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1. Zusammenfassung 

In dieser Arbeit werden Polymerisationsprozesse untersucht und mittels Prozessanalytik 

inline, sowie offline verfolgt und begleitet. Zu Beginn wird verdeutlicht, dass eine zeitlich eng 

aufgelöste Beobachtung der durchgeführten Polymersynthesen zu Erkenntnissen über den 

Prozess führt. Durch die inline Prozessanalyse mittels Photonendichtewellen Spektroskopie 

und der inline Verfolgung von optischen Koeffizienten wird gezeigt, dass die verschiedenen 

Phasen der Polymersynthese sich auch in den optischen Eigenschaften der Dispersion 

widerspiegeln.  

Diese Arbeit liefert Einblicke in Polymerisationsprozesse verschiedener Art, insbesondere in 

die Polyvinylacetat- (PVAc) und Polystyrolsynthese (PS). Es wird eine eingehende Analyse 

der Vinylacetat-Homopolymerisation durch Monomer verarmte, semikontinuierliche Synthese 

beschrieben. Zunächst wird gezeigt, dass die Partikelgröße und die Partikelgrößenverteilung 

des Systems durch Änderung einfacher Polymerisationsparameter, wie der Gesamtmenge 

des dem System zugesetzten Monomers, verändert werden können und eine klare 

Abhängigkeit besteht. Ein Unterschied in der mittleren Partikelgröße und der 

Partikelgrößenverteilung wurde erstmalig durch die Photonendichtewellen (PDW) 

Spektroskopie ermittelt und quantifiziert. Die PDW-Spektroskopie zeigt sich nicht nur für die 

Analyse des produzierten Dispersionsproduktes als geeignet, sondern auch für die Inline-

Überwachung des gesamten Polymerisationsprozesses bis hin zu Massenanteilen des 

Polymers von weit über 40 %. Weiterhin wird gezeigt, dass der gemessene reduzierte 

Streukoeffizient der Dispersion eine Korrelation mit dem Partikelwachstum aufweist. Es wird 

ebenso gezeigt, dass die Implementierung von Inline-PDW Spektroskopie in Echtzeit, 

Hinweise auf mögliche thermische Durchbruchsreaktionen und unsichere Reaktionen geben 

kann. In Kombination mit anderen Inline-Prozessanalytik (PAT)-Trends, wie z.B. der 

Auswertung der Reaktionstemperatur, kann eine Durchbruchsreaktion durch gezielte PAT-

Anwendung der PDW Spektroskopie verhindert werden.  

In weiteren Experimenten wurde festgestellt, dass das untersuchte System aufgrund der 

Verwendung von Polyvinylalkohol (PVA) als Stabilisierungskolloid dazu neigt, Wasser auf der 

Partikeloberfläche zu absorbieren. Da dieses Phänomen in der Literatur bekannt ist, wird ein 

iterativer Ansatz zur Berechnung des volumenbasierten Quellungsfaktors verschiedener 

PVAc-Homopolymere vorgestellt. Eine Versuchsreihe mit sequentieller Erhöhung der 

Gesamtmenge von PVA als kolloidalem Stabilisator wurde hinsichtlich der Wasserquellung 

analysiert. Um die Fähigkeit der PDW-Spektroskopie zur Partikelgrößenbestimmung in diesem 

Ansatz zu beweisen, wurde Polystyrol, welches mit Natriumdodecylsulfat (SDS) stabilisiert 

wurde, zusätzlich als Best-Practice Beispielsystem untersucht. Es zeigt sich, dass die 

PS/SDS-Partikel aufgrund des hydrophilen Charakters der Partikel und des SDS-Stabilisators 
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erwartungsgemäß nicht zur Wasserquellung neigen. Es wird demonstriert, dass die 

theoretisch berechnete Streuung sehr gut zu den mittels PDW-Spektroskopie experimentell 

ermittelten Streukoeffizienten µs' übereinstimmt, ohne Anpassungen der Partikel hinsichtlich 

Wasserquellung vorzunehmen. Mittels des vorgestellten iterativen Ansatzes zur 

systematischen Fehlerminimierung wurde die Wasserquellung der PVAc/PVA-Partikel in 

Lösungen von bis zu 50 % w/w Massenanteil Polymer berechnet. Demnach wurde hingegen 

festgestellt, dass die PVAc/PVA-Teilchen in Dispersion bis zu 40 Volumenprozent Wasser 

aufnehmen. Erst durch die Annahme der individuell iterativ ermittelten Wasserquellung konnte 

eine Ermittlung der Partikelgröße mit annehmbaren Fehlerwerten erzielt werden. Da die 

Wasserquellung eine große Herausforderung für die Inline-Überwachung der Partikel darstellt, 

und die Analyse der Partikelgröße während ihrer Nukleierung und ihres Wachstums sehr 

schwierig ist, wurde ein verwandtes System für weitere Untersuchungen gewählt.  

Die Co-polymerisation von Vinylacetat und Versa® 10 ist ein industriell relevanter Prozess. Es 

ist bekannt, dass der Prozess sehr exotherm verläuft und bei der Produktion im Großmaßstab 

Sicherheitsprobleme auftreten können. In einer Kooperation mit der Universität Hamburg 

wurden Scale-up-Experimente durchgeführt und mittels inline PDW-Spektroskopie verfolgt. Es 

zeigte sich auch hier, dass die inline gemessenen optischen Parameter über den ganzen 

Reaktionsverlauf von bis zu 63 % Massenanteil Polymer darstellbar sind. Es konnte 

anfängliche Inhomogenität durch unzureichende Durchmischung mittels PDW-Spektroskopie 

ermittelt werden, die letztendlich zu geringen Umsätzen in den Polymerisationen führten.  

Durch den Einsatz der PDW-Spektroskopie als PAT-Werkzeug kann die Polymerisation von 

Polyvinylacetaten durchgehend in Echtzeit verfolgt werden. Dadurch können 

sicherheitsrelevante Aspekte minimiert, Inhomogenität der Emulsion detektiert und die 

resultierenden Produkteigenschaften gezielt gesteuert werden. Der Einsatz der in dieser Arbeit 

angewandten PDW-Spektroskopie erzielt eine deutliche Erhöhung der Messdatenpunkte 

während einer Reaktion im Vergleich zu offline Messmethoden, wodurch deutliche Kosten- 

und Zeitersparnisse im Betrieb erzielt werden können.  
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2. Abstract 

In this research polymerization reactions are examined and monitored using a process 

analytical technology (PAT) approach. It is shown that observations with a small time resolution 

(< 2 min per datapoint) lead to insights into the polymerization process. Through inline PAT by 

Photon Density Wave (PDW) spectroscopy and the sub-minute tracking of optical coefficients 

like absorption and scattering of the dispersion polymerization trends are mimicked.  

This work delivers insights into polymerization processes of various types, especially on poly 

vinylacetate (PVAc) and polystyrene (PS). In-depth analysis of the vinyl acetate 

homopolymerization by semi-continuous starved-feed synthesis is developed. First it is shown 

that the particle size and particle size distribution (PSD) of the system can be altered by 

changing simple polymerization parameters like the total amount of monomer added to the 

system. A difference in the mean particle size and PSD has been obtained and quantified by 

PDW spectroscopy. PDW spectroscopy cannot only be used for the analysis of the final 

dispersion, it is on top of that employed as suitable technique for the inline monitoring of the 

polymerization process. The inline measured reduced scattering coefficient shows correlation 

to particle growth determined offline by light scattering techniques and electron microscopy. 

The implementation of inline PDW also gives real-time hints about possible thermal runaway 

and unsafe reactions. In combination with other inline PAT trends, like evaluation of the 

reaction temperature, runaway reactions could be impeded and hindered.  

In further experiments on the PVAc stabilized by polyvinyl alcohol (PVA) it is found that the 

PVAc/PVA system is prone to absorb water onto its particle surface due to the use of PVA as 

stabilizing agent. As this phenomenon is known in literature, an iterative approach to calculate 

the volume based swelling factor of different PVAc/PVA homopolymers is presented. An 

experimental series with an increase of the total amount of PVA as colloidal stabilizer was 

analyzed regarding the water swelling. To prove the capability of PDW spectroscopy in this 

approach, PS stabilized with sodium dodecyl sulfate (SDS) polymer particles have been 

analyzed as best-practice. It is shown that, as expected, the PS/SDS particles are not prone 

to water swelling due to the hydrophilic character of the particle and SDS stabilizer. It is further 

shown that theoretically calculated PDW spectroscopy reduced scattering data fits very well to 

the experimentally determined µs’. Via an iterative approach of systematic error minimization, 

the water swelling of the PVAc/PVA particles in solutions of up to 50 % w/w polymer is 

calculated. Accordingly, it is found that the PVAc/PVA particles in dispersion must incorporate 

water up to 40 % volume. By assuming the individually determined water-swelling a conclusive 

determination of the PSD with minimized error values are achieved. Since this presents a big 

challenge for the inline monitoring of particle size a further co-polymer system was used for 

further investigation.  
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Copolymerization of vinyl acetate and Versa®10 is an industrially relevant process. The 

process is known to be very exothermal and unfolds safety issues during large scale 

production. During a cooperation with the University of Hamburg, scale-up experiments are 

conducted and simultaneously monitored inline with PDW spectroscopy. In systems of 100 L 

reaction volume monitoring of the polymerization could be successfully monitored up to solid 

contents up to 63 % w/w polymer content. Initial inhomogeneity due to insufficient mixing was 

detected by PDW spectroscopy, which ultimately led to low conversions in the polymerizations.  

By using PDW spectroscopy as a PAT tool, the polymerization of polyvinyl acetates can be 

continuously monitored in real time. This allows safety-relevant aspects to be minimized, 

inhomogeneity of the emulsion to be detected and the resulting product properties to be 

controlled and consistent in quality. PDW spectroscopy applied in this work achieves a 

significant increase in the number of measurement data points during a reaction compared to 

offline measurement methods, leading to significant cost and time savings.  
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3. Introduction 

Our daily lives are determined by the things that affect us in our surroundings and from the 

inside. As a matter of fact, every smallest aspect causes changes to our behavior and feelings. 

It´s the little things in life that make the biggest differences. In science, the smallest molecules 

and particles have been subject to research since its beginning. In this thesis one of the most 

present and investigated small players are in the spotlight of intensity modulated laser light: 

nanoparticles in emulsion polymerization processes.   

This thesis applies and adapts an inline monitoring approach to detailed dispersion analysis in 

challenging materials. The work done proves that implementation of inline analysis techniques 

delivers a reliable and safe source to monitor polymerization processes and guarantee 

efficiency and high-quality products in emulsion polymerization.  

Monitor the change to minimalize the risk!  

This thesis aims to deliver an approach of translation from knowledge to application. From 

laboratory to industrial scale.  

In the spotlight: Photon Density Wave (PDW) spectroscopy. As it will be demonstrated PDW 

spectroscopy is applicable to many stages of a process and for many purposes. It can be used 

as an indicator for the reproducibility of syntheses of the same characteristics, but can also be 

applied to gain deep insights into the process. It can be used to independently determine 

product parameters such as the absorption and scattering of a sample. With this, specific 

product parameters can be evaluated in depth. The biggest achievement and advantage is the 

inline, calibration and dilution free particle size determination. This work has been carried out 

in order to further specify the limitations of PDW spectroscopy use in emulsion polymerization 

systems as well as to eliminate these limits and adapt the application range of PDW 

spectroscopy for the inline analysis of emulsion polymerization processes.  

One of the model systems studied is the emulsion polymerization of vinyl acetate to polyvinyl 

acetate. Vinyl acetate monomer is used widely over the polymer and coatings industry. In the 

next ten years a global value of more than 16.2 billion US$ of vinyl acetate systems and 

products are produced.1 These products range from paints, coatings, textiles and adhesives 

to even further specialty applications in different industries.  

In the presented work focus is on polyvinyl acetate dispersion productions as used in industry 

for adhesive purposes. Patent based syntheses have been analyzed by PDW spectroscopy. 

First a general approach to the inline monitoring of the patent based semi-continuous synthesis 

of polyvinyl acetate homopolymer stabilized by poly vinyl alcohol is established by using PDW 

spectroscopy. It is shown that the principle investigation of polymerization is possible during 
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the whole course of the synthesis up to high solid contents exceeding 40 % w/w polymer. 

Based on the inline monitoring of the optical trends of absorption and scattering, parallels can 

be drawn to offline measured particle sizes. A facilitated approach to PDW spectroscopy-

based particle size was tackled by adding in-depth analysis of the water swelling potential of 

the polyvinyl alcohol protective colloid. It was shown that water-swelling of the protective colloid 

shell accounts for a significant change in the properties of the produced particles. Integration 

of the water-swelling into the translation from scattering properties to particle diameter lead to 

a good agreement of final particle sizes between PDW spectroscopy measurements, diluted 

light scattering measurements and electron microscopy image analysis. Lastly a scale-up 

approach up to 100 L reaction volume has been successfully monitored with PDW 

spectroscopy and reproducibility of the synthesis on all analyzed process scales was proven. 

Early limitations in homogeneity of the emulsion were detected based on inline intensity 

measurements and showed that homogeneity in the initial stages is crucial to reach high 

conversion rates.  

3.1 Emulsion polymerization  

Latexes, or dispersions, describe a mixture of a dispersed phase in another continuous phase. 

In this research dispersions are characterized as colloidal stabilized mixtures of solid polymer 

nanoparticles within an aqueous medium. Emulsion polymerization is widely used for the 

production of water-borne polymer latexes. Typical components of an emulsion polymerization 

synthesis are water-insoluble monomer(s), water-soluble initiator and stabilizing agents (cf. 

Emulsion polymerization is however challenging in terms of mechanistic understanding and 

continuous process monitoring. The multiphase system is hard to monitor already at very early 

reaction stages due to emulsification of the components. State of the art turbidity 

measurements quickly reach their limits.9 Modelling is on a very good way however still many 

challenges arise in these multifactorial systems.10–13  

Table 1). This method offers advantages compared to other types of polymer synthesis 

reactions. Sustainability and environmental concerns are minimized, as no or little use of 

solvents is involved. High solid contents can be achieved by remaining low dispersion 

viscosities. High monomer conversions can be achieved at short reaction times with high 

reaction rates. Even economic benefits are present as less waste is produced and therefore 

cost reductions are evident.2–71The radical compartmentalization is a special aspect of 

emulsion polymerization. Active radicals are statistically possible in all emulsion entities. The 

radicals are locally separated from each other leading to suppressed and slowed down 

                                                 

* In this work stabilizing agent or colloidal stabilizer is used as a term in order to stay consistent in nomenclature with the published 

research. Synonyms that are widely used are surfactant, stabilizer or emulsifying agent or further. 
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termination reactions. Results of this compartmentalization is achieving high molecular weights 

of the polymer with a high rate of polymerization RP.8  

Emulsion polymerization is however challenging in terms of mechanistic understanding and 

continuous process monitoring. The multiphase system is hard to monitor already at very early 

reaction stages due to emulsification of the components. State of the art turbidity 

measurements quickly reach their limits.9 Modelling is on a very good way however still many 

challenges arise in these multifactorial systems.10–13  

Table 1 Emulsion polymerization general components and examples used in this work for PVAc and PS syntheses. 

Compound PVAc synthesis PS synthesis Further examples 

Medium Water Water Solvents, organics, 

ethanol, etc.  

Colloidal stabilizer PVA (Mowiol 4-88®) SDS PVA (further hydrolysis 

grades), polyethylene 

glycols, proteins 

Monomer VA Styrene Butyl acrylates, methyl 

methacrylates, methacrylic 

acid 

Initiator Redox System 

NaPS/AA 

 

KPS AIBN, persulfate salts 

Catalyst Ferric ammonium 

sulfate 

- Aluminum porphyrins 

 

The emulsification process plays a particularly important role, as it influences properties such 

as the stability and droplet size of the resulting emulsion and subsequent respective polymer 

particle size. According to Smith-Ewart theory of emulsion polymerization, the reaction consists 

of three intervals, initiation, propagation and termination (Figure 1) characterized by the rate 

of polymerization RP. In the first Interval I of nucleation and initial particle growth RP increases 

up to a certain rate. As RP levels off the second interval II sets in, where particle growth is the 

dominant process. Interval III, defined by a decrease of RP is predominantly caused by 

termination reactions due to monomer deficiency.  
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Figure 1 Intervals of emulsion polymerization, based on rate of polymerization and monomer conversion.  

3.1.1 Polymerization Interval I: Redox Initiation 

Initiation of particle nucleation and growth starts by the dissociation of water-soluble initiator 

molecule I2 into two active Initiator radicals I* by the system specific rate of initiation kIni.  

𝐼2
𝑘𝐼𝑛𝑖
→  2 𝐼∗ (3.1) 

  

The small initiator molecules stay within the aqueous phase due to their solubility. Propagation 

into available entities by diffusion is very limited. The used redox initiator pair L-ascorbic acid 

(AA) and sodium persulfate (NaPS) and its dissolution and initiation mechanism has been 

investigated deeply by SCHROETER and NAGARAJA. 14,15 The rate of radical formation is found 

to show dependencies on all three components, [AA], [NaPS] and water, their individual 

concentration and even the ratio between these components. SCHROETER proposes a reaction 

mechanism where radicals are formed by reaction of the peroxide with Fe2+ ions by breaking 

the peroxidic O-O bond and simultaneous oxidation of Fe2+. Regeneration of the Fe2+ happens 

via reaction with AA to form Fe3+. The reaction has a low indication time and a wide range of 

possible reaction temperatures. Ongoing research has been conducted on the actual 

mechanism of the redox initiator system and possible formation of an Fe-AA-complex is 

anticipated. 15 Details on the reaction kinetics in the used redox initiator system NaPS, AA and 

Fe-catalyst are described in SCHROETER chapters 5.2.8 to 5.2.10. He found that at equimolar 

ratios the redox decomposition follows strict first order kinetics and only very small catalytic 

amounts of Fe3+ ions are needed. Further AGIRRE ET AL. found that the iron ammonium sulfate 

is used to accelerate the radical generation when using PVA as colloidal stabilizer, as done 

here.16 Water borne redox initiator system including AA has proven to accomplish high 
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conversions of VAc at low reaction temperatures already and forms very strong reactive 

radicals which minimize the amount of residual monomer.17  

A further redox initiator system used here was TBHP/AA for a few syntheses in the later part 

of the thesis. Whereas initiation with TBHP and AA promotes radical entry as hydrophobic tert-

butoxy radicals are formed, which integrate into the polymer particles, research shows that 

initiator pair TBHP/AA leads to a smaller number of particles and therefore larger particle 

diameters in comparison to KPS, NaPS or further redox initiator pairs. 16,18 TBHP/AA was not 

used throughout the experiments presented here, as it leads to the microscopic formation of 

coagulum in the dispersions. After long term storage (approx. 48 months) at room temperature 

and ambient conditions in a dark storage cabinet all dispersions produced with TBHP/AA were 

completely coagulated, whereas the dispersions produced with NaPS/AA showed an increase 

in viscosity but were still stirrable and showed little to no coagulum.  

5.1.2 Particle nucleation  

The formation of a particle or particle-like structure is called nucleation. The nucleation process 

has different driving forces based on physical, chemical and mechanical conditions. Nucleation 

mechanisms have been proposed for a very long time and are still subject to a lot of 

discussions and research. In polymerization theory, especially emulsion polymerization, 

different nucleation mechanisms have been proposed. In general terms, the colloidal stabilizer 

added to the polymerization system forms agglomerates, clusters or micelles due to its 

amphiphilic character. Micelles are only formed if the critical micellar concentration (CMC) of 

the stabilizer is reached and exceeded. These micelles act as the reaction center of 

polymerization in micellar nucleation. Due to the low solubility of the monomer in the medium, 

dimers and small oligomers form and enter monomer swollen micelles, based on diffusion and 

solubility issues. Oligomer species formed in the aqueous phase diffuse into monomer swollen 

micelles and propagate to a polymer particle. In homogeneous nucleation, monomer is 

dissolved to a small extent in the aqueous phase. Radicals generated in the aqueous phase 

react to form oligomers, which reach a jcr critical degree of polymerization and precipitate as 

primary particle. These might undergo limited aggregation and thereby reduction of the particle 

surface.19 The polymerization rate within the polymer particle is described by:  

𝑅𝑃 = 𝑘𝑃[𝑀]𝑃
𝑛̅ 

𝑁𝐴
𝑁𝑃 

(3.2) 

  

where kP is the propagation rate constant, [M]P the monomer concentration in the polymer 

particles, n̅ the average number of radicals per particle, NA Avogadro’s number, and NP the 

number of particles with 
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𝑁𝑃 = ( 
6𝑀

𝜋 𝜌𝑃 𝐷𝑉
3 ) 

(3.3) 

  

where M is the total amount of monomer fed to the system, ρP is the density of the pure polymer 

and DV is the volume-average particle diameter here determined by PDW 

spectroscopy*.2Typical values for particle numbers in emulsion polymerization are in the range 

of 1018 to 1020 particles per Liter. The resulting PSD of a particular system depends strongly, 

among others on the nucleation process. The shorter the nucleation step, the narrower the 

PSD.5 Current research nowadays cannot completely define the end of the nucleation period 

as secondary nucleation is always a possibility due to remaining active radicals in the reaction 

system. By definition, nucleation can be terminated with stopping of monomer feed, however 

it can also be ongoing to a certain extend during the whole synthesis. Dispersions with ongoing 

nucleation phases will show a negatively skewed PSD as small particles are continuously 

formed. Experimentally, the end of nucleation is determined by analysis of dP and PSD at the 

end of the monomer addition stage.  

In polymerization reactions available initiator radicals from initiator decomposition (Eq. 3.1) are 

present in the medium. Monomer addition to the system causes a reaction between the active 

initiator radical I* and a monomer unit M. Monomer molecules are added to the continuous 

medium, where it is attached to initiator radicals and produces oligomer chains: 

𝐼∗ +𝑀 
𝑘𝑀
→ 𝐼𝑀∗ (3.4) 

𝐼𝑀∗ +𝑀 
𝑘𝑀
→ 𝐼(𝑀𝑛)

∗ 
(3.5) 

 

Addition of monomer units to an active chain takes place until the oligomer reaches a critical 

length jcrit where it becomes insoluble in the aqueous medium. Due to the increase in 

hydrophobicity it either diffuses into a readily available colloidal structure (micell) or colloidal 

stabilizer diffuses to the oligomer to form a colloidal stabilizing cage around the now water-

insoluble oligomer. Further polymerization of these active chains proceeds only inside the 

colloidal stabilized structures. The polymer radical stays active until another active radical 

enters the reaction loci and termination of both active chains occurs. Radical desorption might 

occur as a radical is, in principle, able to leave the colloidal structure. Influence on radical 

                                                 

*If not stated otherwise particle diameters used for calculations were determined by PDW spectroscopy.  
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desorpton rate kd by the number of particles and further is described by ASUA. 2 

 

 

Figure 2 Free radical polymerization scheme of vinyl acetate monomer by radical cleavage of vinyl C=C double 
bond and subsequent polymerization.  

In semi-continuous emulsion polymerization monomer is added subsequently to the system. 

In this special case aqueous initiator solution is also added causing a significant change in 

volume V to the system. This change is even more pronounced in the beginning of the reaction 

when the overall volume V is still small. According to WESSELING the expression of the rate of 

polymerization RP then changes to: 20 

𝑅𝑃 = 
𝑑[𝑀]

𝑑𝑡
= 𝑘𝑃[𝑀][𝑀

∗] − (
𝑚𝑀
𝑉2
) (
𝑑𝑉

𝑑𝑡
) 

(3.6) 

 

With mM as moles of Monomer converted to polymer. As calculations with molar rates are 

difficult to standardize it is simplified to:  

𝑑𝑚

𝑑𝑡
=  𝑘𝑃

[𝑀𝑀∗]

𝑉
 

(3.7) 

  

The kinetics of polymerization within the latex particle follow this equation (3.7) but the 

macroscopic rate (total rate of conversion) is a measured variable. In order to deduce the total 

rate, further calculations are necessary.21 Even if the reaction volume changes, the number of 

particles NP is the limiting factor for kP. If NP stays constant, kP is controlled by Ra, the rate of 

monomer addition, also reaching a constant value. If secondary nucleation occurs NP 

increases and determining kP gets more complicated.  

To avoid secondary nucleation in the experiments the total amount of protective colloid PVA 

was kept at a constant high level, monomer was feed at very low feed rates and stirring of the 

reaction mixture was high to create homogeneous systems. The concentration of colloidal 
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stabilizer influences the dispersion properties and also early particle nucleation activity. If the 

concentration stays below the critical micellar concentration (cmc) homogenous nucleation is 

dominant. The amount of stabilizer is not sufficient to create colloidal structures yet.  

5.1.3 Particle growth and termination 

Particle nucleation and growth are competing processes occurring at the same time. Monomer 

starved conditions generally lead to a higher number of particles.22 Commonly it is defined that 

polymerization phase || starts, as NP stays constant with the diminishing of particle nucleation. 

Monomer M is added continuously to active polymer chains Pn. The instant conversion of 

monomer to polymer is very high in the beginning. By adding only little amount of monomer to 

the system the ratio [P]P /[M]P of polymer in the active particle [P]P to monomer inside the 

particle [M]P is high. This ratio is defined by the diffusion of active monomer and oligomer 

chains from the medium into the active particles. As nucleation stops, particle growth 

dominates the reaction. Conversion stays low as no additional active radicals are formed. 

𝑃𝑛 +𝑀
𝑘𝑃
→ 𝑃𝑛+1 

(3.8) 

  

µ𝑔 = 
𝑅𝑎
𝑁𝑃

 
(3.9) 

 

As long as monomer is added to the system, growth µg is the dominant process. A larger 

number of particles are created as the growth rate is reduced by the monomer rate of addition. 

As larger particles tend to grow and smaller particles are neglected by small Ra a positive 

skewness of the PSD might result from monomer-starved conditions. To avoid this and to 

create a symmetrical monomodal PSD, Ra is kept low and concentration of colloidal stabilizer 

and initiator are high. Termination reactions may not be neglected, however due to the addition 

of initiator solution the polymerization is kept alive. Only if monomer addition is stopped the 

depletion of monomer causes the chains to terminate each other. The most prominent ways 

of terminating an active polymer chain are stated below.  

combination 𝑃𝑛
∗ + 𝑃𝑚

∗ 𝑘𝑐𝑜𝑚→   𝑃𝑛+𝑚 
(3.10) 

   

disproportionation 𝑃𝑛
∗ + 𝑃𝑚

∗ 𝑘𝑡𝑑→ 𝑃𝑛 + 𝑃𝑚 
(3.11) 

   

With kcom as rate constant for the combination of two active polymer chain radicals to form one 

inactive chain of combined length and ktd the rate of disproportionation to create two dormant 

polymer chains with varying length. Further, chain transfer reactions are involved in the 
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termination process, Chain transfer process cannot be neglected as it is likely to occur.23 

However, this is not focus of this work and will not be discussed further.  

5.1.4 Aggregation  

Stabilized polymer particles in solution are clearly separated from each other and each particle 

is freely movable in its surrounding. The stabilization of the dispersion is caused by the 

systemic electrochemical double layer surrounding each particle. The diffuse electrochemical 

double layer consists of an inner and outer shell forming around the particle. If this sensible 

equilibrium between the forces in-between the particles gets interrupted, the particles in 

dispersion will start to aggregate. Different factors might cause particle aggregation. For 

example, electrochemical changes to the system may cause aggregation as the electrostatic 

equilibrium is shifted. At too high solid content or too less colloidal stabilizer, the particles get 

too close to each other and the electrochemical double layer is distorted or deformed and 

particles collapse together to aggregates.  

This is described by DLVO THEORY and shown in Figure 3. Figure 3 shows the total interaction 

potential energy ET in dependency of the particle distance of two particles to each other. ET is 

a combination of the repulsive electrostatic and VAN DER WAALS attractive potential forces 

between particles in solution. The closer two particles get to each other they reach distinctive 

energy barriers. A decreasing particle distance causes the particles to fall within the secondary 

minimum, in which reversible aggregation occurs. The aggregation might be reversed by 

adding medium to the particles or increasing the ion strength of the medium. If particles are 

reaching even smaller inter particle distances the high energy barrier is overcome and 

irreversible agglomeration of particles happens in the primary minimum.  
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Figure 3 DLVO theory of colloidal particle stabilization based on the electrochemical double layer of the particle and 
the distance between the individual particles in dispersion. 

5.1.5 Starved feed emulsion polymerization  

In addition to batch process emulsion polymerizations, in this work reactions have been done 

in semi-continuous operation. Aqueous initiator solution and monomer are continuously fed 

into the reactor at low feed rates, deliberately slower than RP. No product is drawn from the 

reactor during the synthesis. The monomer added to the system supposedly reacts 

immediately, no particle swelling of droplets with monomer occurs. The reaction system is 

purposely kept in the monomer depletion phase. Contrary to batch emulsion polymerization 

reactions where the rate of particle growth is controlled by diffusion of monomer from the 

monomer reservoirs to the active particles, in starved-feed synthesis no such monomer 

reservoirs exist and the rate of particle growth can be controlled via the rate of monomer 

addition.20,24 The monomer concentration in already formed polymer particles, as well as in the 

medium is kept very low. Inhibition periods of a few minutes are common due to remaining 

inhibitor in the monomer. These can alter the starved feed process as accumulation of 

monomer might occur. These inhibition periods can be shortened by sufficient mixing of the 

reaction solution and an excess of radicals in the medium by continuous feeding of initiator 

solution. 

If a polymerization is held at monomer-starved conditions, it is continuously ranging in 

polymerization interval |||. According to SAJJADI 22,25–27 monomer starved semi-continuous 

polymerizations lead to number of particles higher than in conventional emulsion 

polymerization in the range of 1018 to 1020 L-1. Figure 4 shows exemplarily five experiments 
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conducted during this research and the respective number of particles and average particle 

diameter dP measured by PDW spectroscopy. All syntheses show 1018 L-1 number of particles.  

 

Figure 4 PVAc homopolymerization under presumed monomer starved conditions. Number of particles NP 
calculated and mean diameter dP produced, measured by PDW spectroscopy. 

It is also possible to use an already polymerized dispersion containing seed particles and 

further polymerize additional layers onto the pre-existing particles (seed polystyrene syntheses 

in this work, cf. 5.2). From starved-feed synthesis particles with specifically controlled sizes 

and morphologies can be produced. Especially in copolymerization the starved-feed approach 

is used to design polymers with a specific copolymer composition.  

A crucial aspect of starved feed syntheses is to avoid secondary nucleation and a resulting 

skewness or polydispersity of the particle size distribution. Secondary nucleation can occur 

when an initiated radical or oligomer encounters an empty micelle, terminates in solution or 

the polymer chain precipitates before the radical reaches a growing particle. To avoid 

secondary nucleation, one can adjust several parameters of the system: the radical 

concentration, the total amount of protective colloid, the monomer concentration, and mixing 

of the reaction mixture. The radical concentration depends on the initiators decomposition rate 

kIni. It influences the number of active chains in the system. It must not fall below a certain level, 

as instantaneous conversion of monomer would decrease and monomer might accumulate in 

the system, preventing starved-feed conditions. In practical implementation, it is essential to 

ensure that the feed is introduced at the point of optimal mixing within the reactor to prevent 

the formation of a monomer layer. 

Due to addition of initiator solution and monomer during the semi-continuous syntheses, the 

overall reaction volume does not stay constant. The system experiences more complicated 

kinetics than in a constant-volume batch reaction. The reaction system needs to be kept stable 
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and the polymerization running by addition of initiator molecules while maintaining a small 

average radical number.  

5.2 Polyvinyl acetate synthesis 

Vinyl acetate (VAc) and its polymers have been widely used, developed and intensively 

analyzed since the early days of polymerization theory.28,29 In 2022 approx. 6.6 million tons of 

VAc monomer were produced globally. This number is estimated to grow more than 4 % in an 

industry forecast,30 especially in the paint, coatings and sealants chemical industry in various 

applications, forms and polymer variations.31 The polymerization of VAc proceeds only via free-

radical mechanism.32 Reaction temperatures above 60 °C are necessary to guarantee high 

conversion of VAc monomer.18 Below 50 °C high amounts of residual monomer were still 

present in the reaction mixture. The polymerization of VAc to polyvinyl acetate (PVAc) by 

emulsion polymerization investigated in this work, is based on the Patent No.US 9,650,507 B2 

by H. ZECHA and H.-P. WEITZEL of WACKER CHEMIE AG (Munich, Germany).33 The patent 

describes different methods for the protective-colloid stabilized production of polyvinyl esters 

in aqueous dispersions by free radically initiated emulsion polymerization. High solid content 

dispersions of PVAc are created by use of different protective colloids and their respective 

concentration as well as different types of Redox initiator systems and their concentration. As 

a result, stable, high solid content, aqueous dispersions with various mean particle diameter 

dP and PSD are obtained. The methods of the patent have been analyzed and syntheses have 

been recreated accordingly. A full list of experiments can be found in the appendix from Table 

4 ff.  

To show examples of the PVAc particles produced, Figures 5 to 7 show Scanning 

Transmission Electron Microscopy (STEM) and Transmission Electron Microscopy (TEM) 

images, as indicated respectively, of the PVAc homopolymers. An electron beam is used on 

dry samples in a vacuum chamber to image the polymer particles on the sample grid. The 

electrons are emitted from an electron source, focused to a beam and onto the sample. After 

interaction with the sample, i.e. the particle electrons of various energy are scattered back to 

the detector where an image is created. 34,35 Specific EM settings are given where appropriate.  

Spherical particles with various particle diameters have been produced throughout the 

experiments. It can be seen that the particles within one sample show a distinctive size 

distribution. Some particles are observed that have a smaller diameter than some others within 

the same sample. The particles are mostly separated from each other. Small clusters of few 

particles are visible, especially in Figure 6, which might have aggregated in the dispersion 

already or the aggregation might have occurred due to the sample preparation and drying of 

the sample for electron microscopy analysis.  
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Figure 5 STEM image of PVAc homopolymer produced with 5 g L-1 PVA in the initial charge. Highly diluted sample. 
Particles show a mean diameter of approximately 274 ± 24 nm determined by Hough Circle Transformation, 
circularity > 0.5 on 35 particles.   

Mean particle diameter indicated have been analyzed with an automated FIJI Image J 

statistical evaluation of circular shapes. A circularity threshold was set to > 0.5. Hough Circle 

Transformation was used as method of choice for detecting the circular shapes. 36  
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Figure 6 TEM image of PVAc homopolymer particles produced during this research. Synthesis with 1 g L-1 PVA in 
the initial charge. Mean dP of approximately 445 ± 38 nm determined by Hough Circle Transformation, 
circularity > 0.5 on 557 particles. 

Figure 6 shows two particle clusters in the size of up to 5 µm, i.e. aggregates of particles in the 

sample. The aggregation is evident as many particles are close together and not clearly 

separated from each other anymore. Particles are possibly aggregated in a spherical shape 

on the copper grid. It can however not be deduced from the image whether the aggregation 

already happened in the dispersion or the sample preparation for TEM caused the particles to 

aggregate. Further it cannot be observed whether the aggregation is irreversible or merely a 

reversible flocculation occurred due to the convergence of particles by TEM sample 

preparation. Dispersions prepared during this research stayed colloidal dispersed and stable 

over a period of more than 4 years, stored in airtight containers at room temperature. At 

continuous sampling from the produced dispersions, a little amount of dried sample (PVAc 

glue) was removed from the screw caps and samples were used for further analysis without 

further purification or sample preparation, except indicated otherwise.  
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Figure 7 TEM image of PVAc homopolymer particles produced during this research. Synthesis with 11 g L-1 PVA in 
the initial charge. Mean dP of approximately 238 ± 17 nm determined by Hough Circle Transformation, 
circularity > 0.5 on 42 particles.  

3.2.1 Copolymerization VAc:Versa® 10 

Another system studied in this research was the copolymerization of VAc and vinyl 

neodecanoate (trade name Versa® 10). Versa® 10 is a commonly used co-monomer for VAc. 

The resulting copolymer is used as well in the paints and coatings industry especially in 

sealants for inorganic substrates like brick or concrete.16 Due to its bulky and hydrophilic 

structure it inhibits the hydrolyzation of the nearby acetate blocks in the co-polymer. Reaction 

strategies to optimize the co-polymerization have been already studied.37 For this system the 

polymerization method of choice has to be semi-continuous starved feed emulsion 

polymerization as reported by BOHÓRQUEZ and ASUA. A batch reaction resulted in irreversible 

aggregation of the polymer particles and unfolds safety issues regarding the strong heat 

generation of the copolymerization.38 As the copolymer is however used in industry nowadays 

it is important to find a proper method of inline safety control and PAT to maintain safe 

production cycles for the producing manufacturers. This aspect has been deeply analyzed by 

JACOB39 and further as part of this thesis in chapter 5.3.  

 

3.2.2 Polyvinyl alcohol as stabilizing agent 

As synthetic homopolymer polyvinyl alcohol (PVA) has gained attention in the polymer 

synthesis field due to numerous reasons. Its low-risk character, cheap price and full 
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biodegradability are useful characteristics when producing polymers in a sustainable and 

green way. It is commonly produced by the partial hydrolysis of polyvinyl acetate. Nowadays 

products with 4 % - 12 % hydrolysis degree can be purchased. The hydrophobic acetate 

groups added by hydrolyzation adds an amphiphilic character to the homopolymer and 

increases attachment to hydrophobic surfaces.40 It is used in many fields of daily life, like 

medical treatment for burns in hydrogels, in cement-composites as construction material, in 

paints and coatings as polymer adjuvant and many more. PVA high molecular weight-based 

polymers (as used here as Mowiol 4-88® ~ 31.000 g mol-1) define as polymeric surfactants, 

known and used as colloidal stabilizing and thickening agents. Due to the high stability and 

low toxicity they are used in the food and pharmaceutical industry.40,41 Due to its chemical 

structure it is prone to water absorption, as many hydroxyl groups are available in its polymeric 

matrix. 42 It is used in countless composites with other materials to enhance defined 

characteristics as for example tensile strength, elastic modulus and elongation. 43 

In this research polyvinyl alcohol, a colloidal stabilizer, was used to stabilize the formed 

particles. It is commonly known that polyvinyl alcohol, forms colloidal structures, that stabilize 

high concentrated polymer dispersions. Polyvinyl alcohol can interact via hydrogen bonding to 

increase the dispersion viscosity and increase the dispersions overall colloidal stability.  

Analyzing the specific mechanical characteristics of PVA is most commonly done on PVA and 

PVA-blend films.44–46 A film of the PVA material is casted, let dry and put into water. The 

swelling is then calculated by comparing the dimensions of the dry film with the film after water 

immersion. This method is widely applied however does not represent how the PVA behaves 

regarding water absorption in a solvent, or in a polymer dispersion respectively. In this thesis 

PVA in dispersion will be analyzed regarding its water swelling abilities on PVAc 

homopolymers in chapter 5.2. PVA is used in this thesis as stabilizing agent for the 

polymerization of PVAc homo- and copolymers. Due to its chemical structure and available 

hydroxyl group is has been investigated to bound water in different states. 42,44 These states 

are defined as:  

 Freezable bound water: Water molecules are weakly bound to the polymer chain. 

Melting occurs at elevated temperatures due to weak interactions between the freezable 

bound water molecules and PVA molecule. 

 Non-freezable water: Water molecules are strongly bound to the hydroxyl groups. No 

thermal transition is observed during differential scanning calorimetry (DSC) 

measurements. 

 Free water: Water molecules that exhibit the same properties as the surrounding bulk 

water. 
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3.3 Process analytical technologies*gAI  

Smart sensors and monitoring techniques of (polymerization) processes are gaining more and 

more attention and momentum in the community. The implementation of smart sensors which 

guarantee safe, cost effective and reproducible processes has its origin in the U.S. pharma 

industry only as late as the early 2000s.47 Still up to date most processes are evaluated and 

optimized after trial-and-error principles wasting time, money and resources based on 

historical evolution of scientific methods.48–51 By definition, process analytical technologies 

(PAT) offer measurements of critical time dependent process parameters. These 

measurements are implemented regularly into a process to gain process understanding and 

maintain quality assurance.52–54 Implementation of PAT indicates an approach away from trial-

and-error. A deep understanding of the process is derived with significant economic and 

scientific impacts. Understanding the process in its multi-functionalities delivers options for 

process control as deviations from safe and regular production process are measured and 

visualized. Visualization of a time dependent defined parameter of the reaction can be easily 

used to detect irregularities. Nowadays a wide variety of PAT is readily available at the market. 

This PAT toolbox is equipped with thermocouples, pressure sensors and multiple 

spectroscopic methods.55,56 Figure 8 shows the applied golden batch concept exemplarily. Via 

PDW spectroscopy as PAT the measured optical coefficients are necessary to stay within 

predetermined limits to achieve optimal reaction conditions and respective dispersion and 

particle properties in the final product. Figure 8 shows two identical synthesis of PVAc 

homopolymers. Advantages of inline PAT are the real-time data acquisition analogous to the 

progress of the process. Time dependent data on the reaction components and reaction 

progress is studied. The green area corresponds to the limits in which the reduced scattering 

coefficient µs’ needs to be in order to produce consistent polymer products. Both experiments 

shown here agree to the golden batch conditions. Strong and unexpected deviations from the 

anticipated trajectory of the trend also indicate malfunctions in the process. This has been 

shown and evaluated in the published research in chapter 5.1.3 In such a multifunctional 

system nearly every parameter can be used for process control via PAT monitoring. Thermal 

properties, concentration of the components, pressure, mechanical properties and optical 

properties are just few examples. 57 

 

                                                 

3*gAI This paragraph has been drafted and written by the author. Proofreading has been done using generative AI via perplexity.ai.  
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Figure 8 Concept golden batch measurements by PDW spectroscopy with limits to µs' by percentile deviation from 
the process indicated by the green area.  

A differentiation between inline, atline, online and offline PAT measurements is at hand where  

 Inline parameters are measured during the process inside the process vessel in the 

process stream. 

 Online parameters are measured during the process at the process site but outside 

the process vessel itself in a bypass or sample which is then redisposed into the 

process.  

 Atline parameters are measured during the process at the process site but outside 

the process vessel in a sample. 

 Offline parameters are not necessarily measured during the process. Samples are 

drawn and analyzed, possibly at a later point in time.  

 

Whereas inline and online are often used interchangeably, a clear differentiation is not retained 

in literature. In this work process measurements by PDW spectroscopy are defined as inline 

measurements as the PDW spectroscopy probe is directly inserted into the reaction vessel 

and process stream. Advantages of inline PAT, especially in polymerization reactions comes 

with the omission of sampling and sample dilution. Dilution of a sample always induced 

changes to the system. Polymer particles in solution behave differently as dried samples or 

diluted samples.58 Overall changes in absorption of the dispersion, changes in ionic strength, 

conductivity and interactions between particles can be induced by dilution. Therefore, dilution-

based measurements might not reflect the same values as the inline PAT approach. The 
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determination of the real PSD in polymer dispersions remains a critical challenge in emulsion 

polymerization research and especially for industrial applications. Real-time, in situ 

measurement of PSD is essential for maintain a good product quality. Offline PSD analysis of 

polymer dispersions is used in most quality assurance laboratories today as state of the art but 

is still challenging. Several studies were conducted that show for monomodal, monodisperse 

latexes, light scattering measurements like Dynamic Light Scattering (DLS) and Static Light 

Scattering (SLS) are able to determine the average particle size. Offline PSD measurement 

technologies are still prone to be erroneous and do not reflect the actual conditions in the 

sample. Sampling, dilution of the sample, and analysis over several minutes renders them 

inadequate for capturing rapid changes in PSD during polymerizations. The development of 

accurate, rapid, and in situ PSD measurement techniques remains a crucial area for future 

research in emulsion polymerization, as it would significantly enhance the understanding of 

particle evolution dynamics and improve process control strategies. 

Offline sampling changes the polymerization kinetics, as reduction in pressure and 

temperature affect the sample. Even quenching alters the process by addition of a dilute 

quenching agent. Effects on the polymer particles can be swelling of the polymer particles, 

aggregation or possible disintegration.59–61 The representative sampling of such complicated 

multiphase systems is unhandy and hardly reproducible. Unreacted monomer and the viscosity 

of the dispersion can induce heterogeneity inside the reactor. As polymer reactions are often 

done at distinctive high temperatures and high pressures, as well as toxic chemicals might be 

involved sampling also induces a risk to the worker. PAT is potentially able to reduce offline 

sampling and time-consuming analysis in polymer industry and subsequent analysis.  

Using PAT to monitor scale-up processes can help creating reproducible product qualities over 

a production scale range. It is used for risk management and minimization in possible run-

away polymerization reactions. For scale up emulsion polymerization processes are beneficial 

as water as medium has very high heat capacities minimizing the risk of runaway reactions 

and gelation. 62 As polymerization reactions are exothermic reactions possibility of thermal 

runaway reactions is always a specific safety measure. Rapid changes in the temperature can 

have different reasons. The primary causes of accidents in general in the chemical production 

industry are technical failures. Additionally, human failures, and the chemical reaction itself. 

Lack of process knowledge and thermo- and the reaction kinetics thereof. PAT can be 

implemented into processes to avert accidents, save money and time and to guarantee the 

workers and process safety. Emulsion polymerization derisks some of the critical safety issues 

of suspension polymerization processes due to maintaining low viscosity throughout the 

process and supportive heat removal by the aqueous medium. However sudden conversion 

of accumulated monomer, wrong stoichiometric parameters in reaction components, too high 
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reaction temperature and/or failing of the cooling system can lead to runaway reactions with 

severe damages and accidents. 63  

3.3.1 PAT implementation into reactor 

To maintain continuous data acquisition and inline monitoring the used reactors have been 

equipped with an inlet for the PDW spectroscopy probe. The PDW spectroscopy probe is 

inserted into the initial charge (iC) of the reaction mixture so that all eight fiber tips of the probe 

reach into the reaction mixture even if stirring of the mixture is applied. A schematic set-up can 

be seen in Figure 9. The creation of a vortex while stirring needs to be taken into account and 

the probe has to be adjusted accordingly if the fiber tips are not immersed in the iC while 

stirring.  

 

Figure 9 Schematic representation of inline PDW spectroscopy measurement inside the reaction vessel in the 
process stream. © L. J. Brenker, 2020, reprinted with permission from the author. 64 

Reactions at 1 L scale have been done in an automated reactor system OptiMax 1001 by 

Mettler Toledo (Gießen, Germany).65 The system is equipped with automated temperature, 

pressure, dosing and stirrer control by an automated process control system. Therefore, data 

on temperature etc. is acquisitioned in real time and is readily available in addition to 

implemented PAT probes. The reaction vessel is equipped with a stirrer, a temperature sensor 

and the PDW spectroscopy probe. Further a reflux condenser is used and a dosing inlet for 
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dosing of individual components to the reactor. No pre-emulsion was formed in order to demote 

conditions for miniemulsion polymerization and the resulting skewness of the PSD to smaller 

particle sizes.  
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3.4 Photon Density Wave spectroscopy 

Photon Density Wave spectroscopy as a spectroscopic technique has been developed at 

INNOFSPEC POTSDAM66 for the last 20 years. Especially the works by REICH, HASS and 

BRESSEL at the group of PROF. LÖHMANNSRÖBEN at UNIVERSITY OF POTSDAM developed and 

enhanced the technique 67–69 to an industrially applicable level. The inline analysis of polymer 

and other high solid content dispersions gained interest in the recent years in the process 

analytics community. Photon Density Wave spectroscopy is a new but highly relevant 

technique. Its progress from basic principles and understanding to real-life application has 

been published in various research articles. 39,70–74  

In general, it is a method for the independent determination of the optical properties, the 

absorption coefficient μa and the reduced scattering coefficient µs’ of a sample. Since it allows 

for the separation of absorption and scattering properties, chemical information can be derived 

from μa, and structural information can be obtained from µs’. Measurements of the absorption 

coefficient are indeed measurements of the uptake of energy of molecules (or atoms). On a 

microscopic level the absorption coefficient of a sample gives information about its physical 

and chemical composition, e.g. temperature. In low concentration ranges, the absorption of a 

sample can be described by the LAMBERT-BEER law, however in emulsion polymerization high 

solid contents are quickly achieved and LAMBERT-BEER is not valid anymore due to interactions 

in between the particles. 67 As the absorption coefficient does not play such a significant role 

in this dissertation it is not discussed in detail. The focus is on the reduced scattering coefficient 

µs’ and polymer particle size derived from µs’.  

The fundamentals of PDW spectroscopy are described in detail by REICH67, HASS68 and 

BRESSEL. 69 As basic measurement principle counts the phase and intensity shift of a photon 

density wave introduced to a sample. The photon density is hereby described as temporal and 

spatial variation of photons within a defined volume. The temporal change in the photon density 

is only affected by interactions with the analyzed sample, i.e. absorption and scattering. The 

absorption causes a decrease in the photon density, whereas the scattering is direction 

dependent and might cause either a de- or increase in the photon density. Scattering in the 

direction of the light source causes an increase, scattering in any direction other than the initial 

light source will cause a decrease in the overall scattering intensity. Combining all these effects 

leads to the overall radiative transport theory equation based on BOLTZMANN-transport theory. 

To solve the radiative transport theory equation a so called P1 approximation is used, 

assuming that the PDW evolved spherically in the sample. Hence the assumption and 

prerequisite of a spherical, point like light source (isotropic optical fiber) as emission fiber. 

Further this approximation accounts for the assumptions that the scattering within the sample 

needs to be much higher than the absorption, see equation 3.14 in 3.4.1 below.  
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Experimentally two coefficients can be derived, the reduction of the introduced intensity I by 

an intensity coefficient kI and the phase shift of the PDW kϕ*.4To determine the optical 

coefficient µa and µs’ the photon density needs to be analyzed as a function of the distance 

between the detection and emission fiber df and the used modulation frequency f of the 

measurement. If kI, kϕ, and photon density are calculated as functions of distance and 

modulation frequency, with alterations in µa and µs’ these can be determined by fitting the 

theoretical photon density and phase to the experimentally determined values. This is done by 

a global fit analysis. A deviation in theoretical and experimentally derived values will occur. 

This difference is minimized by minimizing the sum of the weighted quadratic errors χ2 between 

theory and the experiment for all used distances and modulation frequencies.  

3.4.1 Transformation of experimentally determined µs’ to particle diameter d  

For the investigation of dependent scattering and determination of particle size from µs’, a 

separation of the scattering and absorbing properties is necessary. The relevant parameter in 

PDW spectroscopy for polymer particle analysis is the reduced scattering coefficient µs’. To 

determine the particle diameter from the experimentally derived reduced scattering coefficient 

µs’, the following assumptions about the dispersed particles have to be made:  

 The dispersed particles are spherical particles with a diameter d.  

 The dispersed particles have a distinctive volume fraction ϕ, which can be measured 

by gravimetrical analysis.  

 The dried particles do not differ in volume nor density from the dispersed particles in 

liquid.  

 For multiple scattering to occur, ϕ must not be too low. At very low volume fractions 

(ϕ < 0.05) based on MIE theory of independent scattering and further assumptions of 

the particles geometry, µs’ is related to the particle diameter by the scattering efficiency 

Qs and further dispersion properties:  

µ𝑠
′ = 

3𝜙

2𝑑
𝑄𝑠[1 − 𝑔] 

(3.12) 

 

 

These dispersion properties are the volume fraction ϕ and the anisotropy factor g, which is 

calculated by MIE theory, too. For volume fractions higher ϕ > 0.05, dependent scattering 

between particles causes a nonlinear deviation in the dependency on ϕ described by:  

                                                 

* the abbreviation kϕ for the phase of the photon density does coincide with the nomination ϕ for the volume fraction of a polymer 

dispersion. It is noted that the phase coefficient kϕ and the volume fraction ϕ do not correlate to each other and are two 
independent variables. Due to overlapping nomination in literature the labelling of both variables is not changed for better 
understanding and comparison for the reader. 
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µ𝑠
′ = 

3𝜑𝜋𝑄𝑠
2𝑑

∫ 𝑓(cos(𝜃))𝑆(𝜃, 𝜑)[1 − cos(𝜃)] 𝑑 𝑐𝑜𝑠(𝜃)  
1

−1

 
(3.13) 

  

 Only hard sphere interactions take place between the dispersed particles.  

Further the following assumptions account for the analyzed dispersions:  

 Infinite spatial expansion of light within the sample, i.e. the introduced light from the 

light source cannot be lost by spatial boundaries. 

 Dependent multiple scattering of introduced radiation by the laser light source, i.e.  

µ𝑠
′ ≫ µ𝑎 (3.14) 

  

 Statistical normal distribution of the dispersed particles with assumed Gauß 

distribution of the particles in dispersion.  

 Colloidal stability of the dispersion: no or very little aggregation of particles is present 

in the dispersion.  

 The measurement distance between the emission and detection fiber df must be 

significantly larger than the reciprocal µs’ as multiple scattering is a prerequisite. i.e. 

between the emission and the detection fiber multiple scattering events need to take 

place:  

𝑑𝑓 ≫ 
1

µ𝑠
′
 

(3.15) 

  

If all the assumptions above do apply to the analyzed material, a determination of the particle 

size is in principle possible. However as will be evident from this research, the determination 

of the particle size is a complicated and multifactorial mathematical model which needs to 

comply to real-life particle properties. Even if all the model assumptions are met, determination 

of particle size is not trivial and additional factors need to be accounted for when applying the 

models to real-life samples.  

Figure 10 shows the dependency of µs’ on the particle diameter d based on the aforementioned 

principles. For very small particles d < 50 nm still a linear dependency of µs’ on d can be 

observed, based on Rayleigh scattering. With increasing d the trend oscillates before 

decreasing again in the higher nanometer and micrometer size regime of d. Due to the 

nonlinear trend course two (or more) particle diameters are theoretically possible for one 

measured value of µs’. This ambiguity in particle size can be solved by multiple wavelength 

measurements. Figure 10 shows that for at least two measurement wavelengths only one 

correct solution of d is given.  
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Figure 10 Reduced scattering coefficient µs’ in dependency of particle diameter d, based on MIE theory. 
Measurements of PVAc/PVA 5 g L-1 sample. Ambiguity of two possible solutions for one µs’ value can be solved by 
multiple wavelength measurements and conformity of one correct solution for the particle diameter d.  

With the current set-up at innoFSPEC up to eight measurement wavelengths can be used 

between 500 and 1000 nm. The measurement wavelengths used are indicated each time at 

the respective experiments.  

 

3.4.2 Inline PDW spectroscopy measurements 

During the synthesis the course of the polymerization reaction is monitored by continuous data 

acquisition of the temperature, dosing of components and inline PDW spectroscopy 

measurement of µa and µs’. For inline PDW spectroscopy data acquisition a specific PDW 

spectroscopy probe has been designed. The design and optimization of the probe has been 

done in-house at INNOFSPEC – UNIVERSITY OF POTSDAM.66,68 The crucial aspect of the probe 

design is the smart positioning of the eight optical fibers at the probe head. These are 

positioned at distinctive distances from each other so that 28 individual fiber distances between 

2 - 20 mm are created. This range of the path length between the emission and detection fiber 

offers a wide range of application without design-changes of the robust probe. Data acquisition 

time depends on the number of distances and wavelengths used. Usually the resolution 
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between two data points is in the range of 30 s. As polymer dispersions are highly turbid not 

all available distances can be used as too little intensity reached the detector at the larger 

distances. In the measurements shown here only the first 15 df were used.  

Probe fouling has not been an issue as the smart probe design and photon density based 

measurement principle offers a very large measurement window in spherical expansion, a local 

accumulation of particles will not influence the PDW 75,76.  

3.4.3 Offline PDW spectroscopy measurements  

The produced polymer dispersions are analyzed with a different PDW spectroscopy set-up 

than the inline PDW spectroscopy probe. The final dispersion products of the emulsion 

polymerization processes are analyzed offline with a so called PDW spectroscopy table set-

up. In comparison to using an inline PDW spectroscopy probe, table measurements are done 

offline, after completion of the polymer synthesis. Instead of a PDW spectroscopy probe with 

eight optical fibers with defined distances, two movable optical fibers are directly inserted into 

the polymer dispersion. One of these fibers acts as the emission fiber, the other respectively 

as the detection fiber.  

THORLABS precision stages with movements possible as low as 0.1 mm are used to move the 

detection fiber away from the emission fiber. This precise accuracy enhances the quality of the 

measurements as MIE Theory is highly distance dependent. For very turbid, high solid content 

samples, small iterative steps in a smaller overall measurement range can be analyzed. 

Enhanced data quality is achieved. The measurement range can be individually adjusted for 

each sample by the user.74 There´s no need for sample dilution as the measurement range is 

adapted individually. As the process of particle formation is already completed in the final 

dispersions, quick data acquisition is not crucial in these samples. Therefor data quantity and 

quality are enhanced by using all eight available wavelengths and a large number of fiber 

distances df (approx. 21) and 41 modulation frequencies leading to a total analysis time of 

approx. 2 h for ten measurement cycles.  

3.4.4 Data curation  

As data is acquisitioned based on manually set boundaries for the measurement distances df 

(only for precision offline measurements) and used modulation frequencies data curation after 

the measurement might be necessary. This is done manually after the experiment has been 

completed. The initially set number of distances df and modulation frequencies f can be cut if 

the signal to noise ratio is too high. Too high noise might be interpreted as valuable data. This 

leads to errors in the analysis as the used noise does not describe the particulate system. For 

each experiment data is analyzed thereof and used df and modulation frequencies are cut 

manually so that a fit of kI and kϕ can be applied by the algorithm. Figure 11 shows this 
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automated fit exemplarily. Figure 11 shows recorded data without curation. Figure 11 b) shows 

data curation as modulation frequencies have been reduced from 310 MHz to 220 MHz 

manually by the user.  

 

Figure 11. Snapshot from the PDW spectroscopy analysis software. Observation of both coefficients kI and kϕ in 

dependency of the modulation frequency f applied. a) Dataset as measured without data curation. b) Data curation 
as modulation frequencies involved are cut from 10 - 310 MHz to a shorter range of 10 -220 MHz to improve fit 
data.  
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3.5 Polymer Dispersion Analysis  

3.5.1 Polymer dispersions 

The refractive index of analyzed dispersions can be generally described as  

𝑛̅𝐷𝑖𝑠𝑝 = √∑𝜙𝑖𝑛̅𝑖
2

𝑖

 
(3.16) 

  

Using a summed squared weighted approach via the respective volume fraction of each 

component after Newton. Assuming only one dispersed phase this equation simplifies to: 

𝑛̅𝐷𝑖𝑠𝑝 = √𝜙𝑃𝑛̅𝑃
2 + (1 − 𝜙𝑃) ∗ 𝑛̅𝑚

2 (3.17) 

  

Experimental determination of these parameters has been done accordingly in the laboratory 

as described below.  

Gravimetric solid content analysis was done with approx. 500 µL sample stored in weighted 

sampling tubes and dried at 72 °C for at least 24 h until mass consistency. Additionally, a small 

drop of sample was placed on a weighted piece of aluminum foil. The foil was folded together 

and opened again to create a very thin polymer film on the surface. The aluminum foils were 

dried in the same matter. After drying, the total weight of the solid residue was taken and 

handled as solid content of the dispersion at sampling time t. A solid content measurement 

consists of at least n = 2 samples. Samples were weighted without purification. Solid content 

refers to all possible solid residues after drying. 

3.5.2 Density of polymer particles in dispersion  

To determine the density of the particles in dispersion a concentration series of each polymer 

dispersion was measured with a densitometer (DM45 Delta Rage, Mettler Toledo, Gießen, 

Germany). The data was analyzed for the density of the particles (i.e., pure polymer, 100% 

(w/w)) using the following equation:  

𝜌𝐷𝑖𝑠𝑝 = 
𝜌𝐷𝜌𝑃

𝜔[𝜌𝐷 − 𝜌𝑃] + 𝜌𝑃
↔

1

𝜌𝐷𝑖𝑠𝑝
=  𝜔 [

1

𝜌𝑃
−
1

𝜌𝐷
] + 

1

𝜌𝐷
 

(3.18) 

 

with ρDisp, ρD, and ρP as densities of the dispersion, the dispersant (medium), and the polymer 

and the solid content ω of the dispersion respectively. The density of pure water was 

considered for zero polymer content (0% (w/w)). The density of the polymer was obtained from 

the slope of a linear fit; the error was obtained via error propagation.  
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The density of the polymer needs to be determined in the liquid state as stabilizing agents used 

are known to incorporate water in their macromolecular structure. For PVA the hydroxyl-groups 

are known to draw water molecules to the particles and bond water via VAN-DER-WAALS 

interactions. Therefore, dried polymer samples will not exhibit the same physical properties as 

liquid dispersed. Throughout the experimental part of this thesis the produced latexes stayed 

stable and dispersed, showing that the stabilizing ability of PVA is very high. During an 

experimental run it was tried to separate the particles from the medium by centrifugation and 

heating of the dispersion. Even after 10 minutes at 4000 g (~ 5000 min-1) centrifugation, the 

solutions stayed stable and dispersed. Only after heating the samples for 24 h in a 120 °C hot 

oil bath and subsequent centrifugation, separation of the dispersed and continuous phase was 

achieved. A few milliliters of supernatant were collected and showed a clear yellow color, which 

might indicate that PVA was present in the supernatant, dissolved from the particles in the 

dispersion. This supernatant was also analyzed regarding refractive index.  

3.5.3 Refractive index of polymer particles  

The refractive index in general can have real and imaginary parts. It is a measurement of how 

much the light entering a material is bent or refracted. It is an important optical parameter and 

often used in material sciences. Refractive indices of polymers have been determined for a 

very long time. There are literature values for the most common polymers. However, as 

polymers are such versatile materials it is difficult to set a distinctive refractive index value for 

a specific type of polymer. To determine the refractive index, commonly measurements with a 

simple refractometer at the sodium D line (λ ≈ 589 nm) are performed. During this work and 

for further measurements the refractive index over a wavelength range between 400 nm and 

1000 nm was determined. The true refractive index of polymer particles is hard to determine 

as the polymer particle may contain inconsistencies and the physical complex of the polymer 

particle may consist of different parts, like the hard particle core and soft stabilizing particle 

shell. The light hitting a polymer particle has to diffuse through multiple different phases and 

multiple level of refractions are possible. To determine the refractive index of the polymer 

particles in the dispersion a dilution series is necessary. The same dilution series as described 

in paragraph 3.5.2 was used. The highly concentrated samples exhibit a too high optical 

density to be undiluted. Typically, the refractive index of a polymer dispersion decreases with 

increasing wavelength, examples are shown in Figure 12. It can be seen that with increasing 

amount of stabilizing agent PVA in the iC (red to purple lines) the refractive index of the 

produced polymer decreases.  
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Figure 12 Refractive index measurements extrapolated to 100 % polymer content of an experimental series of five 
experiments with increasing amount of PVA in the iC from 0 to 11 g L-1 cf. Table 4 in the appendix. 

3.5.4 Offline particle size determination  

Offline sample analysis was performed after the synthesis was completed. Dynamic light 

scattering is used as referencing method for offline (polymer-)particle sizing. 77,78 The 

measuring principle is based on time dependent measurement of the Brownian motion of 

particles in solution. A laser is guided through the sample and is scattered by the particles. The 

resulting intensity fluctuations are analyzed at the detector of the system and. From this a 

translational diffusion coefficient is determined and using Stokes-Einstein relationship the 

hydrodynamic radius of the particles is determined. 79,80 

Here, DLS analysis was done at a measurement angle of 173° using single-use cuvettes at 

25 °C unless stated otherwise at the respective research published. Samples were diluted 

approx. 400-fold to visual transparency. Two devices were used throughout this research and 

are mentioned accordingly in the published articles.  

Static Light Scattering (SLS) as opposed to DLS measures the photons scattered and 

averages the scattered signal intensity over time. It will give a mean average intensity over the 

measured particle population. The Zimm equation can be used to determine the average 

molecular weight of the measured sample, if the device is calibrated accordingly. 77 From this 

the radius of gyration of the particles is derived. 78 

Here, SLS measurements (LS13320, Beckman Coulter, Brea, CA, USA) samples were pre-

diluted approx. 125-fold with Milli-Q® water and pipetted into the sample chamber. Using 

Polarization Intensity Differential Scattering (PIDS) as measuring method, the sample was 

pipetted into the reaction chamber until a PIDS signal of 40 % was achieved. For high quality 

analysis, low obscuration values beneath 2 % were retained. 
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3.6 Technology readiness level 

The technology readiness level (TRL) defines the maturity of a technology to be used in 

industry nowadays. Historically TRLs were used at NASA to incorporate techniques 

addressing integrated technology planning, the first TRL scale with seven levels was devised 

by STAN SADIN in 1974.81 The chemical industry and other have defined own scales of TRLs 

with nine levels overall today. TRL1, the lowest level indicates that information is treated and 

developed into an idea. At TRL9, the highest level, the technology is fully incorporated and 

running in a larger application environment. A good understanding of the different TRLs for the 

chemical industry is given by BUCHNER et al. 82  

Table 2 Technology readiness levels in the chemical industry for technologies described in 1999 by the European 
Union for uniformity. 83 

Level Technology Readiness Explanation  

TRL1 Basic principles observed 

TRL2 Technology concept formulated 

TRL3 Experimental proof-of concept 

TRL4 Technology validated in laboratory 

TRL5 Technology validated in relevant environment (industrially relevant environment 

in the case of key enabling technologies) 

TRL6 Technology demonstrated in relevant environment (industrially relevant 

environment in the case of key enabling technologies) 

TRL7 System prototype demonstration in operational environment 

TRL8 System complete and qualified 

TRL9 actual system proven in operational environment (competitive manufacturing in 

the case of key enabling technologies; or in space) 

 

PDW spectroscopy was defined as TRL 5 - 6 by the definitions of the European Commission, 

Horizon 2020 Framework H2020 shown in Table 2, as it is used in industrially environments 

on different applications in projects which are funded by HORIZON2020. H2020 delivers only 

brief TRL definitions, as the TRLs are used to ensure that funded projects cover the full range 

of research and development activities. Table 2 is extracted from Part 19 – Commission 

Decision C(2014)4995.83 Within a project a higher TRL can be achieved. Within the limits of 

this thesis and experimental procedure the aforementioned TRL 6 could be manifested as 

PDW spectroscopy was successfully applied in inline monitoring of up to 100 L reaction volume 

based on the industrially relevant polymerization of VAc:Versa® 10 as it is nowadays applied 

at manufacturers site.  
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PDW spectroscopy has been further developed to deliver reliable and consistent results in the 

analysis of PS and PVAc homopolymers as used in industry. Results agreed well to state of 

the art sizing techniques based on light scattering and electron microscopy. To reach TRL 7 

and further, PDW spectroscopy is currently applied and tested in different measurement 

campaigns at polymer manufacturers in Europe within another EU H2020 research and 

innovation project NanoPAT grant agreement n° 862583. The results are not part of this thesis. 

However, model assumptions and further adjustments considered at these measurement 

campaigns, resulted from the work done here.  
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4 Aim 

The aim of this thesis is to deliver monitoring tools for the emulsion polymerization of specific 

PVAc syntheses by means of photon density wave spectroscopy and show their advantages 

as well as disadvantages and limitations. State of the art techniques are compared to novel 

process analytical technologies which have been developed to high quality devices with 

technology readiness levels up to TRL 6. For this purpose, inline PDW spectroscopy has been 

applied and the polymerization process has been studied in detail. Information has been 

gained about early inhomogeneity of the reaction mixture over distinctive particle growth 

periods up to the properties of the final polymer product. This thesis aims to gain insight into 

the whole course of the polymerization process. It shows that with the use of PDW 

spectroscopy as PAT tool polymerization processes can be optimized. This optimization via 

inline process monitoring of the optical parameters, especially the reduced scattering 

coefficient µs’ will lead to new measures for reaction control and will help to gain understanding 

of the process in order to reduce waste batches and therefore save time, money and enhance 

workers safety.  
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5 Cumulative part of the dissertation  

Three research articles have been published which describe the results found and 

manifested during the dissertation period. For all three publications I am the main and 

corresponding author as indicated on the publications themselves.  

 

5.1 Process Characterization of Polyvinyl Acetate Emulsions Applying Inline 

Photon Density Wave Spectroscopy at High Solid Contents 

This paper has been published in Polymers. 2021; 13(14):669.  

ISSN: 2073-4360  

Digital object identifier (DOI): 10.3390/polym13040669 

Online available at: https://doi.org/10.3390/polym13040669, 

© 2021 The Authors. Polymers published by MDPI AG  

Reproduced with permission of MDPI (Basel, Switzerland) under the terms and conditions of 

an Open Access license, creative commons licensing by mentioning who the research is by 

when its used (CC BY license).  

Impact factor: 4.6 

 

5.1.1 Aim of this research  

The aim of this research was to exploit PDW spectroscopy for the inline monitoring of high 

solid content PVAc dispersions stabilized by PVA. The implementation of the PDW 

spectroscopy inline monitoring aims at understanding the polymerization process and different 

phases of the polymerization. It has been established for the first time that the complete 

reaction course of a semi-continuous PVAc homopolymerization can be monitored in real time 

with PDW spectroscopy. An experimental series of five experiments has been conducted with 

an increasing amount of monomer added to the system during the reaction. The effect of the 

amount of monomer on the dispersion parameters has been analyzed thoroughly.  

Further it was aimed to implement PDW spectroscopy as a PAT tool for the PVAc synthesis. 

In combination with the reaction temperature PAT analysis of a PVAc synthesis, it is evaluated 

if gelation of a sample occurs. The PAT implementation of PDW spectroscopy was successful 

by showing strong deviations in the inline measured trends of absorption and scattering as 

gelation of the sample occurs.  

https://doi.org/10.3390/polym13040669
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5.2 Advanced Particle Size Analysis in High-Solid-Content Polymer 

Dispersions Using Photon Density Wave Spectroscopy 

This paper has been published in Polymers. 2023; 15(15):3181.  

ISSN: 2073-4360  

Digital object identifier (DOI): 10.3390/polym15153181 

Online available at: https://doi.org/10.3390/polym15153181  

© 2021 The Authors. Polymers published by MDPI AG  

Reproduced with permission of MDPI (Basel, Switzerland) under the terms and conditions of 

an Open Access license, creative commons licensing by mentioning who the research is by 

when its used (CC BY license). 

Impact factor: 5.0 

5.2.1 Aim of this research 

 

Figure 13 Schematic overview of inline monitoring process of high concentrated polymer dispersions by photon 
density wave spectroscopy to determine particle size and distribution via global fit analysis.  

 

This research aims at establishing PDW spectroscopy as a tool for the determination of water 

binding abilities of PVAc-PVA particles by an error minimization approach. It is shown that by 

error minimization, which correlates with water-swelling of the PVAc particle, the 

experimentally determined µs’ true values can be fitted with the theoretically calculated PDW 

spectroscopy algorithm for monodisperse particles. The paper aims at manifesting PDW 

https://doi.org/10.3390/polym15153181
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spectroscopy as a standardized PAT tool by showing PS-SDS dispersions as a best practice 

and aims at adaptation of the methods for PVAc-PVA dispersions of very high solid 

contents > 40 % (w/w). It further aims at showing that after the adaptation of the iterative 

swelling-factor the PSD determined by PDW spectroscopy does agree very well to common 

light scattering sizing techniques SLS, DLS and EM.  
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Synopsis  

Polyvinyl acetate with SDS (not published) 

As it was shown by means of Χ2 analysis by PDW spectroscopy, PS/SDS particles are not 

prone to incorporate water. PDW spectroscopy analysis regarding the theoretical calculated 

µs’ fits well to the experimental µs’ data without any assumption of water-swelling. Further 

syntheses were carried out to approximate a comparability of the two systems. To show that 

the water swelling of the PVAc/PVA system is specific to that system, synthesis of PVAc 

particles stabilized with SDS was analyzed, too.  

 

 

Figure 14 PVAc-SDS PDW spectroscopy analysis of final dispersion ϕ = 31% 

 

The synthesis of PVAc stabilized with SDS instead of PVA in Figure 14 shows that for 

PVAc/SDS experimental and theoretical µs’ show a good fit. Experimental set up is described 

in Table 3 in the appendix. Based on the results published it is shown that PVAc/SDS particles 

do not incorporate water. The PDW spectroscopy fit of unmodified theoretical µs’ to 

experimentally determined µs’ show good agreement with a χ2 = 1036. The dispersion was 

analyzed with a volume fraction of ϕtot = 31 % (w/w), ρPVAc-SDS = 1.20 g cm-3 and nPVAc-

SDS = 1.455.  
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5.3 Harnessing Photon Density Wave Spectroscopy for the inline monitoring of 

up to 100 L vinyl acetate-Versa® 10 polymerization: Insights into dispersion 

dynamics and mixing 

This paper has been published in Polymers 2025  

ISSN: 2073-4360  

Digital object identifier (DOI): 10.3390/polym17050629 

Online available at: https://www.mdpi.com/2073-4360/17/5/629 

© 2025 The Authors. Polymers published by MDPI AG  

Reproduced with permission of MDPI (Basel, Switzerland) under the terms and conditions of 

an Open Access license, creative commons licensing by mentioning who the research is by 

when its used (CC BY license). 

Impact factor: 4.7 

5.3.1 Aim of this research  

The aim of this research was to apply PDW spectroscopy to a proposed scale-up procedure 

of the emulsion polymerization of a PVAc:Versa® 10 co-monomer mixture. The scale-up was 

proposed to reach continuous dispersion qualities and particle properties of the final product. 

With PDW spectroscopy early scale-up inconsistencies and polymerization issues are 

detectable by means of intensity measurements of the early stages of emulsion polymerization. 

This research shows that with PDW spectroscopy scale-up procedures can be monitored and 

optimized by means of congruent measurement of the reduced scattering coefficient µs’ across 

reaction volumes of 1 L to 100 L. It aims at strengthening the PAT technique for polymerization 

monitoring and powerful tool for process optimization.  

https://www.mdpi.com/2073-4360/17/5/629
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6 Discussion  

The first two research papers are based on the same type of emulsion polymerization 

experiments, involving changes to the system by either an increase in the amount of monomer 

VA added, or an increase in the amount of stabilizer PVA added to the reaction system. Simple 

design of experiment by varying one parameter accounts for access to effect correlations. Both 

papers show the utility of PDW spectroscopy for the specific analysis of high solid content VA 

dispersions at a laboratory reaction scale of up to 1 L reaction volume. The first research 

presents applied PDW spectroscopy in different semi-continuous starved-feed syntheses with 

varying amount of monomer added to the system and correspondingly increasing the feed 

rates of the other components. A spectrum of mean particle sizes and PSD is produced. In the 

follow up research an increase in the initial amount of PVA delivers an increase in the final 

particle size and creates particles within the same size range of approx. 100-600 nm in dP.  

PDW spectroscopy is applied to monitor and optimize the processes, whereas first a focus on 

inline monitoring of the optical coefficients during the synthesis is developed. The increase in 

monomer content significantly affects the particle size and scattering behavior of the system. 

Publication 1 describes samples with a wide solid content range between 41 % (w/w) and 57 % 

(w/w), whereas in the second set of experiments the solid content for the PVAc system is not 

significantly altered. This progresses into the detailed analysis of particle size and PSD in the 

dispersions. Initially the syntheses are monitored with continuous change of the volume 

fraction during the polymer synthesis. High error values for inline µs’ are detected. The model 

assumptions have not yet been adapted to the physical parameters of the sample analyzed. 

An increase in data accuracy and quality was achieved by focusing the following research onto 

a small range of possible solid content dispersions between only 40.8 (w/w) and 41.6 (w/w) % 

to better understand the influence of PVA. Especially its water binding abilities and the effects 

on the PDW spectroscopy model assumptions and resulting particle size have been analyzed 

deeply.  

The second study continues on the findings of the first paper. The reduced scattering 

coefficient and mean particle size analysis is upgraded into analysis of the PSD. The detailed 

analysis of the particle system enhances the primary study of the reduced scattering coefficient 

trend into a more comprehensive analysis of PSD. To specify the findings of the water binding 

PVAc/PVA system, another model system was added to the research in order to eliminate 

erroneous assumptions. To show that individual adaptations of the refractive index, density 

and volume fraction for PDW spectroscopy analysis to determine the PSD are necessary, the 

second publication uses PS/SDS particles as example and best practice system. The PS/SDS 

system was chosen as it is known to not incorporate water into its macromolecular structure. 

Without the proposed in-depth and iterative approach to recalculate the density and refractive 
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index no precise determination of the real particle size during the syntheses are possible for 

PVAc/PVA particles. It still is a big challenge, as the changes caused during the synthesis are 

continuously affecting the particle characteristics and therefore its physical values. These are 

not continuously adaptable during inline analysis with PDW spectroscopy to date. Further 

research is needed to incorporate real-time changes, water binding and simultaneous 

alteration of the polymer particles properties for a reliable, continuous particle size 

determination during emulsion polymerization synthesis of PVAc/PVA.  

The analysis of the final PVAc/PVA dispersions lead to the assumption that up to 20 % volume 

of the PVAc/PVA particle volume is swollen with bound water. To determine these factors, 

downstream analysis from PDW spectroscopy measurements lead to a shift in focus from inline 

analysis of the synthesis to analysis of the final PVAc/PVA water dispersion product. The actual 

measurable scattering coefficient in the dispersion is a true and concise value. The physical 

particle may only consist of PVAc polymer blocks, PVA stabilizer and incorporated water. 

These might lead to swelling, impurities and decrease in density, refractive index and the 

volume fraction of particles. These are crucial factors to determine the correct particle size 

from PDW spectroscopy based on theory of radiative transport and MIE Theory. The 

determined error χ2 from the PDW spectroscopy algorithm gave immense high error values 

indicating, that the used parameters do not fit well to the actual properties of the analyzed 

particles. 

Starting from the assumption, that no water is incorporated into the system and no swelling is 

occurring the refractive index and density of the particle was calculated and taken as reference 

parameters for PDW spectroscopy size analysis (typical values are stated in publication 1 in 

Table 3). 

Systematic evaluation of the water-polymer ratio caused the error in χ2 to decrease. The χ2 

regression displays a minimum, in which the lowest possible error can be determined by the 

first derivative at 𝜒 2 = 0 (cf. Fig 8, Paper 2). The analyzed system is best described in the exact 

minimum of the curve. With this iterative approach all five dispersions with different amount of 

stabilizer in the system have been analyzed. It was found that there is no significant trend 

derivable within the experimental set-up limitations. However, the range of total colloidal 

stabilizer PVA used in the dispersions is very low. Future research should focus on a wider 

range of PVA addition to samples and whether a trend in the amount of PVA in the system and 

correlation to the water swelling factor is derivable. A significant improvement of the error 

values was obtained by taking the water swelling into account. The problem of the particle size 

determination of PVAc/PVA systems with a constant volume fraction has been solved. To take 

it a step further the PSD of the analyzed dispersions were compared to offline derived 

distributions by commonly used light scattering techniques DLS and SLS and electron 
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microscopy. The undiluted measurement of the particle size from PDW spectroscopy with the 

incorporation of water swelling gives comparable results to the ones shown by light scattering 

techniques. It is to consider, that both SLS and DLS are dilution-based techniques. Based on 

the findings that PVAc/PVA particles are keen to absorb a lot of water these techniques might 

deliver false results for this system.  

For ongoing and further research additionally the analyzed reaction scale has been increased 

from laboratory scale of 1 L to meta and production scales of 10 L and 100 L reaction volume 

respectively. A linear scale-up procedure has been proposed by JACOB et al. to produce 

PVAc:Versa® 10/PVA dispersions with the same properties and particles with the same particle 

diameter and distribution. As discussed the water binding properties of PVAc/PVA were found 

to be very critical for PDW spectroscopy analysis. Therefore the monomer system has been 

changed from PVAc homopolymer to a 9:1 PVAc:Versa® 10 co-monomer mixture. The water 

binding was negligible for this system. It was left out of the inline analysis context as it makes 

the analysis too complicated for the bigger reaction volumes. The inline monitoring of the 

reduced scattering coefficient reveals early deviations between reaction stages. Based on this 

it can be drawn to attention that a linear proposed scale-up procedure does not lead to 

consistent dispersion and particle properties.  

To gain understanding of the whole polymerization process the focus of inline PDW 

spectroscopy analysis shifts back from the particle size analysis of the final product to the inline 

analysis of the optical dispersion properties of the critical early reaction stages. The initial 

nucleation and particle growth phases are analyzed in depth by intensity measurements of Iraw 

against the applied modulation frequency f. With the introduced measurements of Iraw 

inhomogeneity of the reaction mixture can be explicitly detected. These inhomogeneities cause 

sustainable effects on the whole polymerization process, especially on the conversion, final 

particle diameter and scale-up procedure.  

Significant advantage of inline monitoring by PDW spectroscopy is drawn from the first 

publication 1 Fig. 7 and publication 3 in Figures 7 and 8. In both cases deviations from the 

regular emulsion polymerization process are detected by the first derivative of the inline PDW 

spectroscopy trends in µs’ and µa. In the first publication gelation of the polymer dispersion can 

be detected inline as a sudden change in µs’ and µa derivative. Gelation of the dispersion due 

to high solid content and increased viscosity is averted by stopping further monomer addition 

and respective dilution of the sample with water. Further in the third publication inhomogeneity 

and aggregation events in the dispersion are detectable in the same matter. As synthesis 

proceeds aggregation cannot be averted by an increase in the stirring speed (cf. Publication 

3, Figure 8). It is questionable if addition of water to dilute the dispersion would have stabilized 
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the system during the synthesis here as well. JACOB at al. reported that the formed paste was 

easily re-dispersible by addition of water after the process was completed.39  

For emulsion polymerizations, good mixing of the reaction mass with minimal shear is required 

to obtain the lowest possible energy input and to prevent aggregation of the particles. For 

homogenization a critical stirrer speed required individually for each reaction scale to achieve 

the intrinsic polymerization rate. For experiments with insufficient mixing and inhomogeneities 

in the early reaction stages, the rate of mass transfer from the monomer phase to the growing 

polymer particles is low. 84,85 Mixing is very important to quickly compensate for temperature 

gradients and to avoid local hotspots where the temperature cannot be controlled and other, 

usually undesirable, properties of the particles are preserved. 52 Mixing is also crucial for mass 

transfer, especially in very fast emulsion polymerizations, which are popular due to the short 

reaction times and smaller particle diameters. Excessive shear forces and thus high energy 

dissipation can lead to aggregation of the particles or monomer droplets if the energy 

introduced is sufficient to overcome the emulsifier shell between the particle or droplet 

surfaces. 

To sum up, PDW spectroscopy can be used to draw remarkable insights of a polymerization 

process. It can be used in the beginning of a synthesis to detect for example early 

inhomogeneities, during the synthesis to prevent unwanted gelation, deviations from the 

synthesis protocol and even aggregation of polymer particles in the final product. It is a 

powerful tool for the analysis of the final dispersion characteristics.*gAI5 

 

  

                                                 

5 *gAI This whole paragraph 6. Discussion has been drafted and written by the author. Proofreading and optimization has been 

done using generative AI via ChatGPT at openai.com 
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7 Conclusion  

During this research the inline measurements of the reduced scattering coefficient µs’ and the 

application of PDW spectroscopy for the emulsion polymerization of PVAc homopolymerization 

and PVAc/Versa® 10 copolymerization has been increased in its TRL from 5 to early TRL 7. It 

has been proven to be useful as reliable and reproducible PAT tool for the inline monitoring of 

this specific emulsion polymerization process. The process can be monitored in an industrially 

relevant environment, at large reaction scale and commercially distributed dispersion 

properties. The PDW spectroscopy implementation as PAT tool was successfully 

demonstrated on several experiments and optimized to an operative application for industry 

environment.  

In this work it was further evaluated and validated that different types of polymer systems need 

different adjusted ways of analysis, when monitored and analyzed by PDW spectroscopy. This 

work showed that differentiations clearly need to be made regarding the particle systems, its 

contents, characteristics and physical parameters. To show that in principle PDW 

spectroscopy is applicable for polymer analysis, in-depth analysis of polystyrene particles 

showed that with significant and specific system characterization the polymerization monitoring 

and particle size determination by PDW spectroscopy is low in error and high in precision and 

accuracy. For the PVAc homopolymer system studied, it was found here, that several 

adjustments are necessary regarding the particle properties. The iterative determination of 

particle swelling by water based on PDW spectroscopy analysis yielded comparable results of 

the particle size and PSD in comparison with standard particle sizing techniques. The results 

enhanced the capabilities of PDW spectroscopy for the analysis of polymer particles and the 

downstream determination of their physical composition. Dispersion end products are readily 

characterizable, as polymer characteristics are determined in detail by offline analysis in their 

undiluted state at elevated volume fractions.  

It has been shown that PDW spectroscopy is applicable also for very early stages of the 

polymerization as it effectively describes inhomogeneities in the system by fluctuations in the 

intensity data Iraw. During the synthesis data administration gets less noisy as the growing 

particles and homogeneity of the system can be described better by theories and model 

assumptions used for PDW spectroscopy calculations. This research showed clearly that for 

the analyzed PVAc/PVA system preventive actions can be taken before synthesis failure 

occurs. The inline monitoring allows to detect early inhomogeneities. Adjustments of the stirrer 

speed can be applied to enhance conversion and generate a homogeneous reaction mixture. 

These early measures help to prevent low conversions and deviations in the final product 

properties.  
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During the further course of the reaction other safety risks and process failures are also 

detectable by a sudden change in the optical dispersion properties. Too high solid contents 

and following gelation of the dispersion is detectable by a sudden change in the optical 

parameters and simultaneous increase in reaction temperature. To prevent a run-away 

process, counteractions to the system can be taken in real time.  
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8 Outlook 

It is commonly known that in starved feed polymerization reactions small particles are 

neglected by growth compared to the larger particles in solution. This phenomenon is called 

stochastic broadening and leads to a positively skewed PSD in the final product. Using PDW 

spectroscopy with the correct particle properties during the synthesis with respect to density, 

volume fraction and refractive index the PSD can be deduced at different stages during the 

reaction. The inline PSD could be analyzed regarding statistic broadening and its general 

evolution during the course of the reaction. Further the applicability onto other polymer systems 

is already checked in further research at our lab and in cooperation with POLYMAT Institute, 

San Sébastian, Spain.  

The implementation as a plug-and-play system of PDW spectroscopy still needs optimization 

and especially adaptation to each polymer or other particulate system analyzed. Further real-

life applications in the producing industry, biochemistry and further application ranges.  

On a technical note, the built spectrometer needs to be better protected against temperature 

fluctuations in the respective production area. This problem will be addressed in the future with 

an updated control unit. Further real-time application of inline dosing will be implemented in 

the software to reduce post-process analysis steps and mirror the process in real-time even 

better.  

For even bigger reaction volumes than analyzed in this work, higher spatial resolution of PDW 

spectroscopy needs to be implemented. Using for example a multi probe system to compare 

homogeneities inside the reactor will deliver more reliable data.  
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10 Appendix  

Table 3 Recipe for PVAc/SDS synthesis shown in Figure 14.  

Component Mass / g Feedrate / g min-1 

Water 300.1 - 

FAS 0.01987 - 

SDS 0.436 - 

3.5 % (AA)aq 27.3 0.33 

4.5 % (NaPS)aq 27.3 0.33 

0.3 % (SDS)aq  190 2.46 

VAc monomer 295 4.52 

 

Experimental conditions:  

First fill of reactor with 300 g distilled water and 0.436 g of SDS, stirring speed of 100 rpm, 

heating of iC to 50 °C. After 10 min of temperature equilibrium, dosing of 3.5 % AA solution 

and 4.5 % NaPS solution was started. 10 minutes later 0.3 % SDS solution and VAc monomer 

dosing was started. Ramping of stirrer speed to 300 rpm within 60 min. After dosing of SDS 

and VAc is completed, AA and NaPS were continued for 10 minutes. After that the temperature 

was decreased to TR = 20° C in 30 min. At TR = 20° C the reaction was terminated and the 

sample stored in an airtight container for further analysis.  

Table 4 experiments list of PVAc homopolymerization with PVA as stabilizing agent. Experimental set up of five 
experiments with increasing amount of PVA in the initial charge (iC). 

Experiment Name Nr. iC  

PVA / g 

total amount 

water iC / g 

iC PVA 

 / g L-1 

SMS_WiC0g/L_PVA 1 0 302 0 

SMS_WiC1g/L_PVA 2 0.333 302 0.991 

SMS_WiC2g/L_PVA 3 0.667 302 1.984 

SMS_WiC5g/L_PVA 4 1.667 302 5.500 

SMS_WiC10g/L_PVA 5 3.333 302 10.960 

 

Table 5 experimentally determined dispersion properties of synthesized PVAc dispersions. 

Experiment Name solid content 

/ % 

Mass content 

monomer / % 

Density 

/ g cm-3 

SMS_WiC0g/L_PVA 41.07 38.623 1.216 

SMS_WiC1g/L_PVA 41.61 38.628 1.214 

SMS_WiC2g/L_PVA 40.92 38.621 1.216 

SMS_WiC5g/L_PVA 41.57 38.594 1.212 
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SMS_WiC10g/L_PVA 40.77 38.592 1.214 

 

Table 6 experimentally determined particle size by DLS of PVAc homopolymer by DLS and SLS with n as number 
of samples analyzed and σ as width of the distribution. 

Experiment Name n average particle 

size DLS 

σ(DLS) 

SMS_WiC0g/L_PVA 9 579.78 ± 19.13 148.04 ± 9.27 

SMS_WiC1g/L_PVA 9 483.3 ± 81.47 122.73 ± 50.39 

SMS_WiC2g/L_PVA 9 470.77 ± 17.76 117.99 ± 18.13 

SMS_WiC5g/L_PVA 9 359.6 ± 14.93 97.19 ± 14.74 

SMS_WiC10g/L_PVA 9 284.8 ± 13.59 79.09 ± 13.96 

 

Table 7 experimentally determined particle size by SLS of PVAc homopolymer by DLS and SLS with n as number 
of samples analyzed and σ as width of the distribution. 

Experiment Name n average particle 

size SLS 

σ(SLS) 

SMS_WiC0g/L_PVA 9 438.51 ± 1.21 62.0316 ± 0.09 

SMS_WiC1g/L_PVA 9 401.17 ± 2.03 57.49 ± 1.33 

SMS_WiC2g/L_PVA 9 385.5 ± 0.37 55.31 ± 0.40 

SMS_WiC5g/L_PVA 9 324.11 ± 0.69 52.86 ± 0.26 

SMS_WiC10g/L_PVA 9 213.27 ± 0.09 41.59 ± 0.09 

 

Table 8 Styrene seed synthesis general recipe. 

Component Mass / g 

Water 530 

Styrene 135 

17.1 % SDSaq 36.2 

Na-Tetra Borateaq
* 0.125 

5 % KPSaq 30 

* used as purchased 

 
 

First fill of reactor with 500 g of Milli-Q® water in the 1 L batch reactor, stirring speed of 100 rpm 

and N2 purging, heating of iC to 100 °C for 60 min to degas by setting the reactor-jacket 

temperature TJ = 130 °C. The reaction temperature TR was reduced to 55 °C over 45 min. At 

55 °C temperature equilibrium, 135 g styrene, 6.2 g SDS in 30 g water, and 0.125 g of Na-

Tetra Borate were added. After a short waiting period for the emulsion to form, 30 mL of a 

5% KPS solution were added automatically via a computer-controlled dosing unit at 6 mL min-

1. Simultaneously, stirrer speed was increased to 200 rpm. The emulsion polymerized at 55 °C 

for 24 h. A post-polymerization at 83 °C for 3 h followed. The system was finally cooled to 

20 °C over 30 min.
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Table 9 Styrene seed synthesis recipes. 

Experiment 

Name 

Reaction 

temperature 

TR / °C 

total 

amount 

water 

iC / g 

total 
amount 
Styrene 

monomer 
dosed (i 

Control) / 
mL  

 

Concentration 
SDS solution / 

g mL-1 
 

total 
amount 

SDS 
solution 

/ mL 
 

total 
amount 
SDS / g 

 

total 
amount 
KPS / g 

 

water 
from 

KPS / g  
 

mass 
Catalyst 

Na-
tetraborat / 

g 
 

PS_001 55 530.312 135.1 0.012 29.97 6.203 2.21 52.471 0.124 

PS_011 55 530 135.03 0.012 30 6.201 2.214 52.505 0.127 

PS_020 55 500.08 135.55 0.012 36.66 6.203 5 95 0.147 
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Table 10 GHS danger symbols and H/P statements of the used chemical compounds.* gAI6 

Chemical compound Hazardous 

symbols 

Hazard Statements Precautionary Statements 

Vinyl acetate monomer 

 

 

 

H225: Highly flammable liquid and vapor 

 

H332: Harmful if inhaled 

 

H335: May cause respiratory irritation 

 

H351: Suspected of causing cancer 

 

H412: Harmful to aquatic life with long 

lasting effects 

P202: Do not handle until all safety precautions have 

been read and understood 

 

P210: Keep away from heat, hot surfaces, sparks, open 

flames and other ignition sources. No smoking 

 

P233: Keep container tightly closed 

 

P273: Avoid release to the environment 

 

P304+P340: IF INHALED: Remove person to fresh air 

and keep comfortable for breathing 

Neodecanoic acid vinyl 

ester (Versa®10) 

 

H410: Very toxic to aquatic life with long 

lasting effects 

P273: Avoid release to the environment 

 

P391: Collect spillage 

 

P501: Dispose of contents/container to an appropriate 

treatment and disposal facility in accordance with 

                                                 

*gAI6 This table has been compiled by perplexity.AI. the author listed the chemical compounds for the search of the H and P statements and gAI via perplexity listed the given H and P statements. The 

author checked the table for consistency with the safety data sheets available.  
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applicable laws and regulations, and product 

characteristics at time of disposal 

Potassium persulfate (KPS) 
 

 

 

 

H272: May intensify fire; oxidizer 

 

H302: Harmful if swallowed 

 

H315: Causes skin irritation 

 

H317: May cause an allergic skin reaction 

 

H319: Causes serious eye irritation 

 

H334: May cause allergy or asthma 

symptoms or breathing difficulties if 

inhaled 

 

H335: May cause respiratory irritation 

P210: Keep away from heat, hot surfaces, sparks, open 

flames and other ignition sources. No smoking 

 

P220: Keep/Store away from clothing/combustible 

materials 

 

P261: Avoid breathing dust/fume/gas/mist/vapors/spray 

 

P280: Wear protective gloves/protective clothing/eye 

protection/face protection 

 

P302+P352: IF ON SKIN: Wash with plenty of water 

 

P304+P340: IF INHALED: Remove person to fresh air 

and keep comfortable for breathing 

 

P305+P351+P338: IF IN EYES: Rinse cautiously with 

water for several minutes. Remove contact lenses, if 

present and easy to do. Continue rinsing 
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P342+P311: If experiencing respiratory symptoms: Call 

a POISON CENTER or doctor/physician 

tert-butyl hydroperoxide 

(tBHP) 

 

 

 

 

 

 

H226: Flammable liquid and vapor 

 

H242: Heating may cause a fire 

 

H302: Harmful if swallowed 

 

H311: Toxic in contact with skin 

 

H314: Causes severe skin burns and eye 

damage 

 

H317: May cause an allergic skin reaction 

 

H330: Fatal if inhaled 

 

H335: May cause respiratory irritation 

 

H341: Suspected of causing genetic 

defects 

 

H351: Suspected of causing cancer 

P201: Obtain special instructions before use 

 

P202: Do not handle until all safety precautions have 

been read and understood 

 

P210: Keep away from heat, hot surfaces, sparks, open 

flames and other ignition sources. No smoking 

 

P220: Keep/Store away from clothing/combustible 

materials 

 

P233: Keep container tightly closed 

 

P234: Keep only in original container 

 

P261: Avoid breathing dust/fume/gas/mist/vapors/spray 

 

P280: Wear protective gloves/protective clothing/eye 

protection/face protection 
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H411: Toxic to aquatic life with long lasting 

effects 

 

P303+P361+P353: IF ON SKIN (or hair): Take off 

immediately all contaminated clothing. Rinse skin with 

water 

 

P304+P340: IF INHALED: Remove person to fresh air 

and keep comfortable for breathing 

 

P305+P351+P338: IF IN EYES: Rinse cautiously with 

water for several minutes. Remove contact lenses, if 

present and easy to do. Continue rinsing 

Sodium Persulfate (NaPS) 

 

H272: May intensify fire; oxidizer 

 

H302: Harmful if swallowed 

 

H315: Causes skin irritation 

 

H317: May cause an allergic skin reaction 

 

H319: Causes serious eye irritation 

 

H334: May cause allergy or asthma 

symptoms or breathing difficulties if 

inhaled 

P210: Keep away from heat, hot surfaces, sparks, open 

flames and other ignition sources. No smoking 

 

P220: Keep/store away from clothing/combustible 

materials 

 

P260: Do not breathe dust 

 

P280: Wear protective gloves/protective clothing/eye 

protection/face protection 

 

P302+P352: IF ON SKIN: Wash with plenty of water 
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H335: May cause respiratory irritation 

P304+P340: IF INHALED: Remove person to fresh air 

and keep comfortable for breathing 

 

P305+P351+P338: IF IN EYES: Rinse cautiously with 

water for several minutes. Remove contact lenses, if 

present and easy to do. Continue rinsing 

 

P312: Call a POISON CENTER/doctor if you feel unwell 

Hydroquinone 

 

H302: Harmful if swallowed 

 

H317: May cause an allergic skin reaction 

 

H318: Causes serious eye damage 

 

H341: Suspected of causing genetic 

defects 

 

H351: Suspected of causing cancer 

 

H400: Very toxic to aquatic life 

 

H410: Very toxic to aquatic life with long 

lasting effects 

P273: Avoid release to the environment 

 

P280: Wear protective gloves/protective clothing/eye 

protection/face protection 

 

P301+P312: IF SWALLOWED: Call a POISON 

CENTER or doctor if you feel unwell 

 

P305+P351+P338: IF IN EYES: Rinse cautiously with 

water for several minutes. Remove contact lenses, if 

present and easy to do. Continue rinsing 
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Styrene monomer  

 

H226: Flammable liquid and vapor 

 

H304: May be fatal if swallowed and 

enters airways 

 

H315: Causes skin irritation 

 

H319: Causes serious eye irritation 

 

H332: Harmful if inhaled 

 

H335: May cause respiratory irritation 

 

H351: Suspected of causing cancer 

 

H361d: Suspected of damaging the 

unborn child 

 

H372: Causes damage to organs (hearing 

organs) through prolonged or repeated 

exposure 

 

H401: Toxic to aquatic life 

P201: Obtain special instructions before use 

 

P210: Keep away from heat, hot surfaces, sparks, open 

flames and other ignition sources. No smoking 

 

P243: Take precautionary measures against static 

discharge 

 

P260: Do not breathe vapor/spray 

 

P280: Wear protective gloves/protective clothing/eye 

protection/face protection 

 

P303+P361+P353: IF ON SKIN (or hair): Take off 

immediately all contaminated clothing. Rinse skin with 

water/shower 

 

P305+P351+P338: IF IN EYES: Rinse cautiously with 

water for several minutes. Remove contact lenses, if 

present and easy to do. Continue rinsing 

 

P308+P311: IF exposed or concerned: Call a POISON 

CENTER or doctor 
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H412: Harmful to aquatic life with long 

lasting effects 

 

P403+P233: Store in a well-ventilated place. Keep 

container tightly closed 

 

P501: Dispose of contents/container in accordance with 

national regulations 

Sodium dodecyl sulfate 

(SDS) 

 

 

 

H228: Flammable solid 

 

H302: Harmful if swallowed 

 

H311: Toxic in contact with skin 

 

H315: Causes skin irritation 

 

H318: Causes serious eye damage 

 

H335: May cause respiratory irritation 

 

H412: Harmful to aquatic life with long 

lasting effects 

P210: Keep away from heat, hot surfaces, sparks, open 

flames and other ignition sources. No smoking 

 

P261: Avoid breathing dust/fume/gas/mist/vapors/spray 

 

P264: Wash hands thoroughly after handling 

 

P273: Avoid release to the environment 

 

P280: Wear protective gloves/protective clothing/eye 

protection/face protection 

 

P301+P312: IF SWALLOWED: Call a POISON 

CENTER or doctor if you feel unwell 

 

P302+P352: IF ON SKIN: Wash with plenty of water 
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P305+P351+P338: IF IN EYES: Rinse cautiously with 

water for several minutes. Remove contact lenses, if 

present and easy to do. Continue rinsing 

 

P310: Immediately call a POISON CENTER or doctor 

 

P370+P378: In case of fire: Use appropriate media to 

extinguish 

Ferric ammonium sulfate 

(FAS) 

 

H290: May be corrosive to metals 

 

H302: Harmful if swallowed 

 

H318: Causes serious eye damage 

 

H319: Causes serious eye irritation 

 

H335: May cause respiratory irritation 

P261: Avoid breathing dust/fume/gas/mist/vapors/spray 

 

P264: Wash hands thoroughly after handling 

 

P270: Do not eat, drink or smoke when using this 

product 

 

P271: Use only outdoors or in a well-ventilated area 

 

P280: Wear protective gloves/protective clothing/eye 

protection/face protection 

 

P301+P312: IF SWALLOWED: Call a POISON 

CENTER or doctor if you feel unwell 

 



 
 

117 
 

P302+P352: IF ON SKIN: Wash with plenty of water 

 

P304+P340: IF INHALED: Remove person to fresh air 

and keep comfortable for breathing 

 

P305+P351+P338: IF IN EYES: Rinse cautiously with 

water for several minutes. Remove contact lenses, if 

present and easy to do. Continue rinsing 

 

P312: Call a POISON CENTER or doctor if you feel 

unwell 

 

P390: Absorb spillage to prevent material damage 

 

P403+P233: Store in a well-ventilated place. Keep 

container tightly closed 

N2 gas for purging 
 

 

H280: Contains gas under pressure; may 

explode if heated 

P403: Store in a well-ventilated place 
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Sodium Tetraborate 

 

H319: Causes serious eye irritation 

 

H360FD: May damage fertility. May 

damage the unborn child 

P201: Obtain special instructions before use 

 

P264: Wash thoroughly after handling 

 

P280: Wear protective gloves/protective clothing/eye 

protection/face protection 

 

P308+P313: IF exposed or concerned: Get medical 

advice/attention 

 

P403: Store in a well-ventilated place 

Sodium hydroxide 
 

 

H290: May be corrosive to metals 

 

H314: Causes severe skin burns and eye 

damage 

 

H402: Harmful to aquatic life 

P260: Do not breathe dust/fume/gas/mist/vapors/spray 

 

P280: Wear protective gloves/protective clothing/eye 

protection/face protection 

 

P301+P330+P331: IF SWALLOWED: Rinse mouth. Do 

NOT induce vomiting 

 

P303+P361+P353: IF ON SKIN (or hair): Take off 

immediately all contaminated clothing. Rinse skin with 

water [or shower] 
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P304+P340: IF INHALED: Remove person to fresh air 

and keep comfortable for breathing 

 

P305+P351+P338: IF IN EYES: Rinse cautiously with 

water for several minutes. Remove contact lenses, if 

present and easy to do. Continue rinsing 

 

P310: Immediately call a POISON CENTER/doctor 
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10.1 Supplementary Materials 

Supplementary Material to section 5.1:  

The following are available online at https://www.mdpi.com/2073-4360/13/4/669/s1, Figure S1: 

Schematic description of the reactor Set-Up. 1 L automated Lab reactor equipped with automated 

temperature control, stirring control, dosing control, overhead reflux condenser, and N2 purging. The 

PDW inline probe is directly inserted into the reactor via an inlet port., Figure S2: Electron microscopy 

picture of produced particles from emulsion polymerization synthesis VAc_1.5 with 525 mL VAc., Figure 

S3: Refractive index of the particles from syntheses VAc_1, VAc_1.5, VAc_1.6, and VAc_1.8 

extrapolated from values of a concentration series of the dispersions measured with a refractometer at 

seven discrete wavelengths and inter- and extrapolated to wavelengths between 500 nm and 1000 nm, 

shown with +95% and –95% confidence interval as dashed lines., Figure S4: Density measurements of 

dilutions of dispersions Vac_1 to Vac_1.8 in dilutions up to 30% and extrapolated density values (i.e., 

100% Polymer) measured with a densitometer. 

 

Supplementary Material to section 5.3:  

The following supporting information can be downloaded 

at: https://www.mdpi.com/article/10.3390/polym17050629/s1, Figure S1: PDW spectroscopy Iraw data 

measurements at λ = 638 nm of a synthesis with 100 L reaction volume from tR = 00:02 h to tR = 00:38 h. 

Initial measurements up to at least tR = 00:22 h show irregularities in the order of Iraw and df. This might 

be caused by an inhomogeneous dispersion due to insufficient mixing; Figure S2: Inline monitoring of 

10 L synthesis by PDW spectroscopy at λ = 638 nm with reduced scattering coefficient µs’ (red) and 

absorption coefficient µa (blue). Offline determined total conversion χ (green) and total volume 

fraction ϕ (green dotted line) are shown along the reaction progress. Vertical lines indicate manual 

increases of the stirrer speed; Table S1: Overview of the measurements of the experimental set-up of 

all three reactor sizes at different polymerization reaction volumes VR. with H as height of the reactor, D 

as diameter of the reactor, d as diameter of the used anchor stirrer, H1 as height of initial Charge before 

starting the reaction and h as height from the bottom of the reactor to the anchor stirrer; Table S2: Initial 

stirring rates for the different reaction volumes VR. 

  

https://www.mdpi.com/2073-4360/13/4/669/s1
https://www.mdpi.com/article/10.3390/polym17050629/s1
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