+00 | 0.00EX00_| 1.36E-0
221E+03 8.63E-02 1.32E-0 8.02E-02 1LI2E-01 1.08E-01 0.00E4+00 | 0.00E+00 | 0.00E+00 1.33E-01
226EH3 8.58E-02 1.27E-01 8.39E-02 LIIE0] 1.10E-01 0.00E+00 | 0.00E+00 | 0.00E-+00 1.36E-01
231EH3 8.45E-02 1.30E-01 8.81E-02 1.15E-01 1.I13E-01 0.00E+00 | 0.00E+00 | 0.00E+00 1.30E-01
235E403 8.05E-02 1.32E-01 8.25E-02 1LITEA01 1.10E-01 0.00E+00 | 0.00E+00 | 0.00E+00 1.40E-01
2A0E+03 | 8.78E-02 | 1.29E-01 | 8.70E02 | 1ISE01 | 1.27E-01 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.38E-01
2A5EH3 8.91E-02 1.36E-01 9.09E-02 1.32E-01 1.32E-01 0.00E+00 | 0.00E+00 | 0.00E+00 1.15E-01
250EH)3 9.35E-02 1.28E-01 B.82E-02 1.27E-01 1.32E-01 0.00E+00 | 0.00EH)0 | 0.00E+HOO 1.32E-01
255EH03 | 9.71E02 | 131E-01 | 957E-02 | 1.29E01 | I.37E-01 | 0.00E+00 | 0.00E+00 | 0.00E¥00 | 1.32E-01
260E+03 9.62E-02 1.43E-01 9.42E-02 1.25E-01 1.39E-01 0.00E+00 LME-+H 0.00E+HID 1.51E-01
366E103 | 9.71E-02 | 139E-01 | 9.54E-02 | 1.26E-01 | 1.29E-01 | 0.00E+00 | 0.00E+00_| 0.00E+00 | 1.45E-01
2.71EH. L03E-01 34EL O3E-C 36EL A9EA JOE+00 LOOEH LOOE+HO0 31E-0
2.77TEHD; L T2E-02 ATEA 3.69E-02 I6EA A6EA WE+00 LOEH LOOE+H)O AGE-01 |
2826403 | 1I2E-01 | 1.36E-01 | 9.60E-02 | 1.41E HAEA WOE+00_| 0.00E+00 | 0.00E+00 | 143E-0
2RBE+03 1L12E-01 1.33E-01 9.68E-02 1.45E-01 1.59E-01 0.00E+00 | 0.00E+00 | 0.00E+D0 1.49E-01
294E+03 | 112E-01 | 148E-01 | L1IE-01 | 1.42E01 | I47E-01 | 0.00E+00 | 0.00E+00 | 0.00EX00 | 1.65E-01
J.00EH3 ATE-] S4EA] A0E-0 AYEA ATEA LO0E+00 LOOEHN LOOE-+HO SSE
| 3.06E+03 J2E-] GOE-( JOE-O ATEA SBEA DOE+00 LOOEHN LOOE+HOO .
3I2EH03 | 1I4EL ATEL GE-01 | 1.43E TIEA O0E+00_| 0.00E+00_| 0.00E+00 | 1.61E-
3.19E403 1.20E-01 1.53E-01 1.20E-01 1.43E-01 1.64E-01 0.00E+H00 | 0.00E+00 | 0.00E+00 1.63E-01
325E403 1.ITE01 1.52E-01 1.24E-01 1.55E-01 1.59E-01 0.00E+00 | 0.00E+00 | 0.00E+00 1.61E-01
332E+03 1.27E-01 1.54E-01 1.28E-01 1.53E-01 1.74E-01 0.00E+00 | 0.00E+00 | 0.00E+OD 1.69E-01
339E+03 | 1.23E-01 | 176E01 | 1.25E01 | ISIE01 | 1.70E-01 | 0.00E+00_| 0.00E+00 | 0.00E+00 | 1.71E-01
346E+03 | 120601 | 1.67E-01 | I.27E-01 | 1.59E-01 | I.BIE-O1 | 0.00EX00 | 0.00E+00_| 0.00E+00 | 1.75E-01
353E403 1.31E-01 1.62E-01 1.33E-01 1.62E-01 1.84E-01 0.00E+00 | 0.00E+00 | 0.00E+O0 1.78E-01
360E103 | 130E-01 | 1.75E-01 | 1.3SE-01 | 1.64E-01 | 1.83E-01 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.83E-01
IHTEH3 1.39E-0 1.65E-0 1.29E-0 H4E-0] 1.88E-01 0.00EH00 | 0.00E+00 | 0.00E+DD 1.75E-01
375E03 | 143E01 | 1.74E-01 | I.39E01 | 1.69E-01 | 1.75E-01 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.75E-01
386403 | 144601 | 184E-01 | T4IE01 | I.70E-01 | 1.926-01 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.84E-01
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3.90E+03 1.47E-0 1.82E-01 1.41E-0 1.80E-01 1.95E-01 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.78E-01
398EH3 L4TED L6TE-01 141E-0 1.88E-01 1.90E-01 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.95E-01
406E+03 1.52E-0 1.85E-01 1.45E-0 1.88E-01 1L.92E-01 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.84E-01
4.15E+03 1.57E-01 1.92E-01 148E-01 LB4E-01 2.05E-01 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.89E-01
423E403 LOIE-0] 1.76E-01 1.50E-01 1.85E-01 1.99E-01 0.00E4+00 | 0.00E+00 | 0.00E+00 | 1.94E-01
4.32E403 1.56E-01 1.87E-01 147E-01 1.84E-01 2.19E-01 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.86E-01
440E+03 L61E-01 2.00E-D1 L51E-01 1.90E-01 2.30E-01 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.88E-01
4 50E403 L62E-01 2.01E-01 LOIE-0] 1.97E-01 2.29E-01 0.00E+00 | 0.00E+00 | 0.00E4+00 | 1.88E-01
4.59E+03 1.65E-01 1.95E-01 1.58E-01 2.00E-01 2A0E-01 0.00E+00_ | 0.00E+00 | 0.00E+00 | 1.78E-01
4.68E403 1.74E-01 2.08E-01 1.63E-01 1.99E-01 2.33E-01 0.00E+00 | 0.00E+00 | 6.49E-03 1.84E-01
4.78E+03 1.73E-01 2.09E-01 LTIE-01 1.95E-01 241E-01 0.00E+00_ | 0.00E+00 | 5.16E-03 1.95E-01
4 8TEH03 L.71E-01 2.23E-01 1L.72E-01 2.02E-01 2A4E-01 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.92E-01
497E403 1.83E-01 2.23E-01 1.75E-01 2.05E-01 2.57E-01 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.90E-01
5.08E+03 1.BIE-01 2.08E-01 L.78E-01 2.11E-01 2.46E-01 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.94E-01
S.18E403 1.85E-01 2.16E-01 1.85E-01 2.09E-01 2ATE-01 0.00E+00 | 0.00E+00 | 0.00E4+00 | 1.93E-01
528E+03 1.92E-01 2.09E-01 1.86E-01 2.14E-01 2A9E-01 0.00E+00_ | 0.00E+00 | 1.21E-03 2.07E-01
S39EH03 1.90E-01 2.26E-01 1.84E-01 2.29E-01 2.55E-01 0.00E+00 | 0.00E+00 | 3.54E-03 2.13E-01
S50E+03 1.93E-01 2.26E-01 1.85E-01 2.26E-01 2.74E-01 LOOE+00 | 0L00E+00 | 2.18E-03 1.99E-01
SH2EHW3 | 1.90E-01 | 2.10E-D1 1.95E-01 | 2.22E-01 | 2.79E-01 LOOEA+00 | 0.00E+00 | 8.52E-03 | 2.08E-01
5.13E403 1.98E-01 2.30E-01 1.98E-01 2.35E-01 2.65E-01 SOE-03 | 0.00E+00 | 1.14E-02 2.09E-01
585E+03 | 2.00E-01 2.33E-01 1.93E-01 2.32E-01 2.59E-01 262E-03 | 0.00E+00 | 5.06E-03 2.15E-01
S9TEH] 2.05E-01 2.46E-01 2.00E-01 2.33E-01 2.75E-01 0.00E+00 | 0.00E+00 | 4.30E-03 2.23E-01
6.09E+03 2.11E-01 2.45E-01 2.00E-01 242E-01 2.86E-01 0.00E+00 | 0.00E+00 | 1.52E-02 2.12E-01
6.21E4) 2.15E-01 2.33E-01 2.07E-01 244E-01 2.93E-01 0.00E+00 | 0.00E+00 | 2.16E-02 | 2.05E-01
634E403 | 2.23E-01 2.39E-01 2.11E-01 249E-01 2.98E-01 2.55E-02 | 0.00E+00 | 1.67E-02 2.20E-01
6A47E403 | 2.20E-01 249E-01 2.14E-01 2A49E-01 3.06E-01 298E-02 | 0.00E+00 | 1.15E-02 2.15E-01
6.60E+03 | 2.24E-01 2.53E-01 2.20E-01 2A6E-01 2.92E-01 2A3E-02 | 0.00E+00 | 1.24E-02 2.30E-01
| 6.74EH 2.30E-01 2.50E-01 2.16E-01 2.56E-01 3.01E-01 298E-02 | 0.00E+00 | 1.94E-02 | 2.27E-01
6.87EH 2.27E-01 2.56E-01 2.17E-01 2.61E-01 3.04E-01 26E-02 | 0.00E+00 | 2.47E-02 2.22E-01
| 7.01E+03 2.34E-01 2.61E-01 2.26E-01 2.57E-01 3.26E-01 98E-02 | 0.00E+00 | 1.54E-02 2.25E-01
TI6EH] 2.37E-01 2.64E-01 2.34E-0 2.57E-01 3.38E-01 232E-02 | 0.00E+00 | 2.06E-02 2A0E-01
T30EH)3 243E-01 2.65E-01 2.25E-0 2.61E-01 3.30E-01 4.05E-02 | 0.00E+00 | 3.22E-02 | 2.51E-01
TASEH03 2.44E-01 2.71E-01 2.32E0 2. 70E-01 3.29E-01 4.46E-02 | 0.00E+00 | 2.80E-02 | 2.48E-01
THIEH03 | 247E-01 2.68E-01 241E-01 2.71E-01 3.36E-01 5.58E-02 | 0.00E+00 | 3.47E-02 249E-01
TI6E403 | 2.48E-01 2.85E-01 245E-01 2.77E-01 3.38E-01 SAOE-02 | 0.00E+00 | 3.67E-02 | 2.49E-01
T92E+03 | 2.58E-0 2.81E-D1 2.49E-01 2.81E-01 3A40E-01 4.22E-02 | 0.00E+H00 | 3.62E-02 | 2.52E-01
S08E+03 | 2.62E-0 2.82E-01 2.51E-01 2.81E-01 S6E-01 7.34E-02 | 0.00E+00 | 4.22E-02 245E-01
| 8.25E+03 2.64E-0 2.83E-01 254EA 290E-01 S6E-01 6.87E-02 LOOE+00 | 4.92E-02 244E-01
A2EH)3 2.71E-0 2.84E-01 2.55E 2.97E-01 L6SE-01 6.31E-02 LO0E+00 | 4.21E-02 2.55E-01 |

S9EH 2.74E-0 2.82E 2.64E 3.00E JOEA 6.65E-02 LD0EH0 | 3.28E-02 2.71E-01
8.76E+03 | 2.T4E-DI 291E4 2.65E-( 3.08E-( 3.74E-0 6.59E-02 0.00E+00 | 3.77E-02 2.66E-01
8.94E403 | 2.73E-01 3.10E-0 2.71E0 3.17E0 3.68E-0 7.83E-02 0.00E4+00 | 4.82E-02 | 2.64E-01
9.13E+03 | 2.84E-01 3.06E-D1 2.78E-01 3.12E-01 3.87E-01 8.23E-02 | 0.00E+00 | 5.59E-02 2.76E-01
931E+03 | 2.91E-01 3.11E-01 2.80E-01 3.14E-01 3.84E-01 9.82E-02 | 0.00E+00 | 5.73E-02 | 2.73E-01
950E+03 | 2.90E-01 3.11E-01 2.85E-01 3.20E-01 3.89E-01 9.39E-02 | 0.00EH0 | 5.49E-02 2.77E-01
9.70E+03 | 3.00E-01 3.20E-01 2.88E-01 3.25E-01 391E-01 8.72E-02 | 0.00E+00 | 5.7SE-02 | 2.65E-01
9.89E403 | 3.02E-01 3.15E-01 2.87E-01 3.27E-01 3.96E-01 LOOE-D1 0.00E+00 | 7.31E-02 2.78E-01
101E+04 | 3.08E-01 3.27E-01 2.95E-01 331E-01 4.07E-01 9.81E-02 | 0.00E+00 | 6.79E-02 | 2.83E-01
1.03E+04 312E-01 3.18E-01 3.04E-01 3.32E-01 4.15E-01 9.75E-02 | 0.00EH0 | 7.04E-02 2.86E-01
1.05E+)4 3.07E-01 3.28E-01 3.05E-01 3A2E-01 4.13E-01 LI2E-01 0.00E+00 | 7.01E-02 2.83E-01
1OTE+04 3.16E-01 347E-01 3.07E-01 344E-01 4.29E-01 1.28E-01 0.00E+00 | 5.82E-02 2.92E-01
1.09E+04 | 3.20E-01 349E-01 3.I2E-01 3A4E-01 4.31E-01 L16E-01 0.00E+00 | 6.55E-02 2.92E-01
1.12E+04 3.23E-01 345E-01 3.16E-01 3.52E-01 4.28E-01 1LO1E-01 0.00E+00 | 7.6TE-02 | 2.90E-01
LI4E404 | 3.29E01 3.53E-01 32E-0 3.53E-01 4.32E-01 944E-02 | 4.18E-03 1.71E-02 2.89E-01
LIGE+04 | 3.30E-01 3.54E-01 331E-01 3.58E-01 4A4TE-01 LO3E-01 7.62E-04 | 8.22E-02 | 2.83E-01
LI9E+04 | 3.39E-0 JA1EL 3.33E0 63E-01 443E-0 LISE-01 8.33E-03 J1E-02 2.92E-01
121E+04 | 349E-0 3ASEL 3.38E-0 .70E-01 4.51E-0 1.23E-01 7.76E-03 L7SE-02 | 2.84E-01
1 24E404 3.51E-0 JASEL 3AIEQ JSE01 4.66E-0 1.33E-01 1.02E-02 L20E-02 3.06E-01
126E+04 | 3.52E-0 3.61E-0 3JASE-0 3.78E-01 4.71E-0 1.30E-01 3AIE-03 8.99E-02 3.21E-01
129E404 | 3.58E-01 3.70E-01 3.46E-01 3.87E-01 4.79E-01 1.54E-01 1.22E-02 1.10E-01 3.13E-01
131E+04 | 3.56E-01 3.72E-01 3.50E-01 391E-01 4.82E-01 1L66E-01 6.60E-03 1.10E-01 3.08E-01
1.34E+04 3.62E-01 3.82E-01 3.56E-01 3.92E-01 4.83E-01 1.62E-01 1.53E-02 1.14E-01 3.11E-01
137E+04 | 3.64E-01 3.82E-01 3.65E-01 3.96E-01 4.96E-01 LSTE-01 3.05E-02 1L16E-01 3.21E-01
1 A0E+04 | 3.70E-01 3.82E-01 3.70E-01 3.98E-01 S.O1E-01 L60E-01 2.81E-02 1L11E-01 3.29E-01
142E404 | 3.73E-01 3.74E-01 3.6TE-01 4.02E-01 5.14E-01 1.79E-01 3.99E-02 1.18E-01 3.33E-01
1 45E+04 | 3.80E-01 3.90E-01 3.TIE-01 4.03E-01 5.18E-01 L72E-01 4.51E-02 1.21E-01 3.38E-01
1 ABE+04 | 3.87E-01 4.00E-01 377E-01 4.08E-01 5.13E-01 1.74E-01 4.20E-02 1.26E-01 JAOE-01
1.51E+04 | 3.99E-01 3.95E-01 3.82E-01 4.20E-01 5.21E-01 1.92E-01 5.19E-02 1.24E-01 3A4E-01
1.54E404 | 3.93E-01 4.07E-01 3.78E-01 4.29E-01 5.23E-01 2.00E-01 4.67E-02 1. 19E-01 3.32E-01
1.58E404 | 4.01E-01 4.11E-01 3.80E-01 4.29E-01 $.27E-01 1.87E-01 5.72E-02 1.27E-01 3.26E-01
161E+04 | 4.12E-0 4.13E-01 3.89E-01 4.33E-01 S.34E-01 1.89E-01 6.14E-02 1.33E-01 3.28E-01
1L64EH04 | 4.11E-0 4.20E-01 4.00E-01 441E-01 5ASE-01 2.16E-01 6.73E-02 1.32E-01 3.35E-01
167TEH04 | 4.14E-0 4.21E-01 4.06E-01 441E-01 5.34E-01 2.19E-01 5.63E-02 1.43E-01 3ATE-01
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L.71E404 | 4.21E-01 4.28E-01 4.11E-01 4.46E-01 5A0E-01 2.00E-01 6.64E-02 1.51E-01 3.54E-01

1.74E404 | 4.27E-01 442E01 4.15E-01 4.58E-01 5.59E-01 2.15E-01 7.54E-02 1LASE-01 3.54E-01

1.78E+04 4.28E-01 4.40E-01 4.23E-01 4.63E-01 5.74E-01 2.36E-01 7.96E-02 L46E-01 3.68E-01

1 82E404 | 4.36E-01 441E-01 | 4.26E-01 4.56E-01 5.78E-01 2.55E-01 | 8.00E-02 | 1.6IE-01 | 3.67E-01

1856404 | 4.43E-01 4.57E-01 4.33E-01 4.58E-01 5.74E-01 2.38E-01 7.67E-02 1.55E-01 3.68E-01
| 89E4+04 | 4.49E-01 4.60E-01 4.36E-01 4.66E-01 5.88E-01 2.27E-01 8.96E-02 1.52E-01 3.71E-01

1 93E+04 449E-01 4.62E-01 4.43E-01 4.70E-01 5.99E-01 2.53E-01 8.65E-02 L60E-01 3.T1E-01

1.97E404 | 4.54E-01 4.67E-01 | 4.51E-01 4.75E-01 S.87E-01 2.64E-01 | 947E-02 | 1.67E-01 | 3.73E-01

201E+04 4.62E-01 4.68E-01 4.52E-01 4.84E-01 5.96E-01 2.74E-01 9.81E-02 L69E-01 3.77E-01

205E4+04 | 4.69E-01 4.64E-01 4.55E-01 4.88E-01 6.17TE-D1 2.56E-01 1.03E-01 1.73E-01 3.92E-01
2.09E404 4.69E-01 4.75E-01 4.62E-01 4.91E-01 6.28E-01 2.67E-01 1.11E-01 1.67E-01 3.90E-01
2.13E4+04 | 4.71E-OI 4.78E-01 4.62E-01 4.95E-01 6.13E-01 2.86E-01 1.0SE-01 1.85SE-01 3.86E-01
2.18E404 | 4.78E-01 4.83E-01 4.69E-01 4.99E-01 6.18E-01 2.80E-01 1.10E-01 1.83E-01 3.92E-01
2.22E+04 4.83E-01 5.00E-01 4.74E-01 5.08E-01 6.31E-01 2.86E-01 1.26E-01 1.BRE-01 3.93E-01
227E404 4.98E-01 4.89E-01 4.77E-01 5.15E-01 6.38E-01 3.00E-01 1.45E-01 1.80E-01 4.02E-01
231E404 S.01E-0 4.88E-01 4.82E-01 S.11E-01 6.40E-01 3.19E-01 1 40E-01 2.03E-01 4.09E-01
2.36E404 5.04E-0 5.(4E-01 4.84E-01 5.13E-01 6.41E-01 3.14E-01 1.35E-01 1.99E-01 4.06E-01
241E404 5.04E-0 S5.08E-01 4.94E-01 5.19E-01 6.46E-01 3.14E-01 1.43E01 2.05E-01 4.10E-01
2AGE+04 5.09E-01 5.08E-01 4.99E-01 5.24E-01 641E-01 3.30E-01 1 49E-01 2.23E-01 4.16E-01
251E+04 5.15E-01 5.23E-01 5.05E-01 5.33E-01 6.50E-01 3.25E-01 1.S1E-01 2.16E-01 4.10E-01
256E+04 5.19E-0 S31E-01 5.11E-0 S5A40E-01 6.55E-01 3.20E-01 1.60E-01 2.25E-01 4.23E-01
261E404 5.27E-0 5.32E-01 5.18E-0 543E-01 6.63E-01 3.18E-01 1.60E-01 2.39E-01 4.24E-01
26TEH04 5.35E-0 5.28E-01 5.22E-0 5.45E-01 6.69E-01 3.21E-01 1.68E-01 2.29E-01 4.28E-01
2.12E404 5.34E-0 5.25E-01 5.23E-0 SA9E-01 6.66E-01 3ASE-01 1.84E-0 2.27E-01 4.26E-0
2.78E404 5.36E-0 5.38E-01 S31E0 SA3E-01 6.72E-01 3.46E-01 S4E-0 2.36E-01 4.19E-0
2.83EH)4 544E-0 5.53E-( 5.34E-0 SA9E-01 6.78E-0 S6E-01 BOE-O 2.35E-01 4.31E-

| 2.89E+04 5.52E-0 5.52E0 S.34E0 5.55E-01 6.73E( .53E-01 9SE-0 2A41E-01 4.32E-

| 2.95E+04 5.55E-0 S.72EL 5.40E-0 5.5T7E-01 6.78E-( .74E-01 95E-0 2.56E-01 4.32E-0
301EH4 S.61E-0 5.86E( SATEQ 5.62E-01 6.97E( L68E-01 9TE0 2.53E-01 442E-01
30TEHS 5.66E-0 5.79E-C 5.51E-0 5.58E-01 6.92E-( S2E-01 2.05E-0 2.71E-01 4.44E-01
JI3EH04 5.73E-01 5.84E-01 5.57E-01 5.55E-01 6.94E-01 3.77E-01 1.95E-01 2.76E-01 4.40E-01
320E+04 5.82E-01 5.85E-01 S.64E-01 5.64E-01 7.03E-01 3.85E-01 2.11E-01 2.75E-01 4.52E-01
326EH)4 5.87E-0 5.85E-01 5.68E-( 5.72E-01 T.03E-0 B1E-01 2.27E-0 2.63E-01 4.57E-0
3.33E404 5.84E-0 5.96E-01 5.72EL 5.78E-01 T.08E-0 L88E-01 2.30E-0 2.85E-01 4.53E-0
JA0E+H4 5.94E-0 6.00E-01 5.76E-( 5.92E01 T.14E-0 B5E-01 2.35E-0 2.89E-01 4.70E-0
IATEHA 6.01E-01 6.12E-01 5.80E-01 5.98E-01 7.19E-01 95E-01 2.39E-01 2.86E-01 4.70E-01

3.54E404 | 6.02E-01 6.19E-01 5.83E-01 6.00E-01 7.17E-01 4.15E-01 2.45E-01 2.90E-01 4.68E-01
3H61EH04 6.09E-01 6.06E-01 5.87E-01 6.05E-01 T.I17E-01 4.17E-01 2 48E-01 3.13E-01 4.69E-01
3.69E4+04 6.08E-01 6.00E-01 S.98E-01 6.09E-01 7.26E-01 4.36E-01 2.52E-01 3.23E-01 4.77E-01
376E+04 | 6.15E-01 6.07E-01 6.01E-01 6.16E-01 7.30E-01 4.51E-01 2.54E-01 3.24E-01 4.81E-01
3 84E404 6.19E-01 6.10E-01 6.06E-01 6.26E-01 7.37E-01 441E-01 2.62E-01 3.19E-01 4.86E-01
J92EH04 | 6.23E-0 6.21E-01 6.09E-01 6.24E-01 7.36E-01 4.50E-01 2.69E-01 3.22E-01 4.87E-01
4.00E404 | 6.27E-0 6.29E-01 6.08E-01 6.33E-01 7.26E-01 4.88E-01 2.69E-01 3.28E-01 4.84E-01
408E+04 | 6.31E-0 6.29E-01 6.16E-01 6.33E-01 7.33E-01 4.73E-01 2.87E-01 327E-01 4.88E-01
4.16E+04 | 6.34E-01 6.37E-01 6.17E-01 6.35E-01 TAOE-01 4.82E-01 2.89E-01 3.40E-01 4.96E-01
425E404 6.38E-01 6.44E-01 6.19E-01 6.44E-01 7.38E-01 4.78E-01 2.96E-01 3.51E-01 4.97E-01
433E+04 | 6.42E-01 6A8E-D1 6.25E-01 6.43E-01 T.34E-01 4.99E-01 3.00E-01 3.53E-01 4.96E-01
442E404 | 6.42E-01 6.48E-01 6.30E-01 6.45E-01 7A40E-01 5.05E-01 3.07E-01 3.63E-01 5.05E-01

451E404 | 647E-01 6.53E-01 6.35E-01 6.49E-01 7.52E-01 4.84E-01 3.08E-01 3.60E-01 5.13E-01
460E404 | 6.51E-01 6.66E-01 6.35E-01 6.46E-01 TATE-01 4.94E-01 3.13E-01 3.71E-01 S.11E-01

4.70E404 | 6.54E-01 6.68E-01 6.39E-01 6.53E-01 7.50E-01 5.18E-01 3.19E-01 3.74E-01 5.17E-01
4.79E404 6.58E-01 6.56E-01 6.49E-01 6.61E-01 7.56E-01 5.15E-01 331E-01 3.70E-01 5.24E-01

489E404 | 6.58E-01 6.63E-01 6.53E-01 6.55E-01 7A9E-01 SA4E-01 | 3.38E-01 | 3.84E-01 | 5.24E-01

499E404 | 6.60E-01 6.72E-01 6.56E-01 6.56E-01 7.50E-01 5.25E-01 3A1E-01 3.90E-01 S21E-01

SO9E404 | 6.66E-01 6.61E-01 6.60E-01 6.59E-01 7.50E-01 5.05E-01 | 3.44E-01 | 3.92E-01 5.16E-01

S20E4H4 | 6.66E-01 6.60E-01 6.59E-01 6.59E-01 TASE-D1 4.95E-01 3.52E-01 3.87E-01 5.13E-01

S30E+H04 6.70E-01 6.78E-01 6.61E-01 6.58E-01 T.ASE-01 5.22E-01 3.55E-01 4.09E-01 S.16E-01

SA1E404 | 6.68E-01 6.85E-01 6.64E-01 6.60E-01 7.39E-01 5.55E-01 3.64E-01 | 4.18E-01 5.23E-01

552E4H04 6.71E-01 6.91E-01 6.66E-01 6.62E-01 7.34E-01 5.34E-01 3.67E-01 4.12E-01 5.29E-01

SH4EH04 | 6.77E-01 6.82E-01 6.68E-01 | 6.56E-01 7.33E-01 5.63E-01 | 3.74E-01 | 4.32E-01 | 5.23E-01

575E404 | 6.75E-01 6.78E-01 6.66E-01 6.68E-01 7.36E-01 5.53E-01 3.77E-01 4.23E-01 5.12E-01

S8TEH04 | 6.77E-01 6.85E-01 6.66E-01 6.71E-01 7TAVE-01 5.60E-01 3.83E-01 | 4.28E-01 5.14E-01

S99E+04 | 6.80E-01 6.86E-01 6.73E-01 6.76E-01 7.32E-01 5.67E-01 3.93E-01 443E-01 5.20E-01

6.1 1E404 6.79E-01 6.91E-01 6.73E-01 6.79E-01 7.34E-01 5.69E-01 3.95E-01 4.16E-01 5.17E-01

624E404 | 6.77E-01 6.96E-01 6.72E-01 6.81E-01 7.27E-01 5.96E-01 4.01E-01 | 4.36E-01 5.19E-01

6 36E+04 6.79E-01 6.95E-01 6.76E-01 6.82E-01 T.15E-01 6.07E-01 4.11E-01 4.50E-01 5.24E-01

649E404 | 6.82E-01 6.85E-01 6.78E-01 6.83E-01 T.07E-01 5.91E-01 4.16E-01 4.76E-01 5.27E-01

6.63E+04 6.74E-01 6.88E-01 6.7TE-01 6.71E-01 T.10E-01 6.08E-01 4.20E-01 4.72E-0 5.24E-01 |
6.76E404 | 6.75E-01 6.91E-01 6.77E-01 6.68E-01 7.08E-01 5.88E-01 4.29E-01 4.62E-0 5.19E-01

6.90E+)4 6.78E-01 6.94E-01 6.76E-01 6.79E-01 6.93E-01 6.09E-01 4 42E-01 471E-0 5.16E-01
TO4EH4 | 6.76E-01 6.97E-01 6.75E-01 6.65E-01 6.91E-01 6.07E-01 4.43E-01 4.89E-01 5.08E-01
T.A8EH04 | 6.75E-01 6.88E-01 6.76E-01 6.73E-01 6.94E-01 6.21E-01 4 42E-01 4.91E-01 5.20E-01

T33EH04 6.79E-01 6.86E-01 6.73E-01 6.69E-01 6.85E-01 6.38E-01 4 45E-01 4.92E-01 5.36E-01
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TASE+04 6.78E-01 6.96E-01 6.72E-01 6.63E-01 6.76E-01 6.02E-01 4.54E-01 4.91E-01 5.36E-01
7.63E+04 6.75E-01 6.99E-01 6.75E-01 6.63E-01 6.78E-01 6.19E-01 4.62E-01 4.91E-01 5.28E-01
7796404 | 6.74E-01 | 6.98E-01 | 6.77E-01 | 655E-01 | 6.78E-01 | 6.10E-01 | 4.65E-01 | 5.06E-01 | 5.24E-01
795EH4 6.74E-01 6.90E-01 6.77TE-01 6.63E-01 6.75E-01 6.34E-01 4.72E-01 S5.06E-01 S5.19E-01
8.1 1E404 6.T1E-01 6.72E-01 6.74E-01 6.65E-01 6.63E-01 6.29E-01 4.84E-01 4.86E-01 5.17E-01
[ 828E104 | 66801 | 6.76E01 | 6.726-01 | 6.67E-01 | 6.56E-01 | 6.15E-01 | 4.84E-01 | 5.26E-01 | 5.14E-01
ASEH4 6.72E-( 6.TTEL 6.72E-( 6626 6.51E4 6.41E-0 4.89EA 5.27E- S.9E-01 |
H2EH4 6.6TE-L 6.68E 6.T1E-L 6456 6.3IBE-A 6.45E-0 4.93EA 5.04E- 5.29E-01 |
SOE+H04_| 6.626-01 | 6.67E-01 | 6.66E-01 | 6.58E-01 | 6.33E-01 | 6.58E-01 | 5.00E-01 | 5.34E-01 | 5.19E-01
BO98E+04 6.63E-01 6.73E-01 6.64E-01 6.53E-01 6.30E-01 6.94E-01 5.02E-01 541E-01 5.11E-01
9.16E404 6.64E-01 6.74E-01 6.66E-01 6.53E-01 6.21E-01 6.55E-01 5.08E-01 5.62E-01 5.15E-01
935E104 | 659601 | 6.63E-01 | 6.66E-01 | 642601 | 6.176-01 | 6.71E01 | 5.23E-01 | 5.71E-01 | 5.24E-01
9.54E+04 6.52E-01 6.50E-01 6.59E-01 6.28E-01 6.11E-01 6.91E-01 5.21E-01 S5.51E-01 5.21E-01
9.73E+04 6.50E-01 6.37E-01 6.54E-01 6.34E-01 5.97E-01 6.69E-01 5.26E-01 5.65E-01 5.10E-01
993E+04 | 645601 | 6.33E-01 | 654E-01 | 632601 | S86E-01 | 6.79E-01 | 5.33E-01 | 5.50E-01 | 5.00E-01
DIEH0S 6.4 1E-L 6.34EL 6,.52E4 6.29E S.81EL 6.99EL 5.37EL 5.59E- S.O0E-01 |
| 1.03E+05 6 A0E-L 6.3TEL 6.51E-L 6.35E S.T7TEL 6.92EL SASEL 5.60E- S.07E-01 |
06E+05 | 6.38E-01 | 6.256-01 | 648E-01 | 6.23E-01 | 5.706-01 | 6.58E-01 | 5.58E-01 | 5.73E-01 | S.04E-01
| OSE+05 6.33E-01 6.23E-01 6.45E-01 6.18E-01 5.59E-01 6.88E-01 5.64E-01 5.72E-01 5.01E-01
1.10E+05 6.26E-01 6.28E-01 6.39E-01 6.06E-01 5.54E-01 6.69E-01 5.66E-01 5.65E-01 S.00E-01
1I2E*05 | 620E-01 | 6.29E-01 | 630E-01 | 5.92E-01 | 549E-01 | 692E-01 | 5.67E-01 | 5.93E-01 | 5.09E-01
1I4E40S | 617601 | 617601 | 629E-01 | 5.86E01 | SA2E-01 | 68SE-01 | 5.79E-01 | 5.85E-01 | S.08E-01
1.I1TE+05 6.1 1E-01 6.04E-01 6.24E-01 5.67E-01 5.24E-01 6.77E-01 5.90E-01 5.79E-01 4.98E-01
1.I9E+05 | 606E-01 | S.88E-01 | 6.14E-01 | 5.65E-01 | 5.15E-01 | 6.69E-01 | 5.87E-01 | 5.95E-01 | 4.93E-01
22EH 6.03E-( 5. T9EL 6.12E4( STIEL S.0EL 7.20E-0 5.83EL 6.01E-( 4.86E-01 |
| 124EH 5.96E-( 5.85E 6. 14E-( 5.58EL S.08E-( 6.86E-0 5.90E 5.94E- 4.90E-01 |
27E+0S | 5.94E01 | S88E-01 | 6.10E-01 | S48E-01 | 4.90E-01 | 7.08E-01 | 5.98E-01 | 621E-01 | 497E-01
1 29E+05 S91E-01 5.77E-01 6.06E-01 5.54E-01 4.81E-01 6.99E-01 6.01E-01 5.94E-01 4.90E-01
1.32E+05 5.84E-01 S5.56E-01 5.98E-01 S.54E-01 4.67E-01 6.91E-01 6.4E-01 6.37E-01 4.78E-01
1.35E+05 | 5.78E-01 | 5.53E-01 | 591E-01 | 547E-01 | 4.58E-01 | 6.83E-01 | 6.03E-01 | 6.14E-01 | 4.82E-01
1.37E+05 5.T0E-01 5.67E-01 5.89E-01 5.32E-01 4.67E-01 7.05E-01 6.01E-01 6.32E-01 4.77E-01
1 40E+05 S.64E-01 5.58E-01 5.82E-01 5.37E-01 4.46E-01 7.17E-01 6.02E-01 6.29E-01 4.67E-01
143605 | 5.58E-01 | 5.SIE01 | 5.79E-01 | 5.29E-01 | 433E-01 | 7.31E01 | 5.99E-01 | 6.13E-01 | 4.68E-01
| 146EH0S 5.55E- S.40EL 5.T4E 5.22E( 4.32E4 6.99E-01 6.1 1EA 6.23E- 4.58E-01 |
A9EH0S 5.53E S5.28EL 5.66E-( 5.25EL 4.19E-4 7.07E-01 6. 14EA 6.34E- 4.51E-0
S2EH05 | SA4E01 | S.04E-01 | 5.626-01 | 5.16E01 | 4.076-01 | 683E01 | 6.16E01 | 6.32E-01 | 4.55E-0
1 .55E+05 5.35E-01 S.03E-01 5.54E-01 5.12E-01 3.96E-01 6.90E-01 6.19E-01 6.34E-01 4.47E-01
| |.S8E+H0S S31E-0 S5.07E-01 5.53E-01 5.08E-01 B5E-01 6.87E-01 6.33E-( 6.50E-01 4.50E-01
G1EH05 | 5.25E-01 | S.00E-01 | 546E-01 | SOIE-0 | 3.70E-01 | T.01E01 | 6.38E-01 | 6.44E-01 | 4.50E-01
| 1.65E+05 S.16E-0 4.96E-01 5.38E-01 4.99E-01 3.70E-0 6.93E-01 6.40E 6.44E-01 4.36E-01
| 1. 68EH)S S.15E-0r 4.93E-01 5.33E-01 4.84E-01 3.59E0 T.07E-01 649E4 6.52E-01 4.33E-01
I.71E05 | 513601 | 4.76E-01 | 527E-01 | 470601 | 3.53E-01 | 7.1SE01 | 6.54E-01 | 6.50E-01 | 4.26E-01
J5EH 5.06E-00 4.61EL S5.17E-0 4.57E-01 3.50E-0 TA0E-01 6.60EA 4.06E-01 |
J9EH) 4.94E-0 4.62E 5.07E-0 4.54E-01 3.27E-0 7.09E-01 6.64EA 4.16E-
82E0S | 4.88E01 | 447E-01 | S.02E-01 | 4.58E-01 | 3.00E-01 | 685E-01 | 6.71E4 3 4.20E-C
| B6E+0S 4.86E-01 4.39E-01 S5.03E-01 4.33E-01 3.05E-0 6.73E-01 6.77E-01 6.51E-01 4.10E-01
1.90E+05 4.80E-01 4.39E-01 4.91E-01 4.42E-01 2.93E-01 6.77E-01 6.76E-01 6.78E-01 4.02E-01
1.94E+05 | 4.73E-01 | 433E-01 | 488E-01 | 430E-01 | 2.00E-01 | 7.00E-01 | 6.76E-01 | 6.69E-01 | 3.90E-01
1 98E+05 4.66E-01 4.20E-0 4.79E-01 4.28E-01 291E-0 6.96E-01 6.86E-0 6.75E-01 4.03E-01 |
202E405 4.59E-01 4.18E-0 4.71E-01 4.27E-01 2.85E-0 6.83E-01 6.92E-0 6.97E-01 3.97E-0
206E405 4.50E-01 4.12E-0 4.66E-01 4.009E-01 2.68E-0 6.91E-01 6.89E-0 6.63E-01 394E-01 |
2.10E405 4.45E-01 3.96E-01 4.64E-01 3.95E-01 S5E-01 6.87E-01 6.89E-01 6.95E-01 3.95E-01
2.14E405 4.38E-01 3.82E-01 4.58E-01 3.99E-01 2.61E-01 6.64E-01 6.94E-01 6.80E-01 3.76E-01
2096405 | 427601 | 3.73E-01 | 44SE-01 | 3.83E01 | 2.57E-01 | 6.73E-01 | 7.05E-01 | 6.88E-01 | 3.78E-01
223E405 4.22E-01 3.66E-01 4.31E-01 3.76E-01 2.44E-01 6.55E-01 T.01E-01 6.79E-01 3.81E-01
228E+05 4.19E-01 3.73E-01 4.20E-01 3.65E-01 2.38E-01 6.86E-01 6.99E-01 T.09E-01 391E-01
2326405 | 4.10E01 | 3.60E-01 | 424E-01 | 3.66E-01 | 223E-01 | 6.71E01 | 6.99E-01 | 7.00E-01 | 3.72E-01
237EH05 4.01E-0 38E-01 4.15E-01 ASE-D 2.15E-0 6.81E-01 6.98E-01 T.OTE-01 3.7TE-01
2A2E+05 395E-0 2SE-01 4.19E-01 O4E-O 2.05E-0 6.98E-01 7.02E-01 6.97E-01 3.74E-01
2ATEHOS 3.88E-0 20E-01 4.14E-01 L38E-D 92E-0 6.70E-01 T.02E-01 6.86E-01 3.76E-01
2.52E405 3.82E( 3.17E-01 4.02E-01 332E-01 1.92E-0 6.79E-0 7.06EL 6.89E- 3.82E-
25TEH0S 3.79E-( 3.12E-01 3.95E-01 3.18E-01 1.90E-(] 6. T4E-A T A3EL TA4E- 3.71E-
[2.62E+405 | 3.70E-01 | 3.00E-01 | 3.92E-01 | 3.17E< T9E01 | 6A1E-01 | 7.23E-01 | 691E-01 | 3.626-01 |
| 2.68E4H0S 3.60E-0 2B4E-0 3.77E-0 3 I0EA H2EA 6.49E4 7.28E 6.88E- 3.59E-
273E405 | 3.55E-01 | 2.76E-01 | 3.71E-01 | 3.04E GOE01 | 6.52E-01 | 7.18E-01 | 6.97E- SAE-
2.79EHS 3A49E-01 2.65E-01 3.67E-01 3.07E-01 1.57E-01 6.93E-01 7.19E-01 6.91E-01 3A45E-01
284EH05 | 340E01 | 271E-01 | 3.58E-01 | 2.00E-01 | 135E-01 | 6.19E-01 | 7.19E-01 | 691E-01 | 340E-01
290EH5 3.27E-01 2.68E-01 3.52E-01 2.75E01 1.31E-01 6.22E-01 7.18E-01 T.08E-01 3A40E-01
296EH5 323E-01 2.61E-01 JA9E-01 2.68E-01 1.28E-01 6.15E-01 7.15E-01 6.97E-01 3.29E-01
3.02EH05 | 3.18E-01 | 2.54E-01 | 342E-01 | 2.62E-01 | 122601 | 646E-01 | 7.00E-01 | 6.92E-01 | 3.42E-01
308EHS 3 10E-01 243E-01 3.32E-01 2.57E-01 1. 11E-01 6.32E-01 7.20E-01 6.93E-01 3.36E-01
3.USEHS | 303E-01 | 207601 | 327601 | 2.S1E01 | LO9E01 | 6.I1E-01 | 7.18E-01 | 6.78E-01 | 3.24E-01
321EH)5 2.94E-01 2.26E-01 3.I8E-01 246E-01 1L.O1E-01 6.19E-01 T.24E-01 6.85E-01 3.24E-01
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328E+05 | 2.8TE-0I 217E-01 3.10E-01 2.30E-01 1.OSE-01 5.96E-01 7.26E-01 6.96E-01 3.31E-01
334E+05 | 2.81E-01 1.98E-01 3.04E-D1 2.35E-01 9.96E-02 6.07E-01 T.21E-01 6.94E-01 3.22E-01
3AIEH05 | 2.78E-01 1L90E-01 2.94E-01 2.22E-01 8.80E-02 5.96E-01 7.16E-01 6.83E-01 3.15E-01
JABEH05 | 2.71E-0 S2E-01 2.87E-01 2.06E-0 8.16E-02 5.84E-01 T.16E-0 6.83E-01 3.04E-0
35SEH0S | 2.63E-0 S6E-01 2.86E-01 2.05E-0 T19E-02 6.01E-01 7.13E-0 6.84E-01 2.94E-0
363E405 | 2.56E-0 88E-01 2.78E-01 1L94E-0 7.26E-02 S44E-01 7.13E-0 6.75E-01 295E-0
| 3.70E40S | 2.49E-01 1.7T1E-01 2.71E-01 1.88E-01 6.53E-02 5.87E-01 T.14E-01 6.75E-01 3.10E-01
| 3.77EH0S | 242E-01 1.68E-01 2.68E-01 1.91E-01 6.74E-02 5.50E-01 7.13E-01 6.71E-01 3.06E-01
385E405 | 2.37E-01 1.55E-01 2.59E-01 1.84E-01 JME-02 5.55E-01 7.16E-01 6.81E-01 2.92E-01
393EH05 | 2.34E-01 1.53E-01 2.50E-01 1.85E-01 3.80E-02 5.23E-01 T.15E-01 6.74E-01 2.89E-01
401E405 | 2.24E-01 1.50E-01 245E-01 1.64E-01 4.22E-02 S.37E-01 7.13E-01 6.85E-01 2.81E-01
4.09E405 | 2.14E-01 1A44E-01 2.30E-01 1.64E-01 5.31E-02 SA46E-01 7.17E-01 6.72E-01 2.86E-01
| 4.18EH05 | 2.13E-0 1.42E-01 2.26E-01 L50E-01 4.08E-02 5.51E-01 JA4E-01 6.60E-01 2.86E-01
| 426E+05 | 2.08E-0 1.33E-01 2.20E-01 1.45E-01 3.10E-02 5.31E-01 06E-D1 6.64E-01 2.69E-01
435E405 | 2.03E-0 1.20E-01 2.18E-01 1AIE-O1 HIE-02 5.09E-01 02E-01 6.71E-01 2.73E-01
4A4EH0S 1.99E-01 1.23E0 2.12E-01 1.45E-01 240E-02 5.05E-01 6.96E-0 6.5TE-01 2.69E-01 |
4 53EH) 1.90E-01 1.21E0 2.08E-01 1.25E-01 3.46E-02 5.18E-01 6.91E0 6.53E-01 2.83E-0
4.62EH) 1.83E-01 1LOGE-D 2.02E-01 1.25E-01 2.70E-02 S.02E-01 6.87E-0 6.50E-01 2.69E-01 |
472E+05 1.78E-01 1.0SE-0 S93E-01 1.12E-01 1.26E-02 4.95E-01 6.81E-0 6.37E-01 2.65E-0
481E+05 1.72E-01 9.88E-02 1.87E-01 1.20E-01 9.23E-03 S.01E-01 6.82E-01 6.34E-01 2.68E-01
4.91E405 L6TE-01 8.27E-02 1.8SE-01 1L.O4E-01 1.66E-02 4.84E-01 6.79E-01 6.25E-01 2.60E-01
SOIEH0 LGOE-01 J9E-02 1L BOE-01 LME-01 TATE-03 4.95E-01 6.64E-01 6.27E-01 261E-01 |
S.11E+) 1.SSE-01 3SE-02 1.72E-01 JA2E-01 1.37E-02 | 4.78E-01 6.56E-01 6.36E-01 243E-0
522EH LS1E-01 L08E-02 1L.69E-01 . 38E-02 2.49E-02 4.79E-01 6.55E-01 6.21E-01 2.58E-01 |
532E+05 1. 49E-01 8.02E-02 1L61E-01 8.12E-02 ASE-02 4.79E-01 6.58E-01 6.15E-01 2A0E-01
| S43EH0S 1. 46E-01 7.27E-02 1.53E-01 7.96E-02 AIE02 | 4.64E-01 6.56E01 6.17E-01 241E-01
5 S4EA05 1.38E-01 5.T4E-02 1 46E-01 TAIE-02 2.98E-03 4.22E-01 6.57E-01 6.08E-01 2A8E-01
S H6EH0S 1.36E-01 5.74E-02 1ATE-01 T.89E-02 LOOE+D0 | 4.26E-01 6.5TE-01 5.94E-01 2.46E-01
577EH05 1.30E-01 5.52E-02 L4IE-01 7.26E-02 0.00E+00 | 4.1TE-01 6.55E-01 6.04E-01 2.39E-01
5 89E405 1.23E-01 4.67E-02 1.34E-01 6A9E-02 0.00E+00 | 4.28E-01 6.59E-01 6.19E-01 2.39E-01
6.01E+05 1.23E-01 5.98E-02 1.25E-01 6.75E-02 231E-04 4.14E-01 6.54E-01 6.10E-01 2.28E-01
6.13E+05 1.19E-01 5.05E-02 1.22E-01 S.66E-02 9.32E-04 4.22E-01 6.5TE-01 6.05E-01 2.18E-01
626E405 1.15E-01 4.42E-02 1.25E-01 5.98E-02 1.73E-04 4.33E-01 6.62E-01 5.91E-01 2.13E-01
639E+05 A1E-0 3.93E-02 1L 13E-01 S.24E-02 | 32IE-03 4.05E-01 6.56E-01 5.90E-01 2.10E-01
6.52E405 D2E-01 3.58E-02 1LO9E-01 4.89E-02 0.00E+00 LBOE-01 6.44E-01 5.90E-01 2.12E-01
6.65EH05 ). T0E-02 2. 70E02 LOGE-01 3.89E-02 0.00E+00 .89E-01 6.37E-01 5.85E-01 2.05E-01
6J9EH05 | 9.06E-02 2.60E-02 1.04E-01 4.63E-02 0.00E+00 | 3.89E-01 6.35E-01 5.69E-01 2.07E-01
693E+05 | 8.76E-02 3.17E-02 9.66E-02 3.62E-02 0.00E+00 | 3.96E-01 6.30E-01 5.55E-01 1.96E-01
TOTEH0S | 8.55E-02 245E-02 9.10E-02 2.86E-02 0.00E+00 | 3.95E-01 6.19E-01 5.58E-01 2.05E-01
T21EH05 | 7.89E-02 2A4E-02 8.83E-02 291E-02 0.00E+00 | 3.76E-01 6.12E-01 5.49E-01 1.86E-01
71.36E+05 | 7.67E-02 1.78E-02 8.16E-02 2.22E-02 0.00E+00 | 3.57E-01 6.12E-01 S543E-01 1.82E-01
TS1EH0S | 7.79E-02 1.44E-02 TA2E-02 LS1E-02 0.00E+00 | 3.47E-01 6.09E-01 5.48E-01 1.B8E-01
TH6E+05 | 7.68E-02 1.35E-02 T.71E-02 1.45E-02 0.00E4+00 | 3.36E-01 5.98E-01 5.44E-01 1.88E-01
T8EHS | 6.84E-02 2.09E-03 8.05E-02 2.58E-02 0.00E+00_| 3.30E-01 5.85E-01 5.33E-01 1L91E-01
T98EH05 | 5.63E-02 1.21E-02 6.83E-02 L.71E-02 0.00E+00 | 3.40E-01 5.76E-01 5.27E-01 L65E-01
B.14E+05 | 5.37E-02 1.66E-02 6.14E-02 1.58E-02 0.00E+00 | 3.1TE-01 5.71E-01 5.19E-01 1L66E-01
831E4+05 | 5.58E-02 1.13E-03 6.35E-02 1L19E-02 0.00E+00 | 3.14E-01 5.69E-01 5.25E-01 1.81E-01
84BE405 | 5.23E-02 8.19E-04 6.19E-02 841E-03 0.00E+00 | 2.93E-01 5.64E-01 5.04E-01 L69E-01
86SEH)S | S.17E-02 3.24E-03 5.15E-02 2.79E-03 0.00E+00 | 3.08E-01 5.59E-01 4.86E-01 1L68E-01
883E+05 | 4.82E-02 2.25E-04 5.32E-02 6.35E-04 0.00E+00 | 2.83E-01 5.52E-01 4.90E-01 1.66E-01
Q01EH0S | 4.62E-02 | 9.17E-04 5.32E-02 9.76E-03 0.00E+00 | 2.84E-01 5A43E-01 4.64E-01 1.59E-01
9.19E+05 | 440E-02 | 0.00E+H00 | 4.60E-02 1.19E-02 0.00E+00 | 2.92E-01 5.35E-01 4.59E-01 143E-01
93BE40S | 3.88E-02 1.24E-04 4.44E-02 6.02E-03 0.00E+00 | 2.84E-01 5.25E-01 448E-01 1.49E-01
9.5TE405 | 3.88E-02 5.28E-04 3.54E-02 5.20E-04 LOOEH00 | 2.5TE-( 5.19E<L 4.46E- AHE-01 |
97TEH05 | 3.10E-02 O00E+H00 | 343E-02 | 0.00E+00 LOE+D0 | 2.81E( 5.16E 4.41E- S2E-01
997EH0S | 2.42E-02 0.00E+00 B9E-02 | 0.00E+00 LOOE+00 | 2.32E<( S.03E 4.27E- A9E-01
10JE406 | 2.10E-02 | 0.00E+D0 | 2.60E-02 0.00E+00 | 0.00E+00 | 2.44E-01 4.88E-01 4.09E-01 1.58E-01
LO4EH06 | 2.64E-02 0.00E+00 | 2.61E-02 0.00E+00_ | 0.00E+00 | 2.5TE-01 4.84E-01 4.08E-01 1.43E-01
LOGEHI6 | 2.19E-02 | 0.00E+00 | 2.75E-02 0.00E+00 | 0.00E+00 | 2.31E-01 4.79E-01 3.94E-01 1.40E-01
LOSEH06 | 841E-03 | 0.00E+00 | 2.12E-02 | 0.00E+00 | 0.00E+00 | 2.16E-01 4.65E-01 391E-01 1.37E-01
1.10E+06 LOIE-02 | 0.00E+00 | 227E-02 | 0.00E+00 | 0.00E+00 | 1.95E-01 4.57E-01 3.86E-01 1.35E-01
1.13EH06 1LS6E-02 | 0.00E+00 | 1.28E-02 | 0.00E+00 | 0.00E4+00 | 1.82E-01 4.49E-01 3.61E-01 1.18E-01
1.15E+06 TBE-(2 0LO0E+00 | 1.76E-02 0.00E+00 | 0.00E+00 S1E-0 4.37E-0 3A47E-0 L1IE-0
LITEH06 AIE-02 0.00E+00 | 1.78E-02 0.00E+00 | 0.00E+00 T6E-0 3ASE-0 1.31E-0
20EH6 | TATE-03 0.00E+00 STE02 0.00E+00__| 0.00EHX 68E-0 28E-0 1.26E-0
22EH6 | 5.03E-03 0.00E+00 10E-02 0.00E+00 | 0.00E+HX STE-0 3.15E-0 1.31E-0
25EH6 | 6.72E-03 0.00E+00 LB6E-03 0.00E+00 | 0.00E+0( SSE0 E: 3.12E-0 1.02E-0
127EH06 | 8.22E-03 | 0.00E+00 | 4.74E-03 0.00EH00 | 0.00E+00 | 14TE-O1 3.88E-01 3.06E-01 1.ORE-01
130E+06 | 2.05E-03 | 0.00E4+00 | 1.17E-02 0.00E+00 | 0.00E+00 | 1.33E-01 3.75E-01 2.94E-01 9.60E-02
132E+06 | 0.00E+00 | 0.00E+00 | 7.97E-03 0.00E+00 | 0.00E+00 | 1.24E-01 3.73E-01 2.78E-01 8.33E-02
135E+H06 | 0.00E+00 | 0.00E+00 | 9.33E-03 0.00E+00 | 0.00E+00 | 1.25E-01 3.61E-01 2.67E-01 1.02E-01
|38E+06 | 7.86E-04 | 0.00E+00 | 7.12E-03 0.00E+00 | 0.00E+00 | 1.29E-01 3.54E-01 2.51E-01 LOGE-01
1 41E+H06 1.37E-03 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00EH00 | 112E-D1 3A45E-01 242E-01 1.OSE-01
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1 A3EH6 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E4+00 | 9.95E-02 3.27E-01 2.32E-01 8.52E-02
1 AGEH06 6.01E-04 0.00E+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00 | 1.06E-01 3.19E-01 2.40E-01 941E-02
1 A9E+H06 1.08E-03 0.00E+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00 1LOOE-01 3.13E-01 2.24E-01 1.O6E-01
1.52EH06 0.00E+00 | 0.00EH0 | 0.00E+00 | 0.00E+00 | 0.00E+00 LOZE-01 J.01E-01 2.13E-01 8.13E-02
| S6E406 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.65E-02 2.91E-01 2.06E-01 8ATE-02
1.59E406 | D.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.25E-02 | 2.82E-01 | 1.95E-01 | 7.97E-02
| 1.62EH06 LOOEHN 0.00E+H00 LOOEA00 LOOE+ LOOE+H00 LO4E-0 2.71EL B6E- 9.27E-02
HSEH6 LOOE+ 0.00E+HO LDOE+00 LOOE+ LODE+D0 | B.8TE-02 2.62E 68E- T.63E-02
HIEH6 LOOE+HX 0.00E+00 LO0EA+00 LOOE +0( LOOE+00 | 7.91E-02 2.54E4 HAE- 6.70E-02
1.72EH06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 5.98E-02 2A43E-01 1.50E-01 T.07E-02
1.76E406 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.67E-02 2.39E-01 1.39E-01 8.38E-02
1. 79E+06 0.00E400 | 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E+00 | 4.94E-02 2.40E-01 1.31E-01 6.95E-02
1 B3EH06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.15E-02 2.24E-01 1.21E-01 6.19E-02
1 8TEH06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.57E-02 2.11E-01 1.19E-01 7.21E-02
| 90E406 | 0.00E+00 | 0.00E+00 | 0.00E400 | 0.00E4+00 | 0.00E400 | 3.61E02 | 2.01E01 | LI3E-01 | 7.46E-02
| 1.94E406 LOOE+N (0LO0EHX LDDE+00 LOOE+00 LOOEHD0 | 2.36E-02 ITEL ).5TE-02 5.61E-02
| 198E+6 LOOE+K 0.00E+HC LOOEA+00 LOOE+00 LOOE+D0 | 3.64E-02 SOEL ). 58E-02 6.21E-02
2.02EH06 LOOE+HK 0.00E+HX LOOE+00 LODE-+H0 LOOE+00 | 1.3TE-02 T8EL ).22E-02 7.78E-02
206E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.87E-02 1.70E-01 8.3TE-02 5.21E-02
2.11E+06 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.29E-02 1.67E-01 TASE-02 6.54E-02
2.15E406 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 1.O6E-02 1.61E-01 6.48E-02 6.46E-02
2.19E+06 0.00E+00 | 0.00EH00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.57E-02 1.42E-01 5.65E-02 4.77E-02
224E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 6.16E-03 143E-01 5.63E-02 | 4.93E-02
228E4H06 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E4+00 | 0.00E+00 | 0.00E4+00 | 1.39E-01 S5.99E-02 | 4.62E-02
233E+06 LOOEHN 0.00E+H LOOEAD0 | 0LOOEHO( LOOE+00 | 6.88E-03 28E 4.52E-02 2.75E-02
| 238EH06 LOOE+K 0.00EH LOOE+D0 | 0.00E-+H LOOE+O0 ABE-02 ATEL 2.81E-02 6.26E-02
2A43E406 OOE+H 0.00E+H) LOOEA00 | 0.00EHX LOOEH00 | S42E-03 OTEL 2.24E-02 5.17E-02
2ABEH06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.90E-02 2.54E-02 2.10E-02
253E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 1.92E-02 9.77E-02 2.28E-02 3.97E-02
258EH06 0.00E+00_| 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E400 | 9.37E-03 9.49E-02 1.82E-02 341E-02
263EH06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.09E-02 1.62E-02 4.13E-02
269E4H06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.53E-02 6.42E-03 1.75E-02
2.74E406 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E4+00 | 6.31E-02 0.00E+00 | 2.56E-02
2R0E+06 0.00E+N 0.00E+H( LOOE+D0 | 0.00E+00 LOOE+00 | 1.02E-03 5.69E-02 LODEA0 1.BOE-02
285E+H06 0.00E+HX 0.00EH LOOE+00 | 0.00E+00 LOOE+D0 | 5.35E-04 5.03E-02 LOOE+0 243E-02
291E406 0.00E+X 0.00E+0( OOE+00 | 0.00E+00 LOOE+00 | 0.00E4+00 | 4.87E-02 LOOE+0 242E-02
297E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.05E-02 0.00E+00 | 227E-02
303EH06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.83E-02 0.00E+00 | 2.66E-02
309E406 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.83E-02 0.00E+00 | 2.30E-02
3.16E406 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.11E-02 0.00E+00 | 1.78E-02
322EH06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.29E-02 0.00E+00 | 3.52E-02
329E406 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E4+00 | 5.83E-03 0.00E+00 | 1.50E-02
| 336E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.12E-03 0.00E+00 J62E-02
3A2EH06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 STE-02
JA9EH06 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00EH00 | 0.00E+00 S4E-02
ISTE+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 1E-03
364E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0L.00E+00 | 0.00E+00 | 0.00E+00 | 1.57E-02
3TIEH6 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00 | 9.43E-03
3T9E+06 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 L72E-03 0.00E+00 | 0.00E+00 | 2.63E-02
3RTEH06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.10E-03 0.00E+00 | 0.00E+00 | 5.27E-05
395EH06 0.00E+00 | 0.00E+00 | 0.00E400 | 0.00E+00 | 0.00E+00 | 0.00E400 | 0.00E+00 | 0.00E+00 | 1.17E-02
4.03E4H06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.70E-03
4.1 1E406 0.00E+K D.00E+H00 | 0.00E+00 | 0L.00E-+H LOOEH00 | 0.00E4+00 | 0.00E+00 | 0.00E+00 | 1.06E-02
4.19E406 0.00E+( 0.00E+00 | 0.00E400 | 0.00E+X LOOE+00 | 0.00E400 | 0.00E4+00 | 0.00E+0 6.53E-03
428E406 0.00E+ 0.00E+00 | 0.00E400 | 0.00EHX LOOE+00 | 0.00E4+00 | 0.00E+00 | 0.00E+0 1.24E-02
437E+06 0.00E4+00 | 0.00E+H00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | D.00E+00 | 0.00E+00 | 0.00E+D 1.34E-03
4ASEH06 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E+00 | 0.00E400 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 148E-05
4 55E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.47E-03
464E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.05E-03
473E4H06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00EH0 | 0.00E400 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.73E-04
4 83E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+H 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.69E-03
493E4H06 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+ 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.42E-02
5.03E+06 LOOE+HN 0.00E+HX LOEA00 LODE+00 LOOEH( OOE+00 | 0.00E+00 LOOE+ 5.27E-03
| 5.13EH6 LOOE+N 0O0EH LOOE+00 LOOE+00 LOOE+O( LOOEHOO | 0.00E+O0 LOOE+H 143E-04
S24EH6 LOOE+H 0.00EH LOOE+00 LOOE+00 LOOE+( OO0E+00 | 0.00E+00 LOOE+ 7.23E-03
534E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.48E-03
SASEH06 0.00E+00 | 0.00E+00 OOE+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.67E-03
5.36E406 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.79E-03
5 68E406 0.00E+00 | 0.00E+00 OOE+00 | 0.00E4+00 | 0.00E400 | 0.00E400 | 0.00E+00 LOOEA00 | 1L11E-02
579E+06 0.00E+00 | 0.00E+00 LO0E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 LO0E+H00 | 4.76E-04
S91EH06 0.00E+00 | 0.00E+00 | 0.00E400 | 0.00E4+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.07E-02
6.03E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.43E-03
6.16E+H06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.34E-02
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6.28E406 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 5.26E-03
6A41EH06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.31E-03 0.00E+00 | 0.00E+00 | 1.21E-02
6.54EH06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.32E-03 0.00E+00 | 0.00E+00 | 7.12E-04
6.68EH6 0.00EH+00 | 0.00E+00 | 0.00E400 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00EHD0 | 0.00E+00 | 0.00E+00
681E4+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
6.95E406 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E+00

T.09E406 LOOEAHN 0.00E+HNX LDOEA00 LOOE+00 LOOEA00 LOEH0 | 0.00EH0 LOOE+ 9.09E-03
724E+06 LOOE+N 0.O0E+HX LDOE+00 LOOE+HX LODE+00 LOOE+00 | 0.00E+00 LOOE+ 6.68E-04
39E+)6 OO +( 0.00E-+X LOOEAD0 | 0.00E-+0( LOOEA+00 LOOE+00 | 0.00E+00 LOOE+ 0.00E+00

71.54E406 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.63E-02
TH9E+H06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.98E-02
T85EH06 1.64E-04 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.41E-03
801E+06 6.49E-04 0.00EH00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 5.10E-04
8.17E+06 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
8.34E406 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E+00

| 8.51E406 OOEHO0 | 0.00E+HOC LOOEA00 | 0.00E+00 LOOE+00 | 3.86E-03 0.00E+00 LOOEH OOE+00
| 8.68EH6 2.28E-04 0.00EH LOOEA00 | 0.00E+00 LOOE+00 | 4.03E-03 0.00E+00 LOOEH W93E-03
8.86E406 LS8E-04 0.00E+H)X LOOE+00 | 0.00E+00 LO0E+00 | 0.00E4+00 | 0.00E+00 LOOEH B4E-02

904E+06 | 0.00E+00 | 0.00E+00 | 2.65E-03 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.21E-02
923E+06 | 0.00E+00 | 0.00E+00 | 5.10E-04 0.00E+00_ | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.21E-03
9A42E406 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.13E-03
961E406 | 0.00E400 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 6.38E-03 | 0.00E+00 | 0.00E+00 | 1.32E-02
980E+06 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.17E-03 | 0.00E+00 | 0.00E+00 | 5.38E-03

1OOE407 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.36E-02 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.61E-04

| 1.O2EH07 DBE-04 0.00EH LOOE+00 | 0.00E+D0 | 2.15E- OOEH00 | 0.00E+00 LOOEH 0.00E+00
| 1.04E+07 5.00E-04 0.00EHC LOOE+00 | 0.00E+00 | 6.68E-( LOE+00 | 0.00E+00 LOOEH 2.03E-02
1O6EH7 OOEH00 | 0.00E+H LOOE+00 | 0.00E+0( JOEL OOE+00 | 0.00E+00 LOOEH 1.29E-02

1 .OBE+0T 1.O2E-04 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 6.82E-03 0.00E+00 | 0.00E+00 | 2.32E-02
1.1IE+07 4.94E-04 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 8.25E-03 0.00E+00 | 0.00E+00 | 2.21E-02
1.13E407 2.04E-04 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.13E-02
LISEH07 1.23E-03 0.00E+00 | 0.00E400 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.22E-03
1.18E+07 LOSE-03 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.96E-04 0.00E+00 | 0.00E+00 | 4.05E-03

1 20E407 0.00E+00 | 0.00E+00 | 4.18E-03 0.00E+00 | 0.00E+00 | 3.76E-04 0.00E+00 | 0.00E+00 | S91E-04

| 122E407 S0E-04 0.00E+00 | 1.02E-03 LOOE+00 T8E-04 LOOE+H00 | 0L00EH LOOEA 1.51E-03
25E4H07 6.79E-04 0.00EH0 | 6.96E-06 LOOE+00 S0E-04 OOEHD0 | 0.00E-+HOC LODE+ T.30E-04
28E4H07 T.63E-05 0.00E+H00 | 1.75E-06 0.00E+00 LOOEA+00 J9E-02 0.00EHOC LO0E+ 1.29E-02

1 30E+07 6.80E-04 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.67E-02 0.00E+00 | 0.00E+00 | 1.44E-02

33EH07 B5E-03 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.34E-02 3.78E-03 T.03E-04 0.00E+00 | 1.69E-02

| 136E407 | 2.99E-03 0.00E+00 LOOE+00 | 0.00E+00 | 2.74E-03 0.00E+00 | 2.34E-03 | 0.00E+00 | 6.62E-03

38EHT7 | 5.51E-03 0.00E+00 OOE+00 | 0.00E4+00 | 0.00E400 | 0.00E400 | 0.00E+00 | 0.00E4+00 | 1.56E-02

AIEH0T7 | 4.54E-03 | 4.74E-03 2.23E-03 0.00E+00 | 0.00E+00 | 441E-03 | 0.00E+00 | 0.00E+00 | 3.00E-02

1 44E407 | 2.74E-03 | 6.55E-04 4.09E-03 | 0.00E+00 | 1.10E-03 9.28E-03 | 0.00E+00 | 0.00E+00 | 1.10E-02
ATEHOT | 0.00E+00 | 0.00E+00 | 9.70E-04 0.00E+00 | 241E-04 4.33E-03 0.00E+00 LOOE+00 | 1.11E-03 |

| |.SOEH7 | 8.69E-05 | 0.00E+00 | 0.00E4+00 | 0.00E+00 LOOE+00 | 0.00E+00 | 0.00E+00 LOOE+00 | 7.41E-04

SIEHT | 16IE03 | 0.00E+00 | 2.51E-03 | 0.00E+00 LOOE+00 | 1LSTE-04 | 2.16E-04 LOOE+00 | 1.40E-03

| S6E4H07 8.26E-03 0.00E+00 | 5.08E-03 0.00E+00 | 4.34E-03 6.42E-03 7.73E-04 0.00E+00 | 4.03E-03
1 59E+07 9.98E-03 0.00E+00 | 6.25E-03 0.00E+00 | 1.02E-03 9.37E-03 0.00E+00 | 0.00E+00 | 1.50E-02
1 63EH0T BATE-04 0.00E+00_| 1.49E-03 0.00E+00 | 0.00E+00 | 5.49E-03 5.73E-04 0.00E+00 | 1.16E-02
HOEHT 5.88E-03 0.00EH0 | 9.6TE-(M 3.56E-04 T2E-04 8.53E-03 2.12E-03 LOOE+00 | 1.74E-03
HIEHT 2.83E-03 0.00E+00 | 2.98E-(M 3.63E-04 9.11E-05 0.00E+00 | 0.00E+00 LO0E+00 | 6.33E-03
J3EH07 L64E-03 0.00E+00 | 1.61E-0 0.00E+00 19E-03 0.00E+00 | 1.53E-03 ATE-03 1.16E-02

120



Raw data Fig. 6

name runtime Fouling mass | runtime Fouling mass | runtime Fouling mass
unit min mg/g min mg/g min mg/g
comment - 5°C - 20 °C 40°C
30 60 51.5 30 93
30 30 16 30 78
40 60 242 45 145
40 120 98.5 45 133
50 90 88.9 60 173
60 19.5569 30 19.9 60 149
60 14.10725 30 3.99 15 179
75 16.5422 90 87.6 75 201
75 19.50279 30 28.2 90 256
90 14.09179 45 20.9 90 217
90 12.10518 45 47.7 120 303
120 60 65.8 120 310
120 16.88232 60 48.9
120 19.28635 30 18.6
150 17.28428 45 272
150 26.14286 20 7.85
180 17.83311 20 9.74
180 20.3299 30 12.41438
30 18.98488
40 20.52315
40 21.23431
50 21.57443
60 40.5052
60 30.6108
75 42.15942
75 42.40678
90 75.93952
90 71.4252
120 103.65157
120 113.26769
120 116.81576
150 175.58695
150 156.58661
180 186.48625
180 186.16932
Raw data Fig. 7
Name mixing el fouling mass | Measurement error | fouling mass Measurement error
unit 5 mg/g mg/g mg/g mg/g
comment local, 20 °C integral, 20 °C
1 203.16109 23.94982 188.53156 21.21738
2 162.16216 32.2428 188.53156 21.21738
3 154.35435 16.58354 188.53156 21.21738
4 173.21321 22.57044 188.53156 21.21738
5 191.23123 29.66164 188.53156 21.21738
6 214.65465 25.89863 188.53156 21.21738
7 220.94421 32.64783 188.53156 21.21738
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Raw data Fig. 8

name runtime Fouling mass runtime Fouling mass
unit min mg/g min mg/g
comment Mixing element 7 Reactor average
60 86.7 60 51.5
30 62.7 30 16
60 335 60 24.2
120 186.8 120 98.5
90 170.8 90 88.9
60 165.7 30 19.9
30 48.1 30 3.99
30 34.3 90 87.6
90 163.9 30 28.2
30 25.8 45 20.9
45 713 45 47.7
45 137.3 60 65.8
60 1493 60 48.9
60 103.9 30 18.6
30 55.8 45 272
45 56.7 20 7.85
20 10.3 20 9.74
20 14.6 30 12.41438
150 188.4 30 18.98488
150 165.3 40 20.52315
180 192.3 40 21.23431
180 182 50 21.57443
120 174 .4 60 40.5052
60 30.6108
75 42.15942
75 42.40678
90 75.93952
90 71.4252
120 103.65157
120 113.26769
120 116.81576
150 175.58695
150 156.58661
180 186.48625
180 186.16932
Raw data Fig. 9
name Decrease in reaction volume Decrease in conversion
unit - B
0.29052 0.32967
0.14072 0.14706
0.48191 0.52326
0.4187 0.5
0.44386 0.38824
0.10827 0.07692
0.08672 0.14737
0.42438 0.39726
0.09831 0.0274
0.23298 0.10588
0.2748 0.20732
0.36789 0.32558
0.30287 0.3
0.11343 0.04819
0.21978 0.275
0.03933 0.07407
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Raw data Fig. 10

name Fouling mass Fouling mass Fouling mass Fouling mass
unit mg/g g mg/g g
comment Average reactor (a) Measurement cell Static mixer 7 (b) Measurement cell
51.5 1.008 34.2 0.671
24.2 0.79 33.8 0.788
98.5 1.11412 47.97 0.859
88.9 1.113 56.2 0.623
19.9 0.86 86.4 1.007
3.99 0.672 103.9 0.935
28.2 0.426 105.7 0.934
209 1 137.7 0.979
47.9 0.98 148.3 1.039
65.8 1.0339 151.5 1.029
48.9 0.936 166.1 1.185
18.6 0.623 170.7 1.112
27.2 0.999 187.2 1.113
7.85 0.141
9.74 0.206
Raw data Fig. 12
name AASV Fouling mass
unit m/s 2
comment Measurement cell
125 1.008
6 0.152
120 1.1142
170 1.113
150 1.185
120 0.86
78 0.672
130 1.0003
120 0.98
155 1.0339
125 0.936
85 0.625
140 0.999
20 0.141
35 0.206
Raw data Fig. 11+13
Fig. 11 Fig. 13
| time sound velocity fouling mass runtime ASV
min m's mg/g min m/s
static mixer 7
0 1309.2 0 20 1217.2
0.32032 1311.2 -19.5 1217
0.63738 1313.5 19 1218.7
0.95007 13129 -18.5 1220.8
1.2631 1316.7 -18 1219.5
1.5744 1314.3 -17.5 1218.6
1.8826 1310.8 -17 1218.4
2.1933 13114 -16.5 1218.2
2.5084 1308 -16 1218.7
2.8211 1312 -15.5 1218.
3.1326 3124 -15 1219.6
34405 317.5 -14.5 1217
3.7518 318.7 -14 1218.7
4.0672 1323.1 -13.5 1218.4
4.3958 1325.1 -13 1218.2
4.7612 1326.6 -12.5 1218.7
5.1139 1321.5 -12 1218.8
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5.4635 1327.6 -11.5 1219.6
5.7874 1329.3
6.1005 13333 0.167 1369.013333
6.4111 1331.3 0.469 1370.126667
6.7252 1327.1 0.776 136926
7.0374 13283 1.089 1367.926667
7.3469 1326 1.391 1366.613333
7.6573 1321.6 1.694 136494
7.9675 1321.6 2.008 136436
§.2833 13204 2316 1360.6
8.596 13164 2.62 136408
8.9246 1313.6 2.925 1366473333
9.2374 1313.5 3.233 1366.5
9.5502 1314.6 3.536 136634
9.8805 13143 3.842 1363.16
10.243 1315.7 4.148 1362.933333
10,614 1313 4461 1366.106667
10.961 1312.8 4.759 1367.193333
1131 1309.2 5.066 136628
11.635 1308.1 5.375 1368.386667
11.949 1305.9 5.676 1368.013333
12.262 1307.3 5.983 1366.533333
12.591 1301.7 6.292 1367.873333
12.919 1305.8 6.592 1365 64
13.234 1299.7 6.898 1365.666667
13.561 1307 7.197 1361.293333
13.887 302.1 7.508 1359.833333
14.206 295.2 7.839 136088
14.53 292.6 .156 1357.906667
14,843 1298.3 ATT 1358466667
15.16 1299.2 8.808 1358.933333
15.485 1297 9.156 1354.813333
15.813 1296 9.486 1354.646667
16.127 1292.8 9.8 135126
16.457 1288.8 10.108 1348.253333
16.784 1288.5 10412 1346.293333
17.117 1289.4 10.717 1343.346667
17.449 1289.3 11.024 341.186667
17.768 1286.7 11.328 342513333
18.092 1285.7 11.633 341.913333
18.419 1292.5 11.933 134432
18.735 1286.5 12.235 1343.726667
19.059 12892 2.533 1343406667
19.375 1284, 2.841 1344.573333
19.701 1287, 103 3.149 134412
20,019 1283.6 14.6 13.446 1342.546667
20.343 1283.8 13.748 134524
20.659 1283.9 14.05 1345.16
20.985 1284, 14.358 134638
21.3 1284, 14.659 1346.193333
21.627 1286. 14.964 1346.08
21.942 1290.6 15.262 1346 .84
22.268 1289.5 15.572 134522
22.595 288.f 15.869 1344 66
22913 286. 16.174 1345.533333
23239 285, 16.471 1344 68
23.552 12854 16.781 1345.553333
23.867 1286.4 17.079 1346.8
24.193 1285.5 17.379 1347.553333
24.509 1287.5 17.683 134836
24.82 1288.5 17.984 1348.793333
25.131 1286.8 18.286 1348.686667
25443 12904 18.6 1348.933333
25.756 12874 18.906 1347.993333
26,067 2914 19.206 1346.906667
26.379 2877 19.519 134774
26.687 293.3 19.825 1347.78
27.001 12973 20.124 134926
27.311 12959 20,433 1350206667
27.625 1294.1 20.734 1350413333
27.937 12927 21.034 135096
28.247 1299.4 21.333 1349.5
28.556 1298.7 21.64 1347.966667
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28.869 1301.5 21.935 1348.013333
29.183 1298.6 223 1347 486667
29.502 1302.9 22.525 1348.026667
29.823 298.8 55.8 22.831 1347 88
30.137 305.2 25.8 23.129 1348.473333
30.465 298.3 343 23422 1348.593333
30.78 1308.1 48.1 23717 1350.126667
31.088 1306.4 62.7 24.024 1349.78
31399 1312.7 24.321 1350.106667
31711 1306.6 24628 1350.09333
32.025 1305.6 24.926 1350.4733
32338 1307.6 25.231 1350.333333
32.648 1304.9 25.527 1350.326667
32.976 1311.3 25.824 1352006667
33287 1309.6 26.124 1354,586667
33.6 1307.8 26.425 1355.313333
33911 1310.1 26.722 1356.926667
34.225 1313 27.016 1356.246667 |
34.538 1314.2 273 135644
34.846 1308.9 27.6 1356.393333
35.158 13183 27914 1358.106667
35.472 1316.1 28.223 1359.773333
35799 1319.6 28.52 136284
36.112 3141 28.826 136438
36.432 317.2 29.122 1365.173333
36.753 318.5 29418 1367.16
37.082 1323.6 29.723 1369.193333
37.403 1324.7 30.036 1371.533333
37.724 13234 30.333 1370.946667
38.04 1324.9 30.628 1367193333
38.365 1327.9 30.933 1362.66
38.678 1329.4 31.229 135388
39.006 13324 31.525 1346.173333
39.328 1329.2 31.825 38.946667
39.649 133 32.127 32.226667 |
39.972 1334.4 32422 24.433333
40.291 1336.2 32718 1318.9
40.608 13303 33.022 1316.27333.
40.93 1333.6 33.319 1317.25333
41.248 13323 33.616 1317.58666
41.574 13354 33.908 1315.1€
41.886 13354 34.204 1313.066667
42.2 334.8 34.500 1311.153333
42513 339. 34.804 1311.54
42.823 338.7 3s.1 131386
43.142 13333 354 1317.053333
43462 1332 35.702 1323.753333
43.777 1339.1 35.998 1330.153333
44.104 1338.3 36.299 1335.553333
44433 1340.4 36.6 1340.066667
44.759 13402 773 36.897 134402
45.08 1341.9 1373 37.191 1345.013333
45409 13452 56.7 37.485 1342273333
45.7122 3460.6 37.7178 1336.74
46.032 350.1 38.082 1332.1
46.343 3499 38.379 1328.226667
46.67 1350.8 38.676 1323.986667
46.982 1352.7 38981 1319.713333
47.294 1350.6 39.278 1315433333
47.608 1351.5 39.575 1311.24
47.921 1356.5 39.882 1307.333333
48.249 1353.6 40.176 1303.586667
48.563 1357.5 40.473 1300.246667
48.869 13588 40.78 1296 .94
49.181 1353. 41.078 1293.546667
49.495 1359.7 41.377 1290.246667
49.808 1353.7 41.679 128692
0.121 1356.1 41.983 1283.753333
50,429 1352.9 42.283 1280.57333
50.742 1359.2 42.577 1277.71333.
51.051 1359 42.871 1275.03333
51.367 1360.4 43.167 1272.353333
51.679 1359.2 43475 1269 66
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52.006 1365.7 43.772 126698
52321 1360.9 44.075 1264.3
52,65 1362.5 44.378 1261.3
52.963 1362.4 44.683 1258.74
53.284 1364.1 44.979 1256133333
53.605 1366.1 45.282 1253.666667
53.932 63.9 45.585 1251286667 |
54.246 63.8 45.881 1249.006667 |
54.556 71.3 46.193 1246.933333
54.867 1372.7 46.517 1245.026667
35.176 13712 46.868 1243.393333
55491 1367 47.18 1241.72
55.805 1373. 4749 1240026667
56.126 1371, 47.787 1238.426667
56.442 1369. 48.087 123688
56.755 13712 48.392 1235406667
57.067 1368.2 48.7 123402
57.379 1368, 48.998 1233.246667
57.693 1372.3 49.307 1231.873333
58.004 137¢ 49.604 1230.56
58.313 1370.2 49.908 1229.353333
58.625 1367.6 50.205 1228206667
58.936 1366.3 50.515 1227.113333
59.251 1372.8 50.813 1226.053333
59.563 1370.1 86.7 51.112 1224 84
59.872 1372.6 33.5 51417 1223.66
60.182 1377.6 165.7 51.711 1222526667
60.498 1375.2 149.3 52,01 1221.5
60.808 1379. 103.9 52.313 1220.66
61,133 1378.3 52.623 1220
61.451 1378.9 52.921 1219.5
61.764 1377.3 53.226 1219.14
62.09 1381 53.525 1218.646667
62.405 386.2 53.833 1218.5333
62.715 379.1 54.129 121842
63.035 3826 54.435 121832
63.355 1381.3 54.737 1218.393333
63.666 1377.6 55.029 121862
63.978 1378, 55.329 1218.801786
64.292 13752 55.634 1218.983571
64.756 1377 55.934 1219.165357
65.229 1375.3 56.235 1219.347143

65, 1380.4 56.549 1219.528929
65.98 1378.6 56.845 1219.7107 14
66,308 380.9 57,149 12198925
66.62 3809
66.92! 380.1
67.241 1383.3
67.553 1383.2
67.869 1381.7
68.181 387.1
68.492 386.5
68.801 388.2
69.112 1386.6
69.425 1389.2
69.73 1388.1
T70.047 1388
70.359 1385

T0.67 1393
70.983 1387.1
71.297 386.8
T1.605 384.2
71.916 384.7
72.228 1387.2
72542 1390.8
72.855 13915

3.163 3852

3.475 3856

3.788 393.1
74102 13889
74424 1390
74.726 1392.1

75.05 1389.8
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75364 13973
75,679 13894
75991 1399.2
76.301 1396.5
76.613 1400
76.921 3972
77233 405.6
77.544 399.3
77.859 1396.4
78.182 1404.6
78.501 1403.4
78.825 1401.4
79.143 13974
79.455 1400.4
79.784 1399.5
80.107 1409.2
80.425 1399
80.738 1407.1
81.051 1400.2
81.375 1401.9
81.688 1404.9
81.999 1401.4
82311 1409.3
82,626 1402.9
2.944 1404.
3.268 1406.
3.581 1404,
§3.889 1407.4
84.199 1401.6
84.511 1407.6
84.825 1407.1
85.139 14102
85.467 1412.1
85.797 1408.7
86.11 1409.5
86.421 14102
86.733 1404.2
87.058 1412.3
87.371 1410
87.683 14071
87.994 1410.3
88.309 1411.5
88.622 1410
88.929 14123
§9.245 14202
89.567 1412.3
89.884 14212 170.8
90.199 1408.6 163.9
90.523 14154
90.837 1414.3
91.151 1417.3
91.476 14154
91.792 1411
92.105 1419.8
92,434 1420.1
92.759 14168
93.078 1417.1
93.395 1419.7
93.715 1418.7
94.027 14134
94.338 14111
94.66 1415.7
94,979 1417.
95.302 1416.
95.622 1419.
95.937 14224
96.246 1418.3
96.559 1418.2
96,885 1418.4
97.215 1416.8
97.529 1413.6
97.843 14163
98.161 1420.7
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98.483 1422.2
98.801 1418.7
99.119 1422.7
99.439 14234
99.766 14219
100.08 1420.5
100.4 1417.
100.73 1411,
101.05 1418.9
101.37 14222
101.69 1414.4
102.01 1419.3
102.33 1418.6
102,65 14109
102.97 1414.5
103.29 14183
103.6 1420.7
103.92 1417.8
104.29 14233
104.67 1420.6
105.03 1413.6
105.42 1425.6
105.75 1425.3
106.06 1428.6
106.38 1427.1
106.7 1427.6
107.01 14289
107.33 1430.8
107.65 1423.5
107.96 1423
108.27 1422.6
108.59 1431.6
108.91 1428.2
09.23 423.7
19.54 429.1
19,85 437.5
110.17 14272
110.51 1430.1
110.83 1431.3
11115 1424.1
11146 1426.5
111.78 1437.6
112.1 14339
112.42 1430
273 1432,
3.05 142,
337 1431.6
113.68 14323
113.99 14253
114.3 14279
114.62 1429.9
114.94 14284
115.26 1424.8
115.58 14323
115.9 1429.9
116.2 1432.2
116.52 14264
116.83 1428.5
117.15 1427.6
11746 1428
.77 1429.9
09 1430.5
5.4 1430.6
118.72 1429.2
119.04 14299
119.35 1430.4
119.66 1426.8
119.98 1430.8 186.8
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