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1. Zusammenfassung 

Im Vergleich zur Masse- oder Lösungspolymerisation gewährleisten Emulsions-

polymerisationen eine gute Wärmeabfuhr und damit einhergehend Prozesssicherheit. 

Vinylacetat ist ein häufig verwendetes Monomer in der Emulsionspolymerisation. 

Polyvinylacetat und seine Copolymere finden Anwendung als Betonzuschlag sowie in 

Klebstoffen, Bindemitteln für die Lackindustrie und Beschichtungen. Emulsions-

polymerisationen werden großtechnisch bisher weitgehend in einer semibatch Fahrweise 

durchgeführt. Eine kontinuierliche Betriebsweise wäre von Seiten der Effizienz hinsichtlich 

Kosten und Raum-Zeit-Ausbeute deutlich bevorzugt, allerdings stellt die Belagsbildung eine 

große Herausforderung dar. Die an den Reaktorwänden anhaftenden Beläge resultieren in 

einem Verlust an Reaktionsvolumen und setzen die Wärmeabfuhrleistung deutlich herab. Dies 

reduziert die Prozesssicherheit und führt zu veränderten Produkteigenschaften und einer 

verringerten Kosteneffizienz aufgrund erhöhter Totzeiten. Es treten vor allem zwei 

Belagsbildungsmechanismen in Erscheinung. Das Polymerfouling durch Agglomeration von 

Latices und anschließende Sedimentation. Dem gegenüber steht das Polymerisationsfouling, 

bei welchem die Polymerisation in Filmen auf der Reaktoroberfläche abläuft und somit 

Polymere auf den Flächen aufwachsen. 

Diese Arbeit liefert Beiträge zum Verständnis der Belagsbildung während der kontinuierlichen 

Emulsionspolymerisation von Vinylacetat-Copolymeren. Hierfür wurde eine reproduzierbare 

und belagsintensive Rezeptur im Rohrreaktor entwickelt sowie die Belagsbildung und die 

Einflüsse auf diese untersucht. Darüber hinaus wurden Sensorkonzepte zur inline-

Quantifizierung von Reaktionsbelägen im Rohrreaktor entwickelt und die Polymerisation sowie 

die Eigenschaften der Polymere charakterisiert. 

Die Partikelgröße ist eine der wesentlichen Größen zur Charakterisierung von 

Polymerdispersionen und damit relevant für die Kontrolle der Produkteigenschaften. 

Partikelgrößen werden zumeist offline mittels Lichtstreuanalytik von verdünnten 

Polymerdispersionen gemessen. Diese Verfahren sind zeit- und kostenaufwendig und würden 

insbesondere bei einem kontinuierlichen Polymerisationsprozess zu erheblich verzögerten 

Anpassungen auf Veränderungen im Produkt führen. Daher ist die Etablierung einer inline-

Methode zur simultanen Messung der Partikelgrößen im Prozess ein wichtiger Schritt für die 

Steigerung der Prozesseffizienz. Hierzu wurde eine Methode entwickelt, die ausgehend von der 

Trübung der Dispersion die zahlenmittleren hydrodynamischen Partikelgrößen der Latices mit 
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Abweichungen zu Referenzmethoden unter 5 % bestimmen kann. Grundlage der Methode ist 

eine Kalibrierung der Trübungswerte mit den entsprechenden zahlenmittleren 

hydrodynamischen Partikelgrößen und die Annahme, dass die Teilchenanzahl während der 

Messung nahezu konstant bleibt, welche nach der Nukleationsphase für 

Emulsionspolymerisationen erfüllt ist. Die Methode ermöglicht bei Polymergehalten von bis 

zu 50 wt.% eine schnelle und präzise Verfolgung der zahlenmittleren hydrodynamischen 

Partikelgröße. 

Die Einflüsse der Rezeptur auf die Belagsbildung wurden für der Emulsionscopolymerisation 

von Vinylacetat und Vinylneodecanoat untersucht und auf Basis der experimentellen Befunde 

ein Modell entwickelt, welches es ermöglicht Belagsmassen für unbekannte Rezepturen 

vorherzusagen. Es wurden direkte Einflüsse des Monomerumsatzes und der 

Monomerzusammensetzung auf die Belagsmenge gefunden. Der Monomerumsatz wird dabei 

maßgeblich von der Reaktionstemperatur, dem Initiatorgehalt und dem Emulgatorgehalt 

beeinflusst. Folglich kann die Belagsmenge durch eine Verringerung des Umsatzes oder 

Veränderung der Monomerzusammensetzung reduziert werden. Beides ist industriell wenig 

attraktiv, da eine Verringerung des Umsatzes die Ausbeuten schmälert und die Aufarbeitung 

des Produkts komplizierter macht und eine Veränderung der Monomerzusammensetzung zu 

anderen Produkteigenschaften führt. Zusammenfassend ist es möglich, die Einflüsse 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. Hierfür wäre der Einsatz von 

Beschichtungen im Reaktor vielversprechender, da sowohl für hydrophobe als auch hydrophile 

Beschichtungen im Reaktor zwar keine reproduzierbare Reduktion der Belagsmasse beobachtet 

werden konnte, jedoch die Reinigung deutlich erleichterten. Dies würde zu gesteigerten 

Effizienzen durch kürzere Reinigungszeiten führen. 

Sensoren basierend 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 Skalenabhängigkeit evaluiert. Vielversprechende Ergebnisse konnten 

durch Messung des Verweilzeitverhaltens des Rohrreaktors erzielt werden. Die gemessene 

Verweilzeit wird durch Beläge im Rohrreaktor signifikant reduziert und das Marker-Signal 

verbreitert. Dies deutet auf erhöhte Totzonen im Reaktor durch die Belagsaufwüchse. Die 

Detektionsgrenze der Verweilzeitmethode Methode ist hoch, da erst eine deutliche 

Volumenveränderung im Reaktor vorliegen muss, damit Beläge erkannt werden können. Ein 
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weiteres Konzept zur Belagsdetektion kann durch die Ermittlung des Umsatzrückgangs 

während der Reaktion erhalten werden. Hierfür muss die Verweilzeit im Rohrreaktor ungefähr 

der Reaktionszeit entsprechen, denn dann führt eine Reduktion des Reaktorvolumens durch 

Beläge zu einer verkürzten Reaktionszeit und folglich zu einem Umsatzrückgang. Der Vorteil 

dieser Methode ist, dass eine Umsatzanalytik oft bereits existiert, da der Reaktionsumsatz eine 

wichtige Zielgröße ist. Somit sind Einsparungen durch die Verwendung einer bestehenden 

Analytik möglich und es werden präzise Ergebnisse erhalten. Geringe Belagsmengen sind nur 

mit Verzögerung zu detektieren, da auch hierbei eine signifikante Volumenänderung vorliegen 

muss. 

Es wurde nachgewiesen, dass die Messung von Polymerbelägen mittels einer Ultraschall-

Messzelle gut geeignet ist, um bereits frühe Stadien der Belagsbildung präzise zu erfassen. Die 

Schallgeschwindigkeit der Ultraschallwellen ist stark medienabhängig, sodass es zu einer 

Verschiebung der Schallgeschwindigkeit in einer Messzelle kommt, wenn Beläge entstehen. 

Durch eine Kalibrierung gegenüber den Belagsmassen im Reaktor wurde eine robuste und 

präzise analytische Methode zur Detektion von Belägen entwickelt. Diese kann das 

Belagswachstum sowie auch den Belagsabbau durch Reinigung verfolgen und ist in der Lage 

einen autonomen Betrieb zu ermöglichen. 

Neben der Untersuchung der Belagsbildung im kontinuierlichen Betrieb, spielen die 

Produkteigenschaften der Polymere eine wesentliche Rolle für die spätere Anwendung des 

Polymers. Daher wurden die chemischen Eigenschaften von Polymeren aus batch Prozessen, 

mit denen aus dem Rohrreaktor verglichen. Bei den Molmassen, Partikelgrößen und 

Emulsionsstabilitäten wurden keine Unterschiede festgestellt. Der Reaktionsumsatz ist vom 

Herstellungsverfahren abhängig, 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. Unabhängig vom Prozess weisen die Beläge ein signifikant höhere 

Molmassen auf als die Polymerdispersion, sodass auf Polymerisationsfouling als wesentlichen 

Mechanismus geschlossen werden kann, da die Konzentrationsverhältnisse in 

polymerisierenden Filmen entlang der Reaktorwände von der dispersen Phase abweichen und 

somit Verschiebungen in der Molmasse zu erwarten sind. Eine Vernetzung der Beläge 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 über welche Messverfahren sie zugänglich ist. Damit wurden wesentliche Beiträge 

zur Umsetzung von kontinuierlichen Emulsionspolymerisationen auf großtechnischer Skala 

erbracht und Grundlagen zum Verständnis der Belagsbildung und für 

Belagsvermeidungsstrategien erarbeitet. 

 



 

 

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 
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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. 

 



 

 

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 2021[1] 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.[2] 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 

polymers are used for synthetic rubbers or plastic applications as well.[1,3,4] Most emulsion 

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.[3] 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.[3] Polyvinyl 

acetate and its copolymers are used for construction materials, automotive applications, 

adhesives, paints and coatings for moisture barriers and electric insulation.[3] 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. 
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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.[5–7] 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)[8] 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] 

 
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.[9] 

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.[5] 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.[5,10,11] 
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Figure 2: Nucleation in emulsion polymerisation. The different pathways for homogeneous and heterogeneous nucleation are 

shown.[11] 

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).[5,10,19–24,11–18]  

 

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.[25] 
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The classical assumption of NOMURA et al.[26] 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.[27] 
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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.[3] 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 ΔHR = −88.8 kJ mol−1, 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.[13,28]  

Pure homopolymerisation of vinyl acetate is of minor importance, as the homopolymer has a 

glass transition temperature Tg of 30 °C which is too high for many applications and the polymer 

therefore too brittle.[29] 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.[30] 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 Tg 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.[29] 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-

sensitive bonds by the highly branched side chains of the long-chain vinyl esters.[31,32] However, 

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.[33] 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.[34] 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.[35,36] 

  



 

23 

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.[37] 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.[38] 

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.[39] 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.[39] For heat exchangers, the fouling in 

dependence of heating or cooling operations can be predicted by the usage of learning 

algorithms.[40] 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.[41–47] Some examples are 

alkylphosphonate esters which reduce the fouling during polymerisation of ethylene 

dichloride.[43] Polyoxyalkenes are reported to reduce fouling in solution polymerisation of 

ethylene co- and homopolymers.[46] Alkyl and aryl phthalates prevent polymer fouling during 

monomer synthesis and solution polymerisation of acrylates, methacrylate or acrylic acid.[47] 

Moreover, the addition of comonomers to the recipe can reduce fouling which is described for 

kinetic hydrate-inhibitor formulations.[48] 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.[49–52] 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.[49] For the polymerisation of vinyl chloride 

coatings of alumina oxalyl bis(benzylidene)hydrazide[50] respectively aqueous selenous acid[51] 

can be used for fouling reduction.  

Special reactor concepts can be another approach to reduce or prevent fouling.[53–58] McFadden 

et al.[54] 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.[54] Lowell et al.[55] 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.[59] Haruyama[60] developed a mechanical 

cleaning strategy which removes polymeric fouling by displacement through expansion or 

contraction of the reactor parts.[60] Saikhwan et al.[61] 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 

publications.[62–64] Deglmann et al.[62] 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.[62] Neßlinger 

et al.[65] investigated fouling during solvent polymerisation of vinyl pyrrolidone. They discussed 

the fouling reduction of coated reactor surfaces and their long-term suitability.[65] 

Fouling formation for the emulsion polymerisation of vinyl acetate is described in literature as 

well.[58,66–68] Carvalho et al.[58] 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.[58] 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.[66–68] 

Hohlen et al.[67] 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.[67] 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.[67] 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,[69] 

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 
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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 

is shown in Figure 4.[38] 

 

 
Figure 4: The appearance of polymer and polymerisation fouling on reactor surfaces.[38] 

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).[38] 

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).[38] 
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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.[38] 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.[38,66,70] 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,[71] 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.[70] 
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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 

there are different technical approaches described.[72–78] For non-reactive systems polymer 

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.[78] 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.[77] Böttcher et al.[72] 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.[72] In this case on lab-scale it is established to detect the changes in 

the reactor weight.[73,74] 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.[73,74] 
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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. Neßlinger 

et al.[65,79] 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.[79] Osenberg et al.[75,76] reported the suitability of ultrasonic fouling detection for 

polymerisation processes, such as solvent polymerisation and emulsion polymerisation.[75,76,80] 

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.[75,76] For emulsion polymerisation of vinyl acetate the average 

sound velocity (ASV) or the signal attenuation of the coupling reflection are possible measured 

variables.[80] Concluding, there are different approaches for fouling detection on lab-scale but 

no universal solution for wide applications is present. 

 



 

 

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(III) sulphate dodecahydrate as initiator system. This 

initiator system enables fast emulsion polymerisations at low temperatures and the kinetics are 

well known.[8,81,82] 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. 
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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. 

 

 



 

 

5.  Cumulative part of the dissertation 

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

emulsion polymerisations 

 

Sören 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.[83] 
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5.2 Formulation and process determined fouling prediction for the continuous emulsion 

co polymerisation of vinyl acetate 

 

Sören 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[66,67] or emulsion stability[69] 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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5.3 Ultrasonic and conversion-based inline fouling measurements for continuous 

emulsion copolymerisation of vinyl acetate 

 

Sören 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.[84,85] 
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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.[86] 

Jan Förster, Thomas Fritsch, Jan Tebrügge, Thomas Musch, Marco Osenberg, Dominik Haspel, 

Werner Pauer, Sören 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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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 ṁ = 12.6 g/min. 

The hydrodynamic residence time τhyd can be calculated using equation 1.[87] For the calculation 

of the hydrodynamic residence time, the mass flow must be converted into the volume flow 

using the density of the system. 
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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 

τhyd,ideal = 3.61 min. For a more precise approach the densities of the monomers must be 

considered. With the densities of vinyl acetate ρVac = 0.94 g/cm³ and vinyl neodecanoate 

ρVeoVa = 0.88 g/cm³ the volume flow rate is a bit increased, and the hydrodynamic residence 

time decreases to τhyd,real = 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 
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components of the system. The hydrodynamic residence time for this tubular reactor is 

τhyd = 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). 

 
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 τreal = 3.1 min which is lower than the hydrodynamic residence time with 

τhyd. = 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.[88] For the reactor, a BODENSTEIN number of 22.4 was obtained, which indicates a 

continuous flow with low back mixing. 
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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. 

 
Figure 7: Residence time measurements for fouling detection in the reactor. 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 τreal,foul. = 2.2 min which is significantly reduced to the real 

residence time for the empty reactor τreal = 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 τhyd. = 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[89,90] 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 

was successful.[86,89,90] A recovery of the cleaning solution was not discussed. Concluding, this 

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 above[89,90] 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.[91] 

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.[49–52] 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.[92] 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[85] as it was easily accessible for testing and samples can be 

removed and analysed. The coatings tested were a hydrophilic titanium dioxide (TiO2) 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.[85] 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 g and 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. 

  

a) b) 
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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[84] the initial conversion is between 65 % and 85 % and decreases with time as 

fouling reduces reaction volume.[85] Higher reaction conversions can be reached by increased 

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.[93] 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.[91] 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[85] over 

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.  
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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.[85] 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. 

 
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.[84] 

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). 

 
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.[94] For polyvinyl neodecanoate homopolymer a glass 

transition temperature of -3 °C[95] 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. 

 



 

 

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.[8,96] 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 
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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 

concentration on conversion and reaction rate are widely described.[14,23,24] For emulsifier 

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[73,74] 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 



 

101 

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.[79] 

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.[97] 

Chemical 

(CAS-number) 

Hazard pictograms 

Signal word 
H-phrases P-phrases 

Acetone 

(67-64-1) 

 

Danger 

225‐319‐336-

EUH066 

210‐240‐

305+351+338‐

403+233 

Ammonium 

 iron(III) sulfate 

dodecahydrate 

(7783-83-7) 

 

Danger 

318 
280‐305+351+338‐

310 

Ascorbic acid 

(50-81-7) 

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

1272/2008 

Dimethylacetamide 

(127-19-5) 

 

Danger 

312+332‐319‐360D 

202‐280‐

302+352+312‐

304+340+312‐

305+351+338‐

308+313 

Methanol 

(67-56-1) 

 

Danger 

225-331-311-301-

370 

210-233-280-

302+352-304+340-

308+310-403+235 

Mowiol 4-88 

(9002-89-5) 

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

1272/2008 
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Potassium 

hydroxide 

(1310-58-3) 

 

Danger 

290‐302‐314 

234‐260‐280‐

301+312‐

303+361+353‐

305+351+338 

Sodium hydroxide 

(1310-73-2) 
 

Danger 

290‐314 

280‐301+330+331‐

305+351+338‐

308+310 

tert-Butyl 

hydroperoxide  

(75-91-2) 
 

Danger 

226-242-302-311-

330-314-317-341-

411 

210-220-234-243-

264-273-280-284-

303+361+353-

305+351+338-310-

320-405-410-

411+235-420-501 

Tetrahydrofuran 

(109-99-9) 

 

Danger 

225‐302‐319‐335‐

351-EUH019 

210‐280‐

301+312+330‐

305+351+338‐

370+378‐403+235 

Vinyl neodecanoate 

(26544-09-2) 

 

Warning 

410 273-391-501 

Vinyl acetate 

(108-05-4) 

 

Danger 

225‐332‐335‐351‐

412 

210‐261‐273‐

304+340+312‐

403+235 

Water 

(7732-18-5) 

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

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” 
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9.3 Supporting information “Ultrasonic and conversion-based inline fouling 

measurements for continuous emulsion copolymerisation of vinyl acetate” 
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