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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
aufgeldste Beobachtung der durchgefuhrten Polymersynthesen zu Erkenntnissen tber den
Prozess fuhrt. 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. Zunachst wird gezeigt, dass die Partikelgrof3e und die Partikelgrofzenverteilung
des Systems durch Anderung einfacher Polymerisationsparameter, wie der Gesamtmenge
des dem System zugesetzten Monomers, verandert werden konnen und eine Kklare
Abhangigkeit besteht. Ein Unterschied in der mittleren PartikelgroRe und der
PartikelgroRenverteilung wurde erstmalig durch die Photonendichtewellen (PDW)
Spektroskopie ermittelt und quantifiziert. Die PDW-Spektroskopie zeigt sich nicht nur fur die
Analyse des produzierten Dispersionsproduktes als geeignet, sondern auch fir die Inline-
Uberwachung des gesamten Polymerisationsprozesses bis hin zu Massenanteilen des
Polymers von weit Uber 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 mogliche 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
Partikeloberflache zu absorbieren. Da dieses Ph&nomen in der Literatur bekannt ist, wird ein
iterativer Ansatz zur Berechnung des volumenbasierten Quellungsfaktors verschiedener
PVAc-Homopolymere vorgestellt. Eine Versuchsreihe mit sequentieller Erhohung der
Gesamtmenge von PVA als kolloidalem Stabilisator wurde hinsichtlich der Wasserquellung
analysiert. Um die Fahigkeit der PDW-Spektroskopie zur PartikelgroRenbestimmung in diesem
Ansatz zu beweisen, wurde Polystyrol, welches mit Natriumdodecylsulfat (SDS) stabilisiert
wurde, zusatzlich als Best-Practice Beispielsystem untersucht. Es zeigt sich, dass die

PS/SDS-Partikel aufgrund des hydrophilen Charakters der Partikel und des SDS-Stabilisators
1



erwartungsgemal nicht zur Wasserquellung neigen. Es wird demonstriert, dass die
theoretisch berechnete Streuung sehr gut zu den mittels PDW-Spektroskopie experimentell
ermittelten Streukoeffizienten ps' Ubereinstimmt, ohne Anpassungen der Partikel hinsichtlich
Wasserquellung vorzunehmen. Mittels des vorgestellten iterativen Ansatzes zur
systematischen Fehlerminimierung wurde die Wasserquellung der PVAc/PVA-Partikel in
Lésungen 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 PartikelgroRe mit annehmbaren Fehlerwerten erzielt werden. Da die
Wasserquellung eine groRe Herausforderung firr die Inline-Uberwachung der Partikel darstellt,
und die Analyse der PartikelgrofRe wéahrend ihrer Nukleierung und ihres Wachstums sehr

schwierig ist, wurde ein verwandtes System fur weitere Untersuchungen gewabhlt.

Die Co-polymerisation von Vinylacetat und Versa® 10 ist ein industriell relevanter Prozess. Es
ist bekannt, dass der Prozess sehr exotherm verlauft und bei der Produktion im Gro3mafistab
Sicherheitsprobleme auftreten kénnen. In einer Kooperation mit der Universitat Hamburg
wurden Scale-up-Experimente durchgefiihrt und mittels inline PDW-Spektroskopie verfolgt. Es
zeigte sich auch hier, dass die inline gemessenen optischen Parameter Uber den ganzen
Reaktionsverlauf von bis zu 63 % Massenanteil Polymer darstellbar sind. Es konnte
anfangliche Inhomogenitét durch unzureichende Durchmischung mittels PDW-Spektroskopie

ermittelt werden, die letztendlich zu geringen Umsétzen in den Polymerisationen fiihrten.

Durch den Einsatz der PDW-Spektroskopie als PAT-Werkzeug kann die Polymerisation von
Polyvinylacetaten durchgehend in Echtzeit verfolgt werden. Dadurch kénnen
sicherheitsrelevante Aspekte minimiert, Inhomogenitat der Emulsion detektiert und die
resultierenden Produkteigenschaften gezielt gesteuert werden. Der Einsatz der in dieser Arbeit
angewandten PDW-Spektroskopie erzielt eine deutliche Erhéhung der Messdatenpunkte
wahrend einer Reaktion im Vergleich zu offline Messmethoden, wodurch deutliche Kosten-

und Zeitersparnisse im Betrieb erzielt werden kénnen.



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 Ls'. 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.



Copolymerization of vinyl acetate and Versa®l10 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.



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.! 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



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.® 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.>’” The 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.

6



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.® 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 KPS AIBN, persulfate salts
NaPS/AA
Catalyst Ferric ammonium - Aluminum porphyrins
sulfate

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 Rep. In the first Interval | of nucleation and initial particle growth Rp increases
up to a certain rate. As Rp levels off the second interval Il sets in, where particle growth is the
dominant process. Interval lll, defined by a decrease of Rp is predominantly caused by

termination reactions due to monomer deficiency.



Phase | Phase Il Phase Il

Initiation 1 Propagation 1 Termination
1

—

Rate of polymerization Rp

Monomer conversion

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 I into two active Initiator radicals I* by the system specific rate of initiation Kin.

ki
L5217 (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. 415 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 pProposes a reaction
mechanism where radicals are formed by reaction of the peroxide with Fe?* ions by breaking
the peroxidic O-O bond and simultaneous oxidation of Fe?*. Regeneration of the Fe?* 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. *° 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.'® Water borne redox initiator system including AA has proven to accomplish high



conversions of VAc at low reaction temperatures already and forms very strong reactive

radicals which minimize the amount of residual monomer.’

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. 1618 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 je critical degree of polymerization and precipitate as
primary particle. These might undergo limited aggregation and thereby reduction of the particle

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

n 3.2
RP=kP[M]PN_ANP ( )

where kp is the propagation rate constant, [M]e the monomer concentration in the polymer
particles, i the average number of radicals per particle, Na Avogadro’s number, and Np the

number of particles with



Np = ( 6M ! (3.3)
m pp Dy

where M is the total amount of monomer fed to the system, pp is the density of the pure polymer
and Dy is the volume-average particle diameter here determined by PDW
spectroscopy*. Typical values for particle numbers in emulsion polymerization are in the range
of 10%* to 10?0 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 dr and PSD at the

end of the monomer addition stage.

In polymerization reactions available initiator radicals from initiator decomposition (Eg. 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:

k

M+ M o)y (3-5)
Addition of monomer units to an active chain takes place until the oligomer reaches a critical
length jeit where it becomes insoluble in the agueous 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 kq by the number of particles and further is described by ASuA. 2

H,C H,C CHj
:\ starved-feed n
O radical polymerization 0
O ] 0
CHg CH;
vinyl acetate poly(vinyl acetate)

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: 2°

d[M] mM) (dV) (3.6)

Rp = —= = ke MIIM°] = (7) (7

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

difficult to standardize it is simplified to:

dm _ - [MM] (3.7)
dt ~ P vy

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.?! Even if the reaction volume changes, the number of
particles Np is the limiting factor for ke. If Np stays constant, ke is controlled by R,, the rate of
monomer addition, also reaching a constant value. If secondary nucleation occurs Np

increases and determining ke 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.?? 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 P,. 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]r /[M]e of polymer in the active particle [P]r to monomer inside the
particle [M]r 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.

k
P+ M3P,,, (3:8)

R, (3.9)

ug:N_P

As long as monomer is added to the system, growth pg 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 R, a positive
skewness of the PSD might result from monomer-starved conditions. To avoid this and to
create a symmetrical monomodal PSD, Rj 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.

i i kcom
combination R P (3.10)
. , . K
disproportionation P 4+p, j)tPn + P, (3.12)

With keom as rate constant for the combination of two active polymer chain radicals to form one
inactive chain of combined length and ki the rate of disproportionation to create two dormant

polymer chains with varying length. Further, chain transfer reactions are involved in the

12



termination process, Chain transfer process cannot be neglected as it is likely to occur.?

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 Er in dependency of the particle distance of two particles to each other. Er 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 patrticle 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 Re. 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.?%2* 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 2225-27 monomer starved semi-continuous
polymerizations lead to number of particles higher than in conventional emulsion

polymerization in the range of 10%*® to 10%° L1, Figure 4 shows exemplarily five experiments
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conducted during this research and the respective number of particles and average particle

diameter dr measured by PDW spectroscopy. All syntheses show 108 Lt number of particles.
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Figure 4 PVAc homopolymerization under presumed monomer starved conditions. Number of particles Np
calculated and mean diameter de 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 wused 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. Itinfluences 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.?82° 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,® especially in the paint, coatings and sealants chemical industry in various
applications, forms and polymer variations.3! The polymerization of VAc proceeds only via free-
radical mechanism.3? Reaction temperatures above 60 °C are necessary to guarantee high
conversion of VAc monomer.'® 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).®® 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
dr 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. 3435 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™* 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. ¢
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Figure 6 TEM image of PVAc homopolymer particles produced during this research. Synthesis with 1 g L PVA in
the initial charge. Mean de 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 um, 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™* PVA in
the initial charge. Mean de 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.'® 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.®” For this system the
polymerization method of choice has to be semi-continuous starved feed emulsion
polymerization as reported by BOHORQUEZ 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.®® 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

JAacoB® 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.®® 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 molt) 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.4%4! 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.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. 4244 These states

are defined as:

e 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.

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

water.
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3.3 Process analytical technologies™@”!
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.4” 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.*8-5! 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.>?-5* 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.>%%6 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 ps’ 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. 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. 7

"9A This paragraph has been drafted and written by the author. Proofreading has been done using generative Al via perplexity.ai.
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Figure 8 Concept golden batch measurements by PDW spectroscopy with limits to ps' 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.

e Atline parameters are measured during the process at the process site but outside
the process vessel in a sample.

o 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.®® 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
guenching agent. Effects on the polymer particles can be swelling of the polymer patrticles,
aggregation or possible disintegration.>®-%! 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. %2 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.
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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. 84

Reactions at 1 L scale have been done in an automated reactor system OptiMax 1001 by
Mettler Toledo (GieRen, Germany).%> 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 PoOTSDAM®® for the last 20 years. Especially the works by REICH, HASS and
BRESSEL at the group of PROF. LOHMANNSROBEN at UNIVERSITY OF POTSDAM developed and
enhanced the technique ¢7-° 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. 397074

In general, it is a method for the independent determination of the optical properties, the
absorption coefficient y, and the reduced scattering coefficient s’ of a sample. Since it allows
for the separation of absorption and scattering properties, chemical information can be derived
from w,, and structural information can be obtained from Ys’. 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. ¢ 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

Ms’ and polymer particle size derived from s’

The fundamentals of PDW spectroscopy are described in detail by REICH®’, HASS®® and
BRESSEL. % 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 | by
an intensity coefficient k, and the phase shift of the PDW k,". To determine the optical
coefficient pa, and s’ the photon density needs to be analyzed as a function of the distance
between the detection and emission fiber di and the used modulation frequency f of the
measurement. If k;, k¢, and photon density are calculated as functions of distance and
modulation frequency, with alterations in P and ps’ 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 x? between

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

3.4.1 Transformation of experimentally determined s’ to particle diameter d
For the investigation of dependent scattering and determination of particle size from s, 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 us’. To
determine the particle diameter from the experimentally derived reduced scattering coefficient

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

o The dispersed patrticles are spherical particles with a diameter d.

e The dispersed particles have a distinctive volume fraction ¢, which can be measured
by gravimetrical analysis.

e The dried particles do not differ in volume nor density from the dispersed particles in
liquid.

e For multiple scattering to occur, ¢ must not be too low. At very low volume fractions
(¢ < 0.05) based on MIE theory of independent scattering and further assumptions of
the particles geometry, s’ is related to the particle diameter by the scattering efficiency

Qs and further dispersion properties:

. 3¢ (3.12)

Hs = ﬁQs[l - 9]

These dispersion properties are the volume fraction ¢ and the anisotropy factor g, which is
calculated by MIE theory, too. For volume fractions higher ¢ > 0.05, dependent scattering

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

* the abbreviation k¢ for the phase of the photon density does coincide with the nomination ¢ for the volume fraction of a polymer
dispersion. It is noted that the phase coefficient k¢ and the volume fraction ¢ 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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,_ 3mQs (3.13)

1
w' =22 f F(cos(8))S(8, )1 — cos(8)] d cos(6)
-1

¢ Only hard sphere interactions take place between the dispersed patrticles.
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.

Hs' > Mg (3.14)

e Statistical normal distribution of the dispersed particles with assumed Gauf3
distribution of the particles in dispersion.

e Colloidal stability of the dispersion: no or very little aggregation of particles is present
in the dispersion.

e The measurement distance between the emission and detection fiber di must be
significantly larger than the reciprocal ps’ as multiple scattering is a prerequisite. i.e.
between the emission and the detection fiber multiple scattering events need to take

place:

1
g » L (3.15)

Hs

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 s’ on the particle diameter d based on the aforementioned
principles. For very small particles d <50 nm still a linear dependency of ps’ 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 [s’. 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 ps’ in dependency of particle diameter d, based on MIE theory.
Measurements of PVAc/PVA 5 g L* sample. Ambiguity of two possible solutions for one ps’ 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 P, and ps’. 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.%6:68 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 d: 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 7576,

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.”* 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 d; (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 ds
(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 d: 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 di and modulation frequencies are cut

manually so that a fit of k; and k¢ 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.

% i N e

ki,kPhivs Frequency « [« ¥ kl,kPhi vs Frequency kI [§gf K
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Figure 11. Snapshot from the PDW spectroscopy analysis software. Observation of both coefficients ki and kg 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

- (3.16)
Npisp = z¢ini

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:

Npisp = Vpnp? + (1 — pp) * npy? (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 uL 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 patrticles 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, GielRen,
Germany). The data was analyzed for the density of the particles (i.e., pure polymer, 100%

(w/w)) using the following equation:

(3.18)

PpPp 1 1 1 1
© = w [— -+ =
Pp  Pp Pp

Ppisp = wlpp —ppl +pp  Ppisp

with poisp, Po, @and pp as densities of the dispersion, the dispersant (medium), and the polymer
and the solid content w 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!) 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 (A = 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 L2 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. 7"’ 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. 7°8°

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. 7 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-Qe 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
TRLS 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 technigues 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 ps’ 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 | 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.
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Abstract: The high solids semicontinuous emulsion polymerization of polyvinyl acetate using poly
(vinyl alcohol-co-vinyl acetate) as protective colloid is investigated by optical spectroscopy. The
suitability of Photon Density Wave (PDW) spectroscopy as inline Process Analytical Technology
(PAT) for emulsion polymerization processes at high solid contents (>40% (w/w)) is studied and
evaluated. Inline data on absorption and scattering in the dispersion is obtained in real-time. The
radical polymerization of vinyl acetate to polyvinyl acetate using ascorbic acid and sodium persulfate
as redox initiator system and poly (vinyl alcohol-co-vinyl acetate) as protective colloid is investigated.
Starved-feed radical emulsion polymerization yielded particle sizes in the nanometer size regime.
PDW spectroscopy is used to monitor the progress of polymerization by studying the absorption
and scattering properties during the synthesis of dispersions with increasing monomer amount
and correspondingly decreasing feed rate of protective colloid. Results are compared to particle
sizes determined with offline dynamic light scattering (DLS) and static light scattering (SLS) during
the synthesis.

Keywords: photon density wave spectroscopy; multiple light scattering; emulsion polymerization;
process analytical technology; polyvinyl acetate

1. Introduction

Emulsion polymerization systems are of high importance to the chemical industry.
Products like adhesives, sealants, and coatings are produced from emulsion polymerization
processes at large scales. Polyvinyl acetate (PVAc) is one of the most common polymers.
One possibility of producing PVAc at industrial scale is protective colloid stabilized emul-
sion polymerization. In such systems, the amphiphilic protective colloid forms a colloidal
system that acts as reaction center in which the polymerization process takes place [1].
Oligomers formed in the water phase from monomer molecules and the water-soluble
initiators diffuse into the protective colloid micelles and react there to polymer chains with
further monomer molecules diffusing into the micelle. Emulsion polymerization provides
numerous advantages like being a greener process [2], possessing low viscosity throughout
the process, providing advanced heat transfer, and a narrower particle size distribution
(PSD) than regular suspension polymerization processes [3-5]. For the industry the control
of the PSD is of paramount interest to obtain specifically designed products as the PSD
determines the characteristics and properties of such dispersions [6].

To control the particle size there are several options in emulsion polymerization. The
amount of protective colloid influences the PSD and application properties of the produced
dispersion. The more protective colloid in the system, the more reaction centers are formed,
and a larger number of particles with a smaller size can be obtained [1,7,8]. The type of

Polymers 2021, 13, 669. https:/ /doi.org/10.3390/ polym13040669

https:/ /www.mdpi.com/journal/polymers

39



Polymers 2021, 13, 669

20f 15

protective colloid also plays an important role. Various types of protective colloids are
currently under investigation. Polymeric or plant based emulsifying agents can be used
to increase dispersion stability [7]. A common protective colloid used for the synthesis of
PVAc is polyvinyl alcohol poly (vinyl alcohol-co-vinyl acetate) (PVA) due to its ability to
form colloidal aggregates with different physico-chemical properties. Various studies on
the blockiness, size, and interfacial tension behavior of formed PVA colloidal aggregates
have been carried out [8-10]. These studies have shown, that the colloidal aggregates
formed, strongly depend on the hydrophobic-hydrophobic interactions between the vinyl
acetate sequences in the PVA and this strongly correlates with the degree of hydrolysis.
As the above-mentioned properties of the PVA colloidal aggregates influence the particle
size during synthesis of PVAc the hydrolysis degree therefore plays an important role for
particle size control.

An additional possibility to control the PSD of the final product is via starved—feed
synthesis. A starved-feed system guarantees nearly complete conversion of monomer to
polymer [1,4,5], the possibility to obtain high solid contents in the final product and control
of the particle size by addition of monomer to the reactor. Low feed rates of monomer in
starved—feed conditions control the rate of particle growth. Using an initial charge without
any monomer content forces particle growth to happen under starved-monomer conditions
and particle growth to be fully controlled by the monomer feed rate. Stopping particle
growth can instantaneously be achieved by stopping the addition of monomer to the
emulsion system and desired particle sizes for specified applications can be targeted [11,12].
Further possibilities for size control include feed rates or types of initiators, the monomer,
or the protective colloid [13-18]. As the relationship between particle size and all these
parameters is complex, a simple approach to predict the exact evolution of the PSD from
all these parameters is not possible. Here, monitoring the progress of the reaction inline
would be desirable.

Due to the high turbidity already at low polymer solid contents, commonly used
inline Process Analytical Technologies (PAT) to monitor reaction progress or even particle
size (distributions), like turbidity probes or optical inline microscopy are limited in their
application and are less suitable to investigate polymerization processes [19-21]. To monitor
the reaction processes or particle growth in turbid emulsion polymerization processes,
Photon Density Wave (PDW) spectroscopy has shown to be a reliable method under certain
conditions [22,23] by measuring the optical scattering properties. PDW spectroscopy is
a new inline PAT that determines the absorption coefficient y, as well as the reduced
scattering coefficient ys” of the dispersion in real time without dilution or sampling. Here,
physical and chemical characteristics of the analyzed sample can be calculated from the
optical coefficients [24-29]. In a recent study [23] the evolution of the particle size during
the synthesis of PVAc was monitored by PDW spectroscopy and increasing particle sizes
were observed as expected. However, sudden steps in the obtained particle size during the
synthesis revealed, that the particle size analysis for PVAc systems during synthesis might
be more complex than anticipated.

In this study, the suitability of PDW spectroscopy as inline PAT to monitor the reaction
progress from the optical coefficients in the highly turbid emulsion polymerization of
PVAc is explored and PDW spectroscopy is introduced as an applicable method for real-
time measurements in emulsion polymerization even without particle size analysis. The
possibility to monitor the synthesis inline via the optical coefficients could already lead to
enormous advantages like better reproducibility, consistent product properties and quality,
as well as reduction of waste and cost.

2. Materials and Methods

Chemical reagents were used as follows: Monomer vinyl acetate (VAc, >99%, Sigma-
Aldrich, Darmstadt, Germany) was purged with N, (Nippon Gases, Duesseldorf, Germany)
for 30 min prior synthesis. Redox initiator pair ascorbic acid (AA, 99%, Acros Organics,
Geel, Belgium) and sodium persulfate (NaPS, >99%, Carl Roth, Karlsruhe, Germany) as
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well as the catalyst ammonium iron (III) sulfate hexahydrate (FAS, 99+ %, Acros Organics,
Geel, Belgium) were used as purchased. Mowiol® 4-88 (poly(vinyl alcohol-co-vinyl acetate),
PVA, approx. 31.000 g mol~!, viscosity of a 4% solution at 23 °C is 4 mPAS, 86.7-88.7 mol%
hydrolysis degree, Sigma-Aldrich, Darmstadt, Germany), was used as purchased. All
solutions were prepared with analytical grade Milli-Q® water from an in-house Milli-Q®
water dispenser (Milli-Q®, Integral 5, Merck Millipore, Darmstadt, Germany) and purged
with Ny for 30 min prior synthesis.

2.1. Synthesis of Polyvinyl Acetate Dispersions

The synthesis described here is based on the industrial process to produce vinyl ester
polymers described in [30]. Various research has been done on the polymerization process,
e.g., regarding the type or amount of initiators, the onset temperature or the types of
copolymers [13-18]. All syntheses described here were performed in an automated lab
reactor (OptiMax 1001, Mettler Toledo, GiefSen, Germany) at 1 L reaction scale. Reactions
were executed at 60 °C under nitrogen atmosphere applying reactor temperature control,
stirring control, dosing control, overhead reflux condenser, and N, purging. Dosing of
feeds was achieved using four computer controlled automated dosing units (SP-50, Mettler
Toledo, Giefien, Germany) for vinyl acetate (two dosing units) and approx. 16.7% (w/w)
PVA in water (two dosing units) as well as two automated syringe pumps (PHD ULTRA,
Harvard Apparatus, Holliston, MA, USA) with one syringe for the redox initiator AA
and one for NaPS. Redox initiator aqueous solutions of 3.5% (w/w) AA and 4.5% (w/w)
NaPS were used for all syntheses. A scheme of the experimental set-up in shown in the
Supplementary Information S1. Five experiments were performed with a varied amount of
total monomer fed to the system at a constant feed rate and decreased feed rates of PVA.
This results in the same duration of dosing PVA and monomer while keeping the total PVA
amount (Vpya = 190 mL) fed to the system constant. The protective colloid PVA Mowiol®
4-88 was chosen to obtain particle sizes in the nanometer size regime. The chosen PVA
has further advantages as it offers good solubility at the reaction temperature of 60 °C, is
relatively dormant to hydrogen bonding and stays in solution upon cooling [31].

To start a synthesis 300 g Milli-Q® water were filled into the reactor and 0.33 g PVA
(=1g L) were dissolved under stirring and heating up to 60 °C. The reactor was closed,
and the initial charge was purged with N; for 30 min. After complete dissolution of PVA in
the initial charge, approx. 0.018 g FAS in 2 mL of water were added in order to catalyze the
redox system. After adding the FAS catalyst, the syringe pump was started feeding AA and
NaPS into the reactor at 0.33 mL min~! each. After approx. five minutes of initiator feeding,
monomer and PVA feeding were started according to Table 1. PVA feeding was stopped
simultaneously to the feeding of monomer. Redox initiators were dosed for 10-30 min after
VAc and PVA feeding ended in order to achieve complete conversion.

Table 1. Total dosed volumes and feed rates of monomer, 16.7% (w/w) PVA-water solution and
initiators listed for each synthesis.

Volume Feed Rate VAc Feed Rate PVA  Volume Vpp Volume Vy,ps

Sytithesia Vyac /mL /mL min—1 /mL min—1 /mL /mL
VAc_1 350 4.52 2.46 31.66 31.66
VAc_1.5 525 4.52 1.64 44.55 44.55
VAc_l1.6 560 4.52 1.53 50.66 50.66
VAc_1.8 630 4.52 1.36 53:33 53.33
VAc_2 700 4.52 1.23 63.33 63.33

An additional synthesis PVAc_lwr analogous to synthesis PVAc_1 but with a reduced
initial amount of 151.2 g of water, an increased amount of 5.52 g PVA (=36.3 g L™1), and an
amount of 0.009 g of FAS in 2 mL of water, keeping the concentration of FAS in the initial
charge constant, was carried out. Here, the same feeding rates as for synthesis VAc_1 for
monomer, PVA (15.7% (w/w)) were used. A total amount of 350 mL of monomer, 190 mL of
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PVA solution, and 31.6 mL of each initiator was targeted. During this synthesis, the feeding
of monomer and PVA had to be stopped before finishing the targeted amount. Table 2
displays targeted and actually dosed amounts. This synthesis was carried out to evaluate
how a much higher amount of protective colloid and a total increase in solid content would
affect inline measurements of PDW spectroscopy and whether process control via PDW
spectroscopy would still be possible.

Table 2. Final composition of the dispersion P Polyvinyl acetate (PVAc)_lwr with 36.3 g L ~! PVA
dissolved in 151.2 g of water in the initial charge after abortion of the dosing of monomer and
PVA feeds.

N — Dosed Volume  Target Volume Fraction
4 V; /mL V, /mL 1%
Monomer VAc 339.16 350 96.90
PVA solution 15.7% (w/w) 184.125 190 96.90
Initiator solution 4.5% (w/w) NaPS 34.6 31.6 109.29
Initiator solution 3.5% (w/w) AA 34.6 31.6 109.29
Catalyst FAS 0.009 0.009 100
Total dispersion mass 743.96 745.67

All syntheses were monitored in line with PDW spectroscopy regarding the trend of
the optical coefficients. Offline-samples were taken for solid content and particle size anal-
ysis. Additionally, the density and refractive index of the particles in the final dispersion
were analyzed. All syntheses described above were carried out a single time.

2.2. Analysis of Polymer Emulsions

For offline analysis, 1 mL samples were taken manually out of the reactor at approx.
40 mm depth using a single-use 1 mL syringe with a cannula length of 13.5 cm, diluted
approx. 1:10 with Milli-Q® water to quench the reaction and stored in sample containers.
For process analysis until fg = 5 min samples were taken every minute, until tg = 30 min
samples were taken every 5 min, until fg = 120 min samples were taken every 10 min and
for tg > 120 min samples were taken every 20 min.

Gravimetric solid content analysis was done with approx. 500 uL sample stored in
weighted Eppendorf tubes and dried at 72 °C for at least 24 h until mass consistency. After
drying, the total weight of the solid residue was taken and handled as solid content of the
dispersion at sampling time f. Samples were weighted without purification, solid content
refers to all possible solid residues after drying.

Offline sample analysis was performed after the synthesis was completed. Dynamic
light scattering (DLS) analysis (Zetasizer Ultra, Malvern Panalytical, Worcestershire, United
Kingdom) was done at a measurement angle of 173° using single-use 4 mL polystyrene
cuvettes at 25 °C. Samples were diluted approx. 400-fold to visual transparency. For
static light scattering (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.

For data analysis of PDW spectroscopy measurements, the densities and the refractive
indices of the particles and the dispersant are needed. To determine the density of the
particles a concentration series of 30% (w/w), 20% (w/w), 10% (w/w), 1% (w/w), and 0.1%
(w/w) of each polymer dispersion was measured at 25 °C with a densitometer (DM45 Delta
Rage, Mettler Toledo, GieSen, Germany). The data were analyzed for the density of the
particles (i.e., pure polymer, 100% (w/w)) using the following equation [22,32]:

fpPP o % _w{l 1} 1

—w|———|+— 1
wlop —pp| +pp  Ppisp pp ppl  Pp S
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Here, ppisp, pp, and pp are the densities of the dispersion, the dispersant, and the
polymer and w is the solid content of the dispersion. For the density of zero polymer
content (0% (w/w)) the density of pure water was considered, determined with the same
densitometer. The density of the polymer was obtained from the slope of a linear fit
according to the right equation. The error was obtained via error propagation.

The same concentration series was used for refractive index measurements at 20 °C
at seven different wavelengths between 403 and 938 nm with a multi-wavelength refrac-
tometer (DRS-A, Schmidt + Haensch, Berlin, Germany). The measured refractive indices
are extrapolated to the refractive index of the particle using the Newton equation [28] and
afterwards inter- or extrapolated to the wavelengths of PDW spectroscopy by a Cauchy
formula [22,32].

Solid content, particle size, density, and refractive index analysis were carried out with
three repeating experiments each. Values and errors shown in the results section reflect
mean values and standard deviations from these repeating experiments.

2.3. Photon Density Wave Spectroscopy

Photon Density Wave (PDW) spectroscopy is a technique for the characterization of
the optical properties of multiple light scattering materials, such as highly turbid polymer
dispersions [27]. Using optical fibers, intensity modulated laser light is guided into the
sample. Due to multiple scattering and absorption in the material, a PDW is created,
which alters in amplitude and phase while passing the turbid material. The changes to
amplitude and phase of the PDW are characterized as function of the modulation frequency
and distance r between emission and detection fiber and can be related to the absorption
coefficient y, and the reduced scattering coefficient yis” of the material.

Whereas the absorption coefficient yi, can be attributed to the concentration of ab-
sorbing species in the sample, the reduced scattering coefficient ys” can in principle be
attributed to the amount and size of the scattering material and is dependent on the
physical properties like density and refractive index of the particles and dispersant. By
using ps” physical changes within the dispersion can be monitored. Previous research
showed, that monitoring the scattering properties of various samples like milk, milk-fat,
zeolites, or bioplastic producing bacteria leads to deeper insights into the processes and
deeper understanding of underlying mechanisms like depletion flocculation, phase transi-
tions or zeolite production [24-26]. For polymer syntheses monitoring ys" is an important
tool, as it mirrors polymerization phases and hence offers possibilities for process control.
Additionally, applying Mie theory and theories for dependent light scattering [28] the size
of the dispersed particles can in principle be derived from the reduced scattering coefficient
in inline measurements [33,34]. For polydisperse systems a multi-wavelength approach
is necessary [28]. However, due to the complexity of the PVAc system, containing high
amounts of highly water soluble PVA as protective colloid, which forms a non-negligible
protective layer on the particle surface rendering a simple PVAc-particle-in-a-medium-of-
water model moot, particle size analysis based on PDW spectroscopy is beyond the scope
of the present work.

Inline PDW spectroscopy was applied using a specially designed inline probe with
eight optical fibers and a probe diameter of 25 mm. The probe was inserted into the
reactor via an inlet in the reactor lid with the tip of the fibers’ positions at approx. 40 mm
beneath the initial charge-air-interface, to obtain stable PDW data from the beginning of
the experiment. The PDW spectrometer used here is self-made. Commercial versions are
available from PDW Analytics GmbH, Potsdam, Germany. Detailed technical description
of the set-up can be found elsewhere [32,33]. Measurements for process characterization
were executed at 637 nm, 690 nm, and 751 nm with modulation frequencies up to 1210 MHz
and fiber distances between 2.4 and 19 mm. As syntheses were performed only once. PDW
data shown here are therefore also obtained from a single measurement. Errors shown for
Ha and s are obtained from a non-linear fit process during the analysis of intensity and
phase [35].
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3. Results and Discussion
3.1. Dispersion Analysis

Stable, highly turbid liquid dispersions were obtained in all cases. Drying a droplet of
the dispersion at ambient air conditions leads to a transparent, hard, non-sticky film. Stored
in airtight plastic containers, the dispersions are storable without any phase separation for
at least six months. Dilution of the samples with Milli-Q® water was possible without phase
separation or visible agglomeration of the particles. All produced dispersions exceeded
40% (w/w) solid content. Electron microscopy (cf. Supplement Figure S2) revealed that
spherical, well separated particles were produced in all syntheses.

Figure 1 shows the gravimetrically derived solid content during the five syntheses
PVAc_1 to PVAc_2. For all syntheses the solid content increases as long as monomer is
added and then levels off. It reflects an evolution of the solid content typically achieved
with free radical polymerization processes [36]. Following chain-growth mechanism,
mostly monomer reacts with the active radical chain creating high instant conversion of
monomer to polymer of 90 to 98% (data not shown). Propagation of polymer chains is
the dominant process until no more monomer is added to the system and propagation
stops. Calculated solid content assuming the direct conversion of monomer to polymer is
show in Figure 1. All experimental data match the theoretically calculated solid content
fortifying the assumption of a starved—feed synthesis. Only for synthesis VAc_2 the solid
content shows some fluctuations at high solid contents, as sampling and drying of these
samples is challenging. The synthesis VAc_2 was the only one which led to a little amount
of coagulate at the interface between air and dispersion in the final dispersion. Due to the
high amount of total monomer dosed, visible agglomerates were formed. It is assumed,
that the synthesis VAc_2 with 700 mL monomer forms visible agglomerates, because the
amount of protective colloid fed during the synthesis is not sufficient to stabilize the formed
particles. The highest feedable amount of monomer to create a completely stable dispersion
is therefore somewhere between synthesis VAc_1.8 with 630 mL and synthesis VAc_2 with
700 mL of dosed monomer under the reaction conditions presented here.

800
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Figure 1. Gravimetrically determined and calculated solid content w,,j. from PVAc and PVA com-
bined and dosed volume of monomer Vy,. during polymerization for syntheses VAc_1, VAc_1.5,
VAc_1.6, VAc_1.8, and VAc_2.

Figure 2 shows the mean of the gravimetrically determined final solid content of all
five dispersions from three repeating measurements. The final solid content increases with
increasing monomer dosing as expected. Calculations for 100% conversion of monomer
to polymer lead to an expected maximal solid content in the final dispersion we,jc, pvac
of 36.7% (w/w) to 51.1% for VAc_1 to VAc_2. As the high molecular protective colloid
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anchors to the particle surface, it does not evaporate during the drying process. The
gravimetrically determined solid content therefore consists of both polymer and protective
colloid. The solid content calculated from 100% conversion of monomer to polymer
including additionally the total amount of PVA in the dispersion wg,c, pvac+pva leads
to values between 40.75% and 54.08% for syntheses VAc_1 to VAc_2. These calculated
values match the experimental solid contents well. In case of VAc_2 the experimental solid
content is slightly smaller than the calculated value. This can be anticipated due to particle
agglomeration as discussed above.
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Figure 2. Final experimental solid content of all syntheses (full squares) in dependency of the total
dosed volume of monomer Vya. compared to the calculated solid content for 100% monomer to
polymer conversion we,jc, pyac (crossed squares) and calculated solid content for 100% conversion
of monomer to polymer and attachment of the total amount of PVA to the particle wc,jc, pvac+pva
(open squares).

The extrapolated polymer density of the particles of (1.20 = 0.01) g cm 3 (Table 3) as
mean of all synthesized dispersions shows very good agreement between all batches and
is in agreement with data from literature, where a density of 1.17 to 1.2 g cm ™3 for PVAc
homopolymers, depending on the degree of polymerization, is found [37]. Extrapolated
refractive index values of the particles for a wavelength range from 400 nm to 1000 nm
are shown in Supplement Figure S3. Values between 1.48 and 1.49 at A = 637 nm were
extrapolated from dilution measurements for the pure polymer particle. For the synthesis
VAc_2 with aggregated particles no determination of the density nor the refractive index
was possible. Therefore, density and refractive index values obtained for VAc_1.8 were
used for PDW spectroscopy analysis of VAc_2.

Table 3. Total volumes of dosed monomer Vyy,, extrapolated density pp and refractive index n (at
A = 637 nm) of the particles for each synthesis.

Synthesis Vyac/mL pp/g cm—3 n (A = 637 nm)
VAc_1 300 1.2015 £ 0.0004 1.4797 £ 0.0007
VAc_1.5 525 1.2026 =+ 0.0001 1.4827 + 0.0010
VAc_1.6 560 1.2055 &+ 0.0001 1.4851 £ 0.0011
VAc_1.8 630 1.2023 + 0.0003 1.4906 -+ 0.0007
VAc_2 700 1 1

*I No determination of extrapolated particle density and refractive index possible, due to the high solid content

and viscosity of the dispersion.
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3.2. Polymerization Monitoring Using PDW Spectroscopy

Figure 3 exemplarily shows the inline monitoring of synthesis VAc_1.5. The system is
first heated to a reaction temperature of 60 °C. The overshoot of a few degrees over 60 °C
is due to insufficient PID correction of the automated reactor. To overcome long inhibition
periods, the redox initiators were fed to the system five minutes before starting monomer
dosing (not displayed here), to provide radicals for the instant nucleation and propagation
of polymer chains. The polymerization is started by adding monomer VAc and protective
colloid PVA to the reaction system (g = 0 h). The start of the polymerization process can be
observed in the temperature profile in Figure 3 by a characteristic release of reaction heat at
tr = 0h. A sudden increase in temperature of approx. 4 Kis observed. During synthesis the
reaction temperature stays nearly constant at 60 °C until approx. tg =2 h where the addition
of VAc and PVA is finished and a slight drop in the reaction temperature (less pronounced
than the increase at fg = 0 h) occurs due to the final conversion of monomer to polymer
and the termination of release of reaction heat. The temperature drop happens slightly
after the finish of monomer and PVA feed indicating that small amounts of monomer are
still converted to polymer. This small time lag however still is in accordance with the
assumption of a starved—feed synthesis. After 2.7 h, the system is cooled down to 20 °C
over 30 min.
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Figure 3. Reduced scattering coefficient ys” (red) and absorption coefficient y, (blue) at 637 nm, volume fraction of monomer
¢vac and protective colloid ¢pya (green solid and dashed lines, respectively), and reaction temperature Tr (orange) as
function of time during polymerization of VAc_1.5.

Monitoring the synthesis in line with PDW spectroscopy allows to observe changes
in the optical properties of the sample, like the absorption coefficient ji, and the reduced
scattering coefficient ys’. With dosing monomer to the system, y; at A = 637 nm drops from
0.004 mm~! to a local minimum of around 0.0008 mm ™! at 1.5 h. y, then increases slightly
again and levels off, as soon as monomer dosing is stopped. With start of cooling at 2.7 h,
again a slight decrease in jt, is observed with a subsequent levelling off as soon as 20 °C
is reached.

The reduced scattering coefficient js” in Figure 3, obtained at A = 637 nm, increases
rapidly as soon as monomer and protective colloid are added. After about 20 min, s’
increases less pronounced and a maximum value of approx. 25 mm™! is reached at
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tr = 1.5 h, simultaneously to the absorption minimum in p,. After the maximum, a
decrease to approx. 24 mm ™! is observed and s’ levels off in correspondence to stopping
monomer and protective colloid dosing. Until start of cooling at tg = 2.7 h, us" stays
constant. Cooling down the system to 20 °C causes an increase in 5" to significantly higher
values of around 27 mm 1.

Three different phases are represented in the trend of the reduced scattering coefficient
us’. First, s’ rises rapidly until tg = 0.2 h with a very steep slope, which might be due to
fast particle formation and growth. After the initial steep increase ys” continues to increase,
with a less steep slope. During this second stage, until start of cooling, particles should still
be growing as monomer is continuously added. During the cooling process, jis" increases
again and finally " levels off, as the sample reaches room temperature and the cooling
process is completed. The increase of 5" during cooling might be due to temperature
dependent changes of physical properties of the particles like density and refractive index.
In this case, e.g., an increase in particle density, leading also to an increase in refractive
index, would result in a decrease of particle size. Depending on the amplitude of each
effect, the result can either be a decrease or increase of .

These stages can be observed for all syntheses carried out here. The inline measured
reduced scattering coefficient for all five syntheses is shown in Figure 4 (cooling stages are
omitted for better visibility). Each polymerization starts at fg = 0 h with the start of dosing
monomer and protective colloid into the reactor. The initial steep increase of ys" appears to
be identical for all syntheses, and hence, seems not to be affected by the decreased feeding
rate of PVA to the system.
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Figure 4. Comparison of inline determined reduced scattering coefficient ys” at 637 nm for synthesis
PVAc_1 to PVAc_2 with different feeding rates of PVA and hence volume fraction ¢pya during
synthesis. Data shown without cooling phase for better visualization.

Except for VAc_1, all syntheses exhibit a maximum in pg" during the feeding of
monomer and protective colloid. The maximum occurs at nearly the same time, a slight
shift to the left with increasing monomer amount is visible. In emulsions with a lower
amount of protective colloid, less reaction centers for particle formation and growth are
formed. Therefore, fewer, but bigger particles are growing in the dispersion which should
lead to an increase of light scattering at these still relatively small particle sizes in this early
stage of synthesis. Although feeding of monomer and PVA is not yet finished, ys” then
decreases again. This might be due to the distinctive dependency of ys” on particle size,
refractive index, and volume fraction. Described by Mie theory, us” exhibits oscillations as
function of particle size for given chemical and optical properties. These oscillations change
their form and position in dependency of the measurement wavelength. Accordingly, as
shown in Figure 5 for VAc_1.5 and VAc_1.8, shifts of the maximum in y" are observed
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when applying measurements at different wavelengths. Hence, the presence, position, and
height of these maxima contains the key to particle sizing in these systems during synthesis.

Pvac
==="¢pva
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T /°C
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Reaction time tg / h Reaction time tg / h

Figure 5. Reduced scattering coefficient ps” (symbols) at A = 637 nm (red), A = 690 nm (brown) and A = 751 nm (orange),

volume fraction of dosed monomer ¢ya. and protective colloid ¢pya (solid green and dashed lines, respectively), and

reaction temperature TR (orange line) as function of time during polymerization of VAc for synthesis VAc_1.5 (left) and

synthesis VAc_1.8 (right).

Due to the complex dependency of ys” on particle size or particle size distribution and
due a non-linear dependency on solid content, known as dependent scattering, particle
sizing during the reaction at high solid contents and elevated temperatures is challenging.
Here, changes in density and refractive index of the particles and medium might occur.
Apart from the complexity of the PVAc-PVA-water system as mentioned before, determin-
ing all physical properties in the addressed temperature range, and including models for
dependent light scattering might be therefore necessary to obtain correct particle sizes.

Stopping the feed of PVA and monomer corresponds well to reaching a plateau phase
in ps” in both syntheses (Figure 5). At the end of the syntheses 5" exhibits different values,
depending on wavelength and total amount of monomer. For synthesis VAc_1.5 the final s’
increases with decreasing wavelength. For synthesis VAc_1.8 measurements at 690 nm and
751 nm end at nearly the same 5’ value of approx. 23 mm ™!, a higher value is obtained at
637 nm. Despite the different solid content in the final dispersions 5" exhibits nearly the
same value of 26 mm~! for synthesis VAc_1.5, VAc_1.8, and VAc_2 (cf. Figure 4) at 637 nm.
The difference in the end values arises due to the underlying particle size distribution. To
understand the exact form of j5” in dependency of wavelength during the polymerization
a light scattering model for the reaction needs to be set up. The evaluation of particle size,
assuming pure polymer or additionally PVA as particle and water as surrounding medium
seems currently not to be sufficient as data analysis model. Here, a more sophisticated
model is required to describe the experimentally observed reduced scattering coefficients.

3.3. Comparison to Offline Size Analysis

Even though particle sizing still is challenging due to an insufficient optical model
of the PVAc system, both the reduced scattering coefficient and the absorption coefficient
contain process-related information. As soon as monomer and PVA addition is stopped,
both coefficients level off, indicating the end of the reaction. In case of y, this might be
obvious as no more absorbing chemicals are consumed or absorbing products formed.
However, in case of 5" a levelling off does not only reflect the end of dosing but also
the constancy of the size (distribution) of scattering material. In addition to monitoring
changes of the reaction temperature to obtain information about the synthesis, e.g., a
short increase at the beginning and a short decrease at the end of the feeding, the optical

48



Polymers 2021, 13, 669

110f15

coefficients are therefore a powerful tool to monitor the reaction progress inline. This is
especially helpful when temperature changes are not visible or significant, as is the case
for synthesis VAc_1.8 (cf. Figure 5 right). In another case, where at the end of feeding the
monomer is completely converted to polymer, a drop in temperature would suggest the
end of the reaction. However, if aggregation between particles occurred, ys” would still
show changing values (cf. Section 3.4 and Figure 7).

To undermine the assumption of comparing particle growth to the reduced scattering

coefficient, offline analysis of the particle size has been carried out with DLS and SLS.

Results are shown exemplarily for VAc_1.5 in Figure 6. In the beginning the inline trend
in ps” and both offline determined particle diameters start to increase rapidly. The sharp
slope in the first PDW measurements corresponds directly to the particle growth up to
tgr = 0.2 h. First measurements in the early minutes of the reaction showed particle sizes of
approx. 50 nm, agreeing to the theory, that colloidal aggregates of PVA formed to stabilize
the particles are smaller than 50 nm in size [8,9]. The second, less rapid growth period
of particles is also reflected in a more modest growth phase of ys” until the maximum
value is reached. A slight decrease in yis” is evident, although still growth of the particles
is apparent in DLS and SLS measurements. Hence, the maximum might derive from the
assumed dependency of js” on particle size as described above. After tg =2 h the monomer
and protective colloid dosing is stopped and particle growth is inhibited. During cooling
of the dispersion starting at tg = 2.7 h ys” increases even though DLS and SLS values
stay constant. It has to be pointed out that DLS and SLS data are always obtained after
cooling to room temperature, whereas PDW spectroscopy measurements are performed at
reaction temperature. The final particle diameter after fg = 3.7 h differs by approx. 140 nm
between both offline measurements. While DLS provides a final dp of (619 + 12) nm, SLS
results in a value of (480 & 1) nm (error indicates the standard deviation of three repeating
measurements). The results obtained by DLS represent the hydrodynamic radius, whereas
SLS determines the geometrical diameter of the particles.
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Figure 6. Inline jis” at A = 637 nm and offline determined particle diameter from dynamic light scattering (DLS) (blue
symbols) and static light scattering (SLS) (brown symbols). Volume fraction ¢ya. and ¢pya (solid and dashed green line) in

synthesis VAc_1.5.
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In principle, determining mean particle sizes directly in line with PDW spectroscopy
is feasible [24,33,36]. However, due to the complexity of the system and the temperature
dependent physical properties particle sizes might not yet be accessible. Further research
needs to be executed for the correct description of wavelength dependent light scattering
in this complex, size distributed, and concentrated particle system.

3.4. Inline Process Control Using PDW Spectroscopy

To show that PDW spectroscopy can in principle also be applied as technique for
process control, a synthesis with a decreased volume of the initial charge but high PVA
content is shown in Figure 7. Total amounts fed to the system are shown in Table 2. Here,
only 150 mL of water were used as initial charge to increase the amount of PVA in the
initial charge drastically. With continuously adding more monomer to the system the
polymerization proceeds and particles continue to grow in the dispersion. Apart from the
initial peak at tg = 0 h, during synthesis the reaction temperature stays nearly constant
at 60 °C until approx. tg = 1.1 h where two sudden peaks of approx. 8 K to higher
temperatures are observed shortly after each other. This rise in temperature is caused by
gelation of the sample as gelation hinders the heat transfer in the sample.

6 0.004 300 600
® d.DLS

- ® d.SLS
E
£ 54 — {250 4500
o = - O
3 £ 0.003 E E
c i < s

44 = 4200~ H400 S
[ )]
kS s o % o
=2 el S < >
S 18 & S &
o] o ° =
© 34 ¥ 0.002 {150 £ {300 o ®
o Q © £ -
E o S _g )
(] o -
2,8 2 w15
824 = 4100 -2 200 5 o
o ol < o =
7] e © n O
= 2 0.001 o o o
e o (@] o
~E el 450 4100
©
[}
14

o4 0000 Vi , ] , 0 40

0 1 2 3

Reaction time f; / h

Figure 7. Reduced scattering coefficient 5" (red), absorption coefficient j, (blue) at A = 637 nm, combined dosed mass of
monomer and protective colloid (dashed green line) and reaction temperature (orange) as function of time during synthesis
PVAc_lwr. The dosing of monomer and PVA had to be aborted due to gelation of the sample at fg = 1.1 h.

Monitoring the synthesis in line with PDW spectroscopy reveals a sudden drop at the
same time in y, as well as yis”. ys” then increases even steeper than before parallel to the
two temperature peaks. Due to the observed temperature peaks and drops in the optical
coefficients, the addition of monomer and PVA was stopped while continuing the initiator
feeds to prevent further gelation in the sample. This resulted in the reaction temperature
to decrease to 60 °C again. Initiator dosing was continued to decrease both viscosity and
to achieve complete conversion of residual monomer. Shortly after returning to 60 °C
and discontinuing the monomer and PVA feeds, the absorption coefficient levels off. At
the same time the reduced scattering coefficient does not level off, but increases further,
however, with a lees steep slope. After tg = 2.1 h the reaction was cooled down to 25 °C
within 30 min after dosing of the initiators was finished. ys” only levels off shortly after
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room temperature is reached. This indicates that the process is not yet finished when then
monomer and then initiator feedings are stopped even though particle sizes measured
offline did not change anymore after monomer feed is stopped. Further conversion of
monomer to polymer in the monomer swollen particles might be the reason. The indirect
dependency of yis” on temperature due to its dependency on refractive index, density,
and particle size might be an explanation for the sudden drop in s’ during the peak in
temperature in Figure 7, in contrast to the syntheses shown before (cf. Figures 3-5) where
no such sudden drop in either optical coefficient is observed. The steeper slope after the
drop might arise due to multiple reasons, such as changes in the sample properties, faster
particle growth or particle agglomeration. Due to the gelation of the sample the synthesis
was aborted and PVA and VAc feed were stopped earlier than planned. Because of the
higher amount of water, no gelation occurred in the other syntheses shown above.

This synthesis shows that the optical coefficients can directly be used to control the
process, i.e., in this case, stop the monomer feed. Additionally, a second possibility for
process control could have been the continuing increase of y5” during the cooling process.
Here, the reaction was cooled down according to the reaction plan 20 min after the dosing
of initiator feeds was finished. As us” was still rising at that time this change could have
been used as an indicator to continue the reaction at 60 °C until ys’ levels off. This could
prevent incomplete conversion of monomer to polymer in the final product. The invers is
also possible in batch processes. Here, typically the reaction temperature is held constant
for a certain time which is obtained from experience to obtain complete conversion, these
tempering periods are often longer than required. The monitoring of ys" could help to
decrease these unnecessary long reaction times by cooling down directly after ys’ reaches
a plateau.

4. Conclusions and Further Research

A series of starved—feed emulsion polymerizations of vinyl acetate dispersions with
high solid contents of up to 54% (w/w) and high turbidity with increasing amount of
monomer and decreasing feeding rate of PVA was successfully carried out. The reaction
progress as well as particle size monitored with different inline and offline techniques is
presented. Shown trends in solid content were in good agreement with expected reaction
progress known from emulsion polymerization. To verify the high conversion rates in
future experiments, gas chromatography (GC) could be applied to monitor the conversion
of monomer to polymer.

PDW spectroscopy was applied to monitor the reaction progress inline throughout
the whole polymerization, via the absorption and scattering properties. Absorption and
scattering properties were successfully monitored and compared to polymerization stages
evolving during emulsion polymerization. Three stages could be identified, agreeing well
to emulsion polymerization theory. A first stage of initial particle formation and fast particle
growth is reflected by a steep increase in the reduced scattering coefficient for all syntheses.
In the second phase of synthesis, during particle growth, us’ rises slower, depending on
the feeding rate of protective colloid. In some syntheses, maxima are expressed, which
might reflect the formation of different particle size distributions of polymer particles in
the dispersions. Levelling off of " during the third phase occurred as soon as feeding
of chemicals was stopped and polymerization terminated. The subsequent cooling of
the synthesis caused an increase in is’, probably due to temperature dependent physical
properties, like refractive index and density of polymer particles and dispersant.

Comparison of inline ys” with particle sizes obtained offline from DLS and SLS con-
firmed these three phases of the reaction, i.e., initial steep increase of particle size, further
slower particle growth and finally levelling-off of the particle size. To obtain particle sizes
or even distributions from PDW spectroscopy during the synthesis, as has been shown in
previous studies [27,34], further studying of the system is necessary to set up an improved
scattering model for the complex PVAc-PVA-water system. This includes temperature
dependent physico-chemical properties like density and refractive index of all components,
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determination of monomer to polymer conversion, e.g., with GC as well as a revision of
the particle-water model.

In an additional synthesis with increased protective colloid amount, it was shown, that
from combination of temperature data as well as inline PDW spectroscopy measurements
of the optical coefficients process control is possible. Here, gelation of the sample was
observed and the reaction stopped by stopping the monomer addition. Further gelation
was hindered by adding dispersant, in this case low concentrated initiator solutions.

Both examples clearly show the capability of monitoring polymerization progress dur-
ing synthesis of vinyl acetate via PDW spectroscopy. This allows for a better understanding
of the synthesis as well as control of the reaction which will improve the quality of the
obtained product and the prevention of waste batches.

Supplementary Materials: 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 N, purging. The PDW inline probe is directly inserted into the reactor
via an inlet port., Figure 52: 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.
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5.2.1 Aim of this research
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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 ps’ true values can be fitted with the theoretically calculated PDW

spectroscopy algorithm for monodisperse particles. The paper aims at manifesting PDW
55
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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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Abstract: High-solid-content polystyrene and polyvinyl acetate dispersions of polymer particles with
a 50 nm to 500 nm mean particle diameter and 12-55% (w/w) solid content have been produced via
emulsion polymerization and characterized regarding their optical and physical properties. Both
systems have been analyzed with common particle-size-measuring techniques like dynamic light
scattering (DLS) and static light scattering (SLS) and compared to inline particle size distribution
(PSD) measurements via photon density wave (PDW) spectroscopy in undiluted samples. It is shown
that particle size measurements of undiluted polystyrene dispersions are in good agreement between
analysis methods. However, for polyvinyl acetate particles, size determination is challenging due to
bound water in the produced polymer. For the first time, water-swelling factors were determined via
an iterative approach of PDW spectroscopy error (X?) minimization. It is shown that water-swollen
particles can be analyzed in high-solid-content solutions and their physical properties can be assumed
to determine the refractive index, density, and volume fraction in dispersion. It was found that
assumed water swelling improved the reduced scattering coefficient fit by PDW spectroscopy by up
to ten times and particle size determination was refined and enabled. Particle size analysis of the
water-swollen particles agreed well with offline-based state-of-the-art techniques.

Keywords: emulsion polymerization; multiple light scattering; photon density wave spectroscopy;
particle sizing; swelling of polymers

1. Introduction

Emulsion polymerization processes are one of the most common polymerization
processes to produce high-solid-content polymer dispersions. In contrast to suspension
polymerization, emulsion polymerization promotes higher solid contents, better heat
transfer, faster polymerization rates, and better colloidal stability. A vast variety of polymers
and stabilizers are already well-characterized. Accessible products range from low to high
density polymers, branched and stretched, and homo- as well as co-polymers. Given
the great variety of polymers, many different types of products and different product
applications can be achieved [1,2].

The precise analysis of particle size and particle size distribution (PSD) is of the
utmost importance for liquid polymer dispersions. These properties play an important
role as they define the usage and applications of polymer dispersions, e.g., the fluidity
and stability of high-solid-content polymer dispersions [3]. The mean particle size of
polymers depends on many thermodynamic and kinetic factors during their synthesis,
like the solubility of the monomer—polymer, composition of the reactants, temperature,
solvent-to-medium ratio, or even reactor geometry [2,4]. The final mean particle size and
PSD during emulsion polymerization are further influenced by the monomer amount
introduced and the capability of the stabilizer in the dispersion to sustain the colloidal
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stability of the particles growing. The amount of stabilizer added accounts for the amount
of particles formed and, therefore, also the final mean particle size [5].

To access the mean particle size in high-solid-content polymer dispersions and to
determine the PSD, different techniques are known and promoted like turbidimetry, fiber-
optic quasi-elastic light scattering or focused beam reflectance measurement, and particle
vision and measurement technology. Online measurements in undiluted processes are
particularly challenging due to the high turbidity, high number of particles, and multiple
scattering [6-11]. Most commonly, offline PSD analysis is used. However, offline techniques
require extensive sample preparation like dilution, are time consuming, and are not easy
to handle. Additionally, dilution always induces a change in the particle system, whose
effects on the measurement are not well-known. Analysis of nanoparticle size distribu-
tion is possible by multiple techniques. Laser light-scattering techniques are shown to
deliver reliable results; however, adding to the extensive sample preparation and dilution,
the results are influenced strongly and shifted by the fractions of bigger particles in the
sample. For multimodal or very polydisperse samples, light-scattering techniques lack
resolution [12-15].

Input parameters for measurements like the solvent viscosity, the refractive index,
the sample concentration, and the sample temperature play a significant role and are com-
pulsory. Necessary sample dilution evidently affects these factors and provokes falsified
results. For dynamic light scattering (DLS) measurements, the dilution of the sample
affects the autocorrelation function and the resulting particle size. For samples with high
particle concentration, i.e., high solid contents, the Stokes—Einstein equation is no longer
valid and diffusion coefficients yield wrong hydrodynamic radii [16-19]. Photon density
wave (PDW) spectroscopy offers dispersion analysis of highly turbid particle systems or
emulsions without dilution by the independent experimental determination of the optical
coefficients, reduced scattering coefficient and absorption coefficient, respectively [20-23].
This technique is used in this study to determine the PSD in undiluted concentrated poly-
mer dispersions and compared to the DLS, Static Light Scattering (SLS), and Electron
Microscopy (EM) analysis of diluted samples.

In this work, two polymer systems are produced and thoroughly analyzed—polystyrene
(PS) particles, stabilized by sodium dodecyl sulfate (SDS), and polyvinyl acetate (PVAc),
stabilized by poly (vinyl alcohol, PVA). The respective chemical structures of the polymers
and stabilizers used in this study are shown in Figure 1. Stabilizers are shown in their
deprotonated form. It is reported in literature that PS and SDS are not prone to incorporating
water, due to their hydrophobic character, whereas PVAc and PVA, due to their significantly
more hydrophilic character, especially PVA with plenty of accessible hydroxyl groups also
shown in Figure 1, are not only known to bind water loosely by van der Waals interactions,
but are also able to build hydrogen bonds, which bind the water strongly to the hydrophilic
sites [24-27]. Due to the polarizability of SDS, it is possible that water molecules attach to
the surfactants surrounding the polymer, but the amount and effect on the particle will
be significantly lower than for the PVA stabilized particles. The hydrophobic aklylchains
will attach to the polymer and few loose interactions happen with the surrounding media
and water.

Three states of bound water were found to be present in PVA: free water, bound-
freezable, and bound-non-freezable water, which has nearly the same characteristics as
bulk water [28-30]. The amount of freezable water accounts only for a very small percentage
and is, therefore, complicated to detect. Only a combination of different thermal analyses
may be able to determine the amount of water in the PVAc-PVA particle [31-33]. It is
assumed that the PVAc-PVA particles are swollen with water and also have a swollen
emulsifier shell around the PVAc particle core. The degree of swelling is hard to determine
due to the different kinds of water-binding mechanisms. The swelling of the polymer
particle has a significant influence on the density and refractive index of the particle as well
as the solid content and the volume ratio between the PVAc polymer core, polymer shell,
and medium in the dispersion. These are the main factors that have a great influence on
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the PSD measurements. A lot of data on polymer swelling in literature concentrates on the
swelling of dry polymer films in water or the swelling of hydrogels [34-36]. In this study,
undiluted measurements of PVAc-PVA particles are analyzed regarding the swelling of the
particle with the medium in high-solid-content dispersions.

i
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Figure 1. Representative chemical structures of polymers PS and PVAc, and stabilizers SDS and PVA

used in this study. From top left to bottom right: structure of polymer PS, stabilizer SDS, polymer
PVAc, and stabilizer PVA.

For both systems, PS-SDS and PVAc-PVA, particles with various mean particle sizes
and PSD can be obtained by emulsion polymerization [5,37,38]. The polymers can be pro-
duced in numerous shapes, co-monomer compositions, and sizes from a few nanometers to
the upper micrometer size regime [5,39,40]. To produce mean particle sizes between 50 and
500 nm, seeded emulsion polymerization was performed. Seeded emulsion polymerization
is a well-known method to produce monodisperse PS dispersions.

Starved-feed emulsion polymerization was used to produce PVAc-PVA particles
between 100 and 500 nm mean particle size [20,41,42].

2. Materials and Methods

All chemicals were used and handled as described. Styrene was purchased from differ-
ent suppliers throughout the experiments (104.15 g mol~1, >99.5%, Carl Roth, Karlsruhe,
Germany and Merck, Darmstadt, Germany). Sodium dodecyl sulfate (SDS,
288.38 g mol~?, Carl Roth, Karlsruhe, Germany), di-sodiumtetraborate decahydrate (Na-
Tetra Borate, 381.37 g mol~1, >99.5%, Carl Roth, Karlsruhe, Germany), sodium hydroxide
(NaOH, 40.0 g mol~1, >99%, Carl Roth, Karlsruhe, Germany), aluminum hydroxide
(AIOH3, dried gel, 78.01 g mol~1,99%, abcr GmbH, Karlsruhe, Germany), and potassium
peroxodisulfate (KPS, 270.32 g mol~1, >99%, Carl Roth, Karlsruhe, Germany) were used
as purchased.

Prior to use, the styrene was destabilized by filtering over granulated AIOHj; in
a flash column and, afterwards, washed repeatedly in 1 M NaOH using a separating
funnel. The styrene showed a light transparent-yellowish color and was further handled
at room temperature. Monomer vinyl acetate (VAc, 86.09 g mol~1, >99%, Sigma-Aldrich,
Darmstadt, Germany) was purged with N, (Nippon Gases, Duesseldorf, Germany) for
30 min prior to synthesis. Redox initiator pair ascorbic acid (AA, 176.12 g mol !, 99%,
Acros Organics, Geel, Belgium) and sodium persulfate (NaPS, 238.10 g mol~1, >99%, Carl
Roth, Karlsruhe, Germany) and catalyst ammonium iron (III) sulfate hexahydrate (FAS,
392.14 g mol~1, 99+%, Acros Organics, Geel, Belgium) were used as purchased. Mowiol®
4-88 (polyvinyl alcohol, approx. 31,000 g mol~!, Sigma-Aldrich, Darmstadt, Germany) was
used as purchased.
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2.1. Synthesis

Preparation of solutions was performed with analytical grade Milli-Q® water from
an in-house Milli-Q® water dispenser (Milli-Q®, Integral 5, Merck Millipore, Darmstadt,
Germany). An automated lab reactor (OptiMax 1001, Mettler Toledo, GiefSen, Germany)
at approx. 1 L reaction scale was used for synthesis. Produced polymer dispersions were
stored in airtight containers and showed no sign of destabilization for over twelve months.

2.1.1. PS Seed Synthesis

Batch emulsion polymerization was used to produce PS particles with a narrow size
distribution to be used further as seed particles. The recipe for the seed synthesis is given
in Table 1.

Table 1. Recipe for batch emulsion polymerization of PS seed particles.

Chemical Amount [g]
Medium Milli-Q® water 530
Monomer Styrene 135
Stabilizer SDS 622
Buffer Na-Tetra Borate 0.125
Initiator Potassium peroxodisulfate 5.0P

2 dissolved in 30 g Milli QY water. P dissolved in 95 g Milli Q¥ water.

Emulsion polymerization was started by charging 500 g of Milli-Q® water in the 1 L
batch reactor. Under stirring at 100 rpm and N, purging, the initial charge (iC) was heated
to 100 °C for 60 min to degas. Temperature was reduced to 55 °C over 45 min. At 55 °C
reaction temperature, 135 g styrene, 6.2 g SDS in 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~'.
Simultaneously, the stirrer was ramped to 200 rpm. The emulsion was left to polymerize at
55 °C reaction temperature for 24 h. After 24 h, a post-polymerization step at 83 °C for 3 h
was initiated. The system was cooled to 20 °C over 30 min.

2.1.2. PS-Seeded Emulsion Polymerization

To produce PS nanoparticles of different mean particle sizes, seeded emulsion poly-
merization was performed. A small amount of the PS seed produced after Table 1 was
taken and the particles were grown to various mean particle sizes, as shown in Table 2.

Table 2. Recipe for seeded emulsion polymerization of PS particles.

Chemical Amount [g] Feedrate [mL min—1]
Medium Milli-Q® water 308.6 2
Seed PS Seed 3150
Monomer Styrene 337°¢ 2.1
Stabilizer 10% SDS solution 4 164
Buffer Na-Tetra Borate 0.25
5% potassium
Initiator peroxodisulfate 100
solution

2 except for syntheses PS003, PS004, and PS005 where 301 g water, PS009_1, and 009_2 where 130 g water, and
PS020 where 500 g water were charged. ® except for syntheses PS009_1 and PS009_2 where 100 g of PS seed were
used. € except for syntheses PS009_1 and PS009_2 where 240 g styrene were fed at 1.5 mL min~!. ¢ except for
syntheses PS014 and PS016 where 3%, and PS018 and PS019 where 5% SDS solution were used.

2.1.3. Emulsion Polymerization of Polyvinyl Acetate Dispersions

Recipe for the produced PVAc-PVA dispersions is shown in Table 3 with determined
density of the pure polymer and gravimetrically derived solid content after at least 48 h
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drying at 74 °C in an oven. Details on the emulsion polymerization process can be found
in Schlappa et al. [20].

Table 3. Recipe for PVAc-PVA dispersions. Experimental series of five syntheses with increasing
amount of stabilizer in the iC.

Sample ID

PVA;c [g] Milli-Q®;c [g] c (PVA;c) [gL1] Solid Content w [%]  Density pp [g cm—3]

PVAc-PVA O gL~}
PVAc-PVA1gL~!
PVAc-PVA2gL~!
PVAc-PVA55¢g L]
PVAc-PVA11gL™!

0 302 0 41.07 1.216
0.299 302 0.99 41.61 1.214
0.599 302 1.98 40.92 1.216
1.66 302 5.50 41.57 1:212
3.31 302 10.96 40.77 1.214

2.2. Dispersion Analysis

After completion of a synthesis, offline sample analysis was performed. After approx.
400-fold dilution with Milli-Q® water to visual transparency, three repetition measurements
of each sample were performed by DLS analysis (Zetasizer Ultra, Malvern Panalytical,
Worcestershire, UK), at measurement angle of 173°, in disposable 4 mL PS cuvettes, at 25 °C
measurement temperature. Samples for SLS measurements (LS13320, Beckman Coulter,
Brea, CA, USA) were manually diluted approx. 1:125 with Milli-Q® water and charged
to the SLS sample chamber until a polarization intensity differential scattering (PIDS)
signal of approx. 40% was achieved. Obscuration values lower than 2% were retained.
Results shown for PSDs obtained by light-scattering techniques are mean values of three
measurements. Out of the three individual measurements, the mean value is plotted with
one standard deviation as error bars. For electron microscopy (EM) analysis, samples were
diluted approx. 1000-fold with Milli-Q® water and a drop of sample was placed onto a
copper-coal mesh (Plano GmbH, Wetzlar, Germany). The sample was left to dry for an
hour at ambient conditions. Quanta FEI 250 electron microscope was used for analysis in
STEM mode.

2.3. PDW Spectroscopy Dispersion Analysis

Photon density wave (PDW) spectroscopy is among few techniques which offers
dispersion analysis by the determination of the optical coefficients of a highly turbid
particle system without dilution even at high solid contents of the dispersed species. The
PDW spectroscopy device used here is self-built (University of Potsdam—innoFSPEC,
Potsdam, Germany). No sample preparation is needed as the optical fibers can directly
be inserted into the dispersion for measuring. Two optical fibers are immersed into the
undiluted dispersion. These fibers act as light emission and detection source for intensity-
modulated laser light. The detection fiber is mounted to a precision translations stage
which moves in scalable distances to and from the emission fiber. Fibers used in this
set-up have a 600 pm core diameter. Intensity-modulated laser light (10-1210 MHz) is
guided into the sample via the emission fiber and interacts with the sample regarding the
samples’ absorption and scattering properties. Due to the multiple scattered light, a PDW
is expressed. A small portion of the PDW light is guided to an avalanche photo diode
by the detection fiber. The electronic signal is amplified and then analyzed by a network
analyzer with respect to phase shift and amplitude. The change in amplitude and phase in
dependency of the distance between the emission and detection fiber and the modulation
frequency can be related to the absorption coefficient yt, and reduced scattering coefficient
us’ of the sample. These optical coefficients can be obtained for different wavelengths one
after another.

The reduced scattering coefficients are used to determine the mean particle size and
particle size distribution, with the help of the Mie theory and the theory of dependent
scattering [22,43]. Highly turbid polymer samples have already been successfully ana-
lyzed and characterized by PDW spectroscopy regarding their mean particle diameter
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and PSD [44-47]. Inline monitoring of emulsion polymerization processes has also been
successfully reported [20,21,48-50].

In this study, two polymer systems were evaluated, one which is not prone to incor-
porating water and one where water swelling of the particles is common, to show the
differences in analyzing the particle size by PDW spectroscopy if water swelling of particles
occurs. To determine the mean particle size and PSD, theoretical 5" values are calculated
that match the experimentally determined ys” values by the applied PDW spectroscopy
algorithm. If experimental and theoretical values agree well with each other, it can be
assumed that the swelling, and particle characteristics represent the actual situation in the
dispersion. To theoretically reproduce the experimentally determined ys’, the refractive
index, and density of the polymer and medium as it is present in the dispersion, as well
as the solid content, an assumption of the mean particle diameter and width of a normal
logarithmic Gauss distribution are necessary for a data fit. In a first step, the solid content
will be determined gravimetrically. A small weighted sample is placed in a drying cabinet
at low temperature (74 °C) in order to keep the polymer intact. Drying was achieved over
a period of time >72 h to evaporate the medium and bound water inside the polymer. The
dry weight is measured at mass consistency, and the solid content calculated.

A concentration series of 30% (w/w), 20% (w/w), 10% (w/w), 1% (w/w), and 0.1% (w/w)
of each polymer dispersion was used to determine the density of the polymer particles.
Each sample was measured at 20 °C with a densitometer (DM45 Delta Rage, Mettler Toledo,
Giefien, Germany). Density analysis of the particles for the pure polymer (100% (w/w))
was performed by [49]:

PDPP o 1 w|: 1 1 :| 1 (1)

~“ler en) "o

PDisy = Glop— ol +pp  Poip - loP  PD

with ppisp, D, and pp as densities of the dispersion, the dispersant, and the polymer and
the solid content w of the dispersion. 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.

The same samples were also used for refractive index measurements with a multi-
wavelength refractometer (DRS-A, Schmidt + Haensch, Berlin, Germany) at 20 °C at seven
different wavelengths between 403 and 938 nm. The measured refractive indices are extrap-
olated to the refractive index of the particles using the Newton equation and, afterwards,
inter- or extrapolated to the wavelengths of PDW spectroscopy by a Cauchy formula [49,51].

To speed up the PDW calculations, estimates of the mean particle size and PSD can be
introduced based on offline reference methods or theoretical particle size considerations.
With these parameters, a first PDW spectroscopy fit is obtained within a few minutes.

In the case that this first fit of theoretical ys” does not match the experimental results,
high error values X? for the s’ fit are given by the software. The value of X> expresses
how well the theoretically calculated values agree with the experimentally determined
values and is a measurement of the fit quality. If X? values are high, modifications of the
input parameters are necessary, as the particle in solution expresses different properties as
determined by this first rough estimation of its physical properties. Literature data already
suggest that the bound water inside the PVAc-PVA polymer cannot be dried off completely
by only drying in an oven. A combination of different thermogravimetric techniques is
necessary to determine the exact water content, which is very time consuming, costly, and
complicated. The water-swollen polymer in solution does not express the same properties
like in a dried state. To validate the mean particle diameter and PSD measurement by
PDW spectroscopy, iterative steps of water swelling Ogyonen are assumed, affecting the
density pp, swollen, refractive index 1p ¢y11en, and volume fraction ¢p syorien Of the polymer
to a great extent. Various percentages of water swelling Ogy,o11en in 0.05 steps (from 0% to
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50%) are assumed and added to the experimentally derived solid content. A new volume
fraction for the particle affected by water swelling is calculated:

( Weravimetrical )
PPolymer

)

PP,swollen = (1 + eswollen)

Weravimetrical (1 —Weravimetrical ) )
Pexperimental D

with this new volume fraction of the swollen polymer ¢p s y11en, adjusted values for the
density (Formula (1)) and refractive index (Formula (3)) are recalculated.

Np swollen = \/‘PP, swollen * 11p2 + [1 — ¢p, swollen] *np? 3)

with the recalculated refractive index of water-swollen polymer as #pgyolien, the increased
volume fraction @pgwolien, and the refractive index of the non-swollen particle np and
dispersant np. These recalculated values are used with the assumed mean particle size and
PSD to recalculate ps” by the automated PDW spectroscopy algorithm. The resulting s’
values are compared to the experimental values again and the X? error parameter for the fit
of theoretical-to-experimental ys” is analyzed. The smaller the X?, the better the agreement
between experimental and theoretical values, meaning the better the fit quality, and the
water-swelling factor Ogyolen is assumed to represent the real properties of the particles in
the analyzed dispersion.

This iterative approach is carried out for several percentages of water swelling until
the lowest possible X? value is found, starting with 10% water-swelling steps, finding the
lowest X? and minimizing the steps up to 1%. A parabola fit is used to find the minimum
of X? of the theoretically determined PDW spectroscopy fits. This percentage of water
swelling represents the experimental data best and it can be assumed that the polymer is
swollen with water by the derived percentage.

For comparison between size distribution data from DLS, SLS, and PDW spectroscopy,
the mean particle diameter calculated from the volume frequency distributions are normal-
ized regarding the bin width. PSDs are usually shown in different types of distributions.
Most common types include intensity, number, and volume-based PSDs. PDW spectroscopy
provides a volume-based PSD with a mean particle diameter comparable to the so-called De
Brouckére mean (d43). The DLS measurement used for comparison gives a PSD in volume
from measuring the hydrodynamic radius, calculated from an intensity weighted mea-
surement [52-54]. To compare particle size distributions derived from PDW spectroscopy
to distributions derived from offline, dilution-based techniques, an area normalization
of the distribution is done. Normalization results in volume frequency distributions per
nanometer (f3) for every measurement method.

3. Results and Discussion

All high-solid-content samples were synthesized as explained in the experimental
section. For all dispersions, a white, turbid liquid without visible coagulation was obtained
and stored in airtight containers until further use. Two polymer systems have been exam-
ined: the first, PS-SDS, is not known to incorporate water and no swelling of the particles is
expected. Results are first shown for PS-SDS dispersions regarding reproducibility, PDW
spectroscopy analysis of optical coefficients y, and ys’, and PSD analysis by PDW spec-
troscopy compared to offline standard PSD measurement methods as a best practice. The
second particle system, PVAc-PVA, is analyzed in the same way regarding reproducibility
and PDW spectroscopy with a focus on the determination of the particle swelling and size
determination of the polymer particles.
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3.1. Polystyrene—SDS Dispersions
3.1.1. Reproducibility of Polystyrene Dispersions

To investigate the reproducibility during this work, up to four polymerizations have
been performed at equal conditions. Figure 2 shows the absorption coefficient y, and
reduced scattering coefficient ys” obtained by PDW spectroscopy measurements of four
undiluted PS dispersions obtained by identical syntheses. Results show that the dispersions
are alike in their physical and chemical properties. The solid content of the four experiments
was determined gravimetrically and statistically analyzed to be w = 36.3 4 0.3% (w/w)
(n = 4). For p,, very good agreement between the four experiments is obtained over the
whole measurement range, whereas, for 5", measurements at the lower wavelengths show
small deviations in between the experiments. At wavelengths > 700 nm the obtained
data points agree very well with each other. The small deviations occurring at the lower
wavelength range might occur due to possible fluorescent interferences of the laser and the
sample. Another factor which might cause these small deviations in " are the polymer
content and small deviations in size of the samples. The difference in PS content in between
the measurements, however, is very small; the highest w was gravimetrically determined to
be w =36.8% (w/w) for PS_015 and the lowest w of 36.5% (w/w) for PS_007. Even such small
differences in the solid content, and possibly size of a few nanometers, can be detected
by PDW spectroscopy via ps”. Due to the higher polymer content of the dispersions,
an increase in particle scattering can be observed with PDW spectroscopy, where other
methods like gravimetric solid content determination fail to detect this minimal difference
in solid content. PS-SDS syntheses are highly reproducible with very small differences in
mean particle size.
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Figure 2. Four repeated emulsion polymerization PS-SDS experiments. Dispersions produced after
the same recipe and procedure. Optical parameters y, (left) and ys’ (right), determined in the
undiluted sample at approx. 36.3% (w/w) PS-SDS with PDW spectroscopy.

3.1.2. PDW Spectroscopy Analysis of Undiluted PS-SDS Dispersions

The scattering behavior of a sample contains a lot of information about the parti-
cles in the dispersion. PDW spectroscopy measures the reduced scattering coefficient
us” dependent on the laser wavelength A in undiluted polymer samples. Figure 3 shows
experimentally measured 5" values of three different PS-SDS dispersions and theoretical
values obtained by PDW spectroscopy size analysis from a fit to the experimental data
points after assuming the respective input parameters density, refractive index, size, and
width of the distribution. For PS-SDS dispersions in the lower nanometer size regime,
i.e., <100 nm mean particle diameter (PS 001 and PS 009_1), us” values < 4 mm~! were
obtained with ys” decreasing steadily with increasing wavelength. For a dispersion with a
mean particle diameter of approximately 270 nm (PS 003). values for us” were up to twenty
times higher and a significant change of the trend form and an elevation in the curve can
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be observed at lower wavelengths around 700 nm. Even with the elevation and changed
curve form, the measured ps” values can be reproduced very well with assumptions of the
physical parameters without necessary adjustment.
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Figure 3. Calculated theoretical ys” values obtained with Mie-theory- and global-analysis-based PDW
spectroscopy fit (open symbols) fitted to experimental 5" (closed symbols) with calculated error bars
highlighted in light green, light blue and light red. PS-SDS dispersion with mean particle diameter
of PS 001 = 49.0 nm (red squares), PS 009_01 = 99.1 nm (blue circles), and PS 003 = 271.7 nm (green
triangles).

PDW spectroscopy for polystyrene dispersions is applicable for a wide range of
dispersions, mean particle sizes, PSDs, and values of ys" between 0.1 and 80 mm~! at
least. The theoretical yis” values by PDW spectroscopy shown in Figure 3 as open symbols
are calculated with gravimetrically derived solid content of PS 001 = 12.47% (w/w), PS
009_01 = 37.80% (w/w), and PS 003 = 29.89% (w/w). Density p and refractive index n of the
pure PS-SDS sample without any further assumption of water swelling were calculated
to pps-sps = 1.055 g em ™3 and n ranging from 1.59 at 637 nm to 1.57 at 982 nm. The very
good agreement of the fitted ys” values to the experimental values verifies that SDS as a
stabilizer does not incorporate water and PS-SDS particles are not swollen in water-based
dispersions. The calculated values for Wgrayimetricals Polymers aNd Ppolymer Tepresent the
actual particle properties as no water swelling occurs, causing these parameters to change.
Therefore, the theoretical ys” values fit well to the experimental values and low X2 values
are obtained. X2 values are PS 001 = 336, PS 003 = 271, and PS-009_01 = 941.

3.1.3. Method Comparison DLS, SLS, and PDW Spectroscopy
The dependency of j5” on the particle diameter can be described by the Mie theory and

dependent scattering and is used to derive a PSD from PDW spectroscopy measurements.

To compare the distributions of the three different particle-sizing techniques, normalization
regarding the size bin width has been applied and volume-based frequency distributions
f3 are calculated. Mean particle diameters determined by each technique are compared in
Table A1 in the Appendix A.

DLS always gives mean particle diameter values of approx. 15 to 20% bigger than PDW
(Table Al in the Appendix A). This is caused by the fact that DLS measurements determine
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the hydrodynamic radius of the particle, whereas PDW spectroscopy determines the size
of a hard-sphere particle. The SLS determination of mean particle size shows deviations
to DLS and PDW spectroscopy and determined values might be bigger or smaller than
for the other techniques. The biggest deviations of up to 40% are found between PDW
spectroscopy and SLS for mean particle sizes around 100 nm and smaller. SLS sizing is not
suitable for such small particle diameters, as the measurement particle size range starts only
at 40 nm on the device used and deviations are unavoidable which falsify the results. For
the PSD determination by all three techniques, monomodality is assumed and verified in
Figure 4. Comparison between dilution-based light-scattering techniques DLS and SLS and
undiluted measurements via PDW spectroscopy are shown in Figure 4. The dilution-based
methods result in far wider PSDs than data obtained from PDW spectroscopy, which gives
the narrowest PSDs for all three dispersions shown. DLS measurements show tendencies
to bigger particle sizes leading to bigger mean dp than PDW spectroscopy measurements.
Results found in earlier studies revealed similar results regarding DLS [20,21,48]. SLS
measurements show no clear trend. For the smallest particles, SLS shows a big deviation
from the other methods with a mean dp of 81 nm rather than 50 nm like DLS and PDW
spectroscopy. The SLS device used in this study starts measuring at 40 nm, leading to the
assumption that particles of 50 nm mean dp lie within the lowest possible measurement
range. For the dispersions with bigger mean particle sizes, SLS shows better agreement to
the other methods.
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Figure 4. PSD of PS-SDS emulsions with mean particle diameters from approx. 49 nm to 272 nm.
Comparison between dilution-based DLS, SLS, and undiluted PDW spectroscopy. DLS and SLS
values are shown as mean out of three measurements with calculated mean value and standard
deviation as error bars.
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3.2. Polyvinyl Acetate—Polyvinyl Alcohol Dispersions
3.2.1. Reproducibility PVAc-PVA

Figure 5 shows two emulsion polymerization products of PVAc-PVA with 1 g L1 PVA
in the initial charge produced under equal conditions. The left graph shows that, regarding
the absorption properties, no differentiation between the two samples is possible. The trend
of i, is following the form of pure water absorption, due to the high amount of water as the
dispersion medium and little expected absorption from the polymer indicated by literature
values from Kou and Pope [55,56]. Lower values are obtained as the polymer is present by
approx. 40% (w/w) solid content. In Figure 5 (right), the ys” trend versus wavelength shows
small deviations in between the measurements. In the lower wavelength range, the first
experiment 1 g L~! PVA_1 gives a slightly higher value for yis". For wavelengths >950 nm,
this order is inverted, and the second experiment gives higher values for us’. The solid
content for both syntheses is nearly identical with 1 g L~!_PVA_1 = 41.61% (w/w) and
1gL~!_PVA_2 =40.87% (w/w), respectively. The slightly higher solid content might be
responsible for the higher ys’ values for 1 g L=!_PVA_1.
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Figure 5. Reproducibility of PVAc-PVA dispersion with 1 g L~! PVA in the initial charge. Repetition
experiments were performed at equal reaction conditions.

3.2.2. PDW Spectroscopy Size Analysis of Undiluted PVAc-PVA Dispersions

For PVAc-PVA syntheses, particles with mean diameters between approximately
270 nm and 510 nm were obtained by starved-feed emulsion polymerization. Regarding the
analysis of the undiluted dispersions using PDW spectroscopy, it was found that, for the
PVAc-PVA dispersions, the trend form of ys’ vs. wavelength deviates from the decreasing
trends shown for the PS-SDS systems in Figure 3. Figure 6 shows experimental and theoretical
data for ys” without any assumption of water swelling. Density and refractive index were
calculated from gravimetrically derived solid contents w of PVAc-PVA_1 g L™! = 41.61%
(w/w), PVAc-PVA_2 g L~ = 40.92% (w/w), and PVAc-PVA 5.5 g L1 = 41.57% (w/w).
Theoretical ys” as a function of wavelength is shown as open symbols with dotted lines as a
guide for the eye.

The experimental values (closed symbols in Figure 6) cannot be fitted exactly, if only
the pure polymer properties and no swelling are considered and used for analysis (open
symbols). Contrary to the SDS-stabilized PS samples, the PDW spectroscopy fit for the PVA-
stabilized PVAc samples is not easily applied, and the calculated data points do not agree
well with the experimental y5” values over the wavelength range. This relates to the physical
properties and scattering behavior of the PVAc-PVA particles. The deviation is caused
by bound water in the PVAc-PVA particle. Due to the difference in their macromolecular
chemical structure of the polymers and stabilizers, the particles express different properties
and different water-binding abilities. For the hydrophilic PVAc-PVA particles, water
is penetrating inside the particle and causes swelling. For PDW spectroscopy analysis,
the volume fraction, refractive index, and density of the particle influence the resulting
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theoretical ys” calculation, which is used for the exact size determination to a great extent.
Water swelling of the PVAc-PVA particle causes changes to these factors and the calculated
us’ values are erroneous.
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Figure 6. Theoretical j5” values (open symbols) fitted to experimental ys” values (closed symbols)
from a Mie-theory- and global-analysis-based PDW spectroscopy measurement without assumption
of water swelling. Three different PVAc-PVA dispersions with increasing content of PVA in the iC
are shown. The orange curve shows s’ for 1 g L™ PVA in the iC, blue 2 g L™, and green 5.5 g L.
Error bars are indicated in brown, light blue and light green respectively.

Figures 7 and 8 show the results of the iterative approach explained earlier in the
section “2.3 PDW Spectroscopy Dispersion Analysis” to determine the water swelling of the
particles by a PDW spectroscopy fit analysis of theoretically calculated 5" to experimentally
determined values. For the dispersion PVAc-PVA 2 g L~! shown in Figure 7, jis” shows
a minimum at approx. 750 nm and increases again to a maximum at 940 nm. The fit of
the non-swollen curve (black line) cannot match the experimental results (red squares)
and gives a very high value of X? = 5486. Assumed percentages of water swelling leads
to a better fit and, correspondingly, smaller X? values (Figure 8). The smallest X? = 1352
for this sample was calculated at 17.01% water swelling and a mean size of 391 £ 43 nm,
improving the fit quality by factor four.
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£ —— 14 % water-swelling
] : ~—— 15 % water-swelling
= \ —— 16 % water-swelling
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Figure 7. Iterative approach of PDW spectroscopy fit of the reduced scattering coefficient ys” to
minimize X? by increasing the water-swelling factor of the PVAc-PVA particle. Sample with 2 g L1
PVA in the iC. Black line shows the s’ fit without any water swelling assumed.
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Figure 8. Assumed water swelling, with corresponding X? values fitted with a parabola fit to find the
lowest X? value and, therefore, assumed best PDW spectroscopy fit. Parabola fit used gives R? = 0.96.

Figure 8 shows the X? values of assumed iterative water swelling between 15% and
19%. The minimum is calculated with a parabola fit to be at 17.1% water swelling.

Table 4 gives the data of assumed water-swelling and X? values on the other PVAc-
PVA syntheses and clearly shows that, for all PVAc-PVA samples, assumed water-swelling
leads to a significant increase in the fit quality and reduction in X2. Improvement leads
from X? reduction by a factor of three to an improvement of over ten times for two samples.
The results show that, for all these syntheses, a certain degree of water swelling needs to be
considered and it is very likely that the particles are swollen in the dispersion.

Table 4. Degree of water swelling determined by PDW spectroscopy iterative fitting to lowest X? and
corresponding improvement factor to non-swollen fit.

Sample Degree of Swelling O5yo11en/ % X2 X? Improvement Factor
PVAc-PVAOgL™! 19.29 87 13.7
PVAc-PVA1gL™! 22.00 250 7.2
PVAc-PVA2g Il 17.07 1352 4.06

PVAc-PVA55gL~! 12.38 2,5944 3.38
PVAc-PVA1ll g Tk 38.41 4084 12.1

3.2.3. Method Comparison DLS, SLS, EM, and PDW Spectroscopy

Mean particle diameter for all dispersions was also determined by DLS, SLS, and
PDW spectroscopy. The determined mean particle diameters for each sample with the
determined swelling factor by iterative approach described before to minimize X? are given
in Table 5. Deviations between methods again range from 5% to 27% whereas DLS always
gives an approx. 5 to 15% bigger mean dp value due to measuring the hydrodynamic radius
rather that the hard-sphere particle diameter.

The dispersion was analyzed additionally by EM, using the Hough Circle transforma-
tion method with a circularity cut off at ¢ < 0.8. A total of 70 particles were analyzed by
determining a histogram and normalized Gaussian distribution. Mean dp of 352 4 27 nm
was determined. Figure 9 shows that all the methods are in good agreement. EM anal-
ysis delivers the smallest mean dp as the sample is measured in a dried state and the
water-swollen particle might collapse during sample preparation and measurement under
vacuum conditions. After assumption of the swelling factor of 17.01%, PDW spectroscopy
is able to deliver a result for the mean dp = 392 nm, with a narrow PSD. If one assumes
that EM measures only the particle core and the swollen particle is collapsed completely,
the mean dp values between EM and PDW spectroscopy reflect the calculated swelling
factor within the range of error. According to PDW spectroscopy, 17.01% of the volume of
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the 392 nm polymer are caused by water swelling, leading to a mean dp of the collapsed
particle of 325 nm which lies just within the range of errors of the calculated mean dp from
electron microscopy of 352 4+ 27 nm.

Table 5. Mean dp values of PVAc-PVA particles in dispersion given from volume frequency distribu-
tion of PDW spectroscopy, SLS, and DLS measurements.

Sample ID Mean dp PDW Mean dp SLS Mean dp DLS PDWI/SLS PDW/DLS
PVACc-PVAO gL~} 507.91 438.51 579.78 1.16 0.88
PVAc-PVA1gL~! 1% 412.34 401.17 483.30 1.03 0.85
PVAc-PVA1gL~! 2% 409.86 403.54 493.21 1.02 0.83
PVAc-PVA2gL~! 391.57 385.50 470.77 1.02 0.83
PVAC-PVA55gL~1# 306.82 324.11 359.60 0.95 0.85
PVAC-PVA 11 gL~} 271.37 213.27 284.80 1.27 0.95

* syntheses compared in Figure 5.

——PDW d, =392 nm
——DLS d, =471nm
0.03 4 ——SLSdp =386 nm
——EMd, =352nm

0.02 +

0.01 4

Volume based frequency distribution 73/ nm™

0.00

T
100 1000
Particle diameter d / nm

Figure 9. PSD of PVAc-PVA 2 g L~ ! dispersion. Comparison between SLS, DLS, EM, and PDW
spectroscopy. PDW spectroscopy distribution is determined with the calculated water-swelling factor
of 17.01%. DLS and SLS values are shown as mean out of three measurements with calculated mean
value and standard deviation as error bars.

4. Conclusions

The presented PDW spectroscopy technique offers a wide range of applications, even
for material with extreme scattering properties and high solid contents. This study shows
that, for both polymer particles analyzed, size determination is possible at industrially
relevant reaction conditions without dilution or necessary changes to the sample.

For basic systems like polystyrene dispersions with an SDS stabilizer, which do not
incorporate water, the fitting of the experimental data with PDW spectroscopy leads to
very good results with low error values of X2. In polyvinyl acetate dispersions, however,
the theoretical fit to the experimental data is lacking accuracy and the fitted values deviate
from the experimental data points, if no water swelling is assumed. Comparing the two
polymer systems reveals that analysis of the PS-SDS system compared to the PVAc-PVA
system is less challenging and analysis of PS-SDS shows better agreement to offline-based
techniques without further adjustment. In this study, we showed that PDW spectroscopy is
a solid technique to determine the swelling of the polymer by iterative assumption of the
swelling factor and consecutive adaptation of physical parameters.

5. Outlook

For the PVAc-PVA system, the applied model for the s’ fit needs to be modified,
because of the incorporation of water in the PVAc-PVA particle. The incorporated water
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causes inconsistencies and deviations from the model assumptions for the physical particle
properties like solid content and volume fraction, respectively, density, and refractive index,
which are necessary for PSD analysis by PDW spectroscopy. The amount of free water and
bound water is difficult to determine separately; differential scanning calorimetry (DSC)
and further thermogravimetric analysis methods combined are necessary to investigate
the amount of water in PVAc-PVA particles. Literature suggests a combination of thermal
analysis methods like DSC, TGA, and IR analysis in order to determine the content of
bound water in the particle structure.

In future work, the proposed iterative swelling approach and simultaneous adaptation
of PDW spectroscopy input parameters needs to be incorporated in the particle size analysis
of water-swollen polymers in the automated PDW spectroscopy size calculation algorithm.
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Appendix A

Table Al. Mean particle diameters dp determined by particle-sizing techniques for different PS-SDS
dispersions produced.

Sample ID Meandp PDW  Mean dp SLS Mean dp DLS PDW/SLS PDW/DLS

PS_001 * 49.00 80.85 58.50 0.61 0.84
PS_003 271.96 287.79 319.57 0.94 0.85
PS_004 296.42 318.80 356.29 0.93 0.83

PS_007 ** 100.02 72.23 114.77 1.38 0.87

PS_009_1 99.14 71.83 115.27 1.38 0.86

PS_009_2 101.17 72.10 131.54 1.40 0.77

PS: 011* 75.87 82.99 78.06 0.91 0.97

PS_012 ** 97.32 71.07 109.13 1.37 0.89

PS_013 ** 99.00 71.65 116.47 1.38 0.85
PS_014 25177 250.56 254.23 1.00 0.99

PS_015 ** 96.46 72.09 113.04 1.34 0.85
PS_016 274.34 321.80 283.50 0.85 0.97
PS_018 259.82 288.54 278.27 0.90 0.93
PS_019 259.48 315.30 27133 0.82 0.96

PS_020 * 56.96 69.27 80.46 0.82 0.71

* seed synthesis after Table 1. ** syntheses compared in Figure 2.
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Synopsis

Polyvinyl acetate with SDS (not published)

As it was shown by means of X? analysis by PDW spectroscopy, PS/SDS particles are not
prone to incorporate water. PDW spectroscopy analysis regarding the theoretical calculated
us fits well to the experimental ps’' 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.
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Figure 14 PVAc-SDS PDW spectroscopy analysis of final dispersion ¢ = 31%

The synthesis of PVAc stabilized with SDS instead of PVA in Figure 14 shows that for
PVAC/SDS experimental and theoretical us’ 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 ps to
experimentally determined ps’ show good agreement with a x? = 1036. The dispersion was
analyzed with a volume fraction of ¢t =31 % (W/W), Ppvacsps=1.20 gcm= and npyac-

SDS — 1.455.
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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 s’ 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.
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Abstract: Photon Density Wave (PDW) spectroscopy is used as process analytical technol-
ogy (PAT) in three batch sizes, 1 L, 10 L and 100 L, of polyvinyl acetate—neodecanoic acid
vinyl ester (Versa® 10) copolymerization. The effects on particle formation and growth
are comparably analyzed. The data show comparability across scales up to a polymer
volume fraction of around 0.15. Deviations beyond this suggest differences in particle
growth dynamics. A detailed analysis of the dispersion dynamics and mixing properties
provides an enhanced understanding compared to previous studies. Furthermore, the
PDW spectroscopy data suggest inhomogeneity due to insufficient mixing at the beginning
of the syntheses, despite very low feed-rates of the monomer mixture. PDW spectroscopy
is thus capable of monitoring deviations in syntheses at different reaction volumes in real-
time. These findings underline the potential of PDW spectroscopy not only for monitoring
synthesis but also for enabling inhomogeneity analysis as a new application area. The
integration of offline conversion and particle size measurements emphasizes the critical
role of mixing efficiency in achieving optimal polymer dispersion properties and final
product quality.

Keywords: photon density wave spectroscopy; emulsion polymerization; multiple light
scattering; polyvinyl acetate; scale-up; inline monitoring

1. Introduction

Inline monitoring of industrially relevant manufacturing procedures, synthesis and
automated processes has gained increasing relevance in recent years. The ongoing au-
tomation and implementation of smart sensor systems offers advantages for the producing
industry. In polymerization synthesis, automated systems are widely used for automated
dosing, stirring and other process control parameters. Smart solutions for inline monitoring,
however, are rare and not generally used despite their potential economic impact [1-3].
The available inline control methods for polymer synthesis are not yet well optimized.

Vinyl acetate (VAc) and its polymers have been widely developed, used and intensively
analyzed since the early days of polymerization theory [4,5]. But very little on inline
analysis in liquid dispersions is published. Most analysis is conducted post-synthesis
on dried films. Polyvinyl acetate (PVAc) blend films are formed and analyzed regarding
swelling and mechanical characteristics [6-9]. For inline dispersion monitoring, a few
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methods, like in situ ATR-IR and inline Raman spectroscopy of the modification of the
OH end groups by decrease of specific chemical vibrational bands and simultaneous
conversion calculations, are possible [10-12]. The methods, however, can only be applied
at low polymer concentrations and seem complicated and time consuming. Modeling of
polymerization reactions is on a good path; however, it needs further optimization [13-15].

The inline monitoring of industrially relevant dispersions depends on process an-
alytical technology (PAT). Problems with high-solid-content dispersions arise from the
significant increase in emulsion viscosity with increasing solid content. The high amount
of solids in the dispersion changes the macroscopic properties of the emulsion. Classical
DLVO Theory is no longer applicable. The probability of coagulation is highly increased,
leading to waste batches, increasing costs and safety issues [16-19]. To prevent coagulation
and ensure a safe process, PAT tools, like Photon Density Wave (PDW) spectroscopy, can
be implemented. Successful inline monitoring of high solid content (up to 63 wt % PVAc
dispersions) by PDW spectroscopy of small reaction volumes up to 1 L has already been
shown and reported [20-22].

In this research, PDW spectroscopy is further established as a powerful PAT tool that
determines the absorption coefficient y, and reduced scattering coefficient ys” indepen-
dently of each other without dilution or sampling. Jacob and Pauer reported on the scale-up
process of the PVAc-Versa® 10 synthesis [23]. The authors showed that inline particle size
determination by PDW spectroscopy was successful. The authors also showed that inline
measurements of the particle size agree very well with the theoretically calculated mean
particle diameter. In contrast, measurements of particle sizes with dynamic light scattering
(DLS) and disc centrifuge (DC) show huge deviations at solid contents over 30% polymer
fraction [23].

Different approaches to synthesis scale-up are available but involve complicated steps
to ensure a safe process [14]. The choice of polymerization technique has significant effects
on the properties of the polymer product [24,25]. The upscaling of emulsion polymerization
processes to large volumes might face many challenges. The nonlinear scalability of
components often leads to safety issues, imperfect mixing and accumulation of reactive
monomer [26-29]. Additional issues are reduced heat transfer [30], coagulation and reactor
fouling by polymer precipitates and many more. The colloidal stability of the particles is
affected in larger reaction volumes by dilution, reactor geometry and interactions between
particles [31-34]. A proper scale-up procedure is important to maintain colloidal stability,
prevent coagulum and ensure consistent material properties [35-37]. To guarantee safety
and continuous product quality, PAT applications are highly valuable. However, only basic
process analysis like flow rate control, pH control, temperature control and offline sample
analysis are used in a standardized manner [34,38,39].

The main finding of this study is the ability to use PDW spectroscopy as a very early
detection measure by means of the presented I;ay and ps’ values in the initial reaction
minutes. From these data, early deviations from an ideal process are detectable. These
inconsistencies are proven by well-established methods like gravimetrical conversion
control and particle sizing by DLS. The inconsistencies detected by PDW spectroscopy in
Iraw are very useful to check if a polymerization process is progressing as desired. These
findings are suitable to be transferred from the PVAc-copolymer analyzed here to various
types of other polymer reactions and polymer systems.

The results and safety measures shown here for risk minimization of the given process
are specific for the analyzed PVAc/Versa® 10 copolymer synthesis. It is possible to adapt
the results to other polymer reactions; safety measures, however, need to be revised and
applied for each process individually.
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2. Materials and Methods

The chemicals used for the starved-feed emulsion polymerization processes at different
volume scales are described in Jacob and Pauer [23]. Table 1 shows the components
used and their masses at the three different reaction volumes V. Semi-continuous batch
syntheses at a reaction temperature of Tr = 60 °C were conducted, as these showed better
integration of Versa® 10 into the copolymer and fewer safety issues with the generation of
heat during the polymerization process [40,41]. To start a reaction, the amount of water
was put into the reactor. The stirrer was placed at the height according to Table S1 in
the Supplementary Materials. Stirring and N, purging were started (cf. Table S2 in the
Supplementary Materials). The reactors were equipped with automated temperature
control by external thermostats (Julabo Cryo Compact F30-C thermostat, Huber Unistat
Tango thermostat, Huber Unistat 405wl thermostat, regulated to constant jacket temperature
by Huber, Offenburg, Germany). The reactor was heated to 60 °C. After a temperature
equilibrium of about 10 min, polyvinyl alcohol Mowiol 4-88® was added. The polyvinyl
alcohol needed to be dissolved completely before starting the redox and monomer feed.
This took several minutes, depending on the reactor size. The initial charge consisted
consecutively of a 4.8% by mass polyvinyl alcohol aqueous solution.

Table 1. Experimental set up of semi continuous emulsion polymerization reactions. Initial masses of
water and polyvinyl alcohol Mowiol 4-88% in the initial charge (iC) in the respective reactor as well
as total mass of monomer mixture VAc—neodecanoic adic Versa ® 10 dosed during the reaction with
the given feed-rate.

Stabilizing Mfmomef Feed-Rate Initiator R.edox' Pair Feed-Rate
Reaction Water: Agent Mixture 9:1 Moiioinia: Ascorbic Acid Rédox
e Mowiol VAc:Versa® 10 : (3.4% aq) TBHP o
Volume Vg Ig ® Mixture 3 Initiators
4-88%;c Total o1 (3.4% aq) 1
/g min /mLh
b /g 4
Y 385 19.7 819 1.2 319 10
10L 2442 123 4543.4 12 374.2 25
100 L 27,503 1383.4 60,017 120 4013.4 530.4

The PVAc/ Versa® 10 copolymerization mechanism is explained in detail by Agirre
et al. [40]. The chemical structures of the used monomers are shown in Figure 1. Versa®
10 is less soluble in water than VAc; it diffuses faster into the active polymer particles and
converts to polymer faster. As both monomers are water soluble to a certain extent, the
diffusion into the active particles is fast [42]. The rate of polymerization can be assumed to
be nearly equal to the feed-rate of the monomer. As polymerizations are run at a constant
reaction temperature, it can be assumed that the rate of chain transfer to propagation stays
constant throughout the experiment. Due to an excess of initiator radicals in the dispersion,
termination reactions are suppressed to keep the polymerization alive and running [43].

\/CHZ H1gCg O\/CHZ

HaC o)

@) 0

Figure 1. Representative chemical structures of monomers vinyl acetate (left) and neodecanoic acid
vinyl ester (right).

PDW spectroscopy data analysis and evaluation were performed using LabView-
based PDW spectroscopy software (v. 2025 Q1) developed, optimized and maintained
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by the University of Potsdam-innoFSPEC, Potsdam, Germany. The experimental data
were checked for consistency. Data with a significant deviation were not used for further
data treatment. At least three runs were conducted for each reaction volume to check the
reproducibility of the experiments.

Input parameters like refractive index 1, density p and particle volume fraction ¢
of the dispersion components were used equally, as in Jacob and Pauer, in order to keep
the data comparable [23]. The refractive index of the pure polymer was determined by a
customized refractometer DSR-A by Schmidt and Haensch (Berlin, Germany); details can
be found in our previous work [20]. The experimentally determined values are shown in
Table 2. The formula used to determine the particle density is given below.

Pppp & 1 [1 1:|+1

__eBPE e R A
wlpp —pp]+pp  PDisp pr PD

PDisp = o0

Table 2. Experimentally determined refractive index n and density p data used in this research.

Densi Refractive Index n at Refractive Index n at
Component at T = 20 D(t;)/, ’Zm” A =638 nm A =855 nm
= & atT=20°C atT=20°C
Dispersion Medium 0.997 1.3315 1.3272
PVAc/Versa® 10 copolymer particle 1.214 1.4849 1.4769

Ppisp, PD and pp are the densities of the dispersion, the dispersant and the polymer. w
is the solid content of the dispersion. For the density of zero polymer content, the density
of pure water was considered. These data are necessary for the experimental determination
of the reduced scattering coefficient and absorption coefficient.

2.1. Photon Density Wave Spectroscopy

PDW spectroscopy has been optimized as a technique and established as a promising
PAT tool. Detailed description of the technique, set-up [44,45] and application can be found
in various publications [46-50]. As a PAT tool for the inline monitoring of polymerizations,
PDW spectroscopy has been applied to small-scale reaction volumes in emulsion poly-
merization and other processes. It delivered reproducible results on the inline synthesis
analysis, undiluted dispersion analysis and particle size analysis of high-solid-content,
highly turbid liquid dispersions [20,22,46,51].

An advantage of inline PDW spectroscopy is its wide range of application. Using a
simple optical fiber probe, it can be either implemented directly into the bulk reactor via
an inlet port or it can be used in a bypass of the reactor where other PAT sensors are also
implemented. Consequently, the volume, reactor set-up and probe positioning are key
aspects. Measurements far away from the stirrer might not represent the conditions in
the overall reactor. Sufficient mixing at the point of data acquisition is therefore crucial to
produce a reliable PAT result.

A PDW spectroscopy measurement for one wavelength consists of a scan of 15 fiber
distances dy over a modulation frequency f, ranging from 10 to 510 MHz. Each distance d¢
creates an intensity signal Iy over the set frequency range. In a well-mixed dispersion,
smaller distances result in higher intensity data, e.g., small d¢ lead to higher I 4. Detected
photons travelled a shorter measurement path length through the sample and have been
scattered less often than at larger distances. For longer pathways, i.e., larger d, lower
intensities are expected as more scattering events and stronger absorption occur on the
random walk of the photons through the sample from emission to the detection fiber.
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A detailed description of the measurement principle can be found in Bressel et al. [52].
Formula 27 in that paper describes the derivation of the optical coefficients p, and ps’
from the distance-dependent measurements by PDW spectroscopy based on the theory of
radiative transport [47,49].

As data are acquired based on manually set boundaries for the measurement distances
d¢ and used modulation frequencies, data curation after the measurement might be neces-
sary. This is performed manually after the experiment has been completed. The initially set
number of distances d; 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,
the data thereof are analyzed, and the used dy and modulation frequencies are cut manually
so that a proper fit of intensity and phase [52] can be applied by the algorithm in the used
LabView analysis software (v. 2025 Q1).

2.2. Microwave Analyser

For offline conversion analysis, samples were dried with a Smart System 5 device
from CEM (Kamp-Lintfort, Germany). A small sample of approx. 3 g was dried at 120 °C
until mass consistency. Determination of the total solid content w was performed by
gravimetrical mass comparison between the wet and dried sample. This determined total
mass (i.e., dried mass of polymer and stabilizing agent) was used for calculation of the
respective volume fraction ¢. The volume fractions have been calculated accordingly with
the densities of the medium and polymer described in Table 2. The formula is shown below.

w

- er
W 1-w
i+ ()
with solid content w; density of the polymer and the dispersant pp and pp.

2.3. Dynamic Light Scattering

DLS measurements were performed on a Zetasizer Nano ZS from Malvern Instruments
(Malvern Panalytical GmbH, Malvern, UK), using single-use polyethylene UV cuvettes
with a diameter of 10 mm. The laser position and attenuator settings were determined au-
tomatically by the device itself. A scattering angle of 173° was used. The data analysis was
based on the general-purpose model. For the sample preparation, one drop of dispersion
sample was diluted in 5 mL demineralized water. The sizes shown here are shown as mean
of three consecutive measurements, each individually consists of 18 measurements at 25 °C.
The error bars indicate the deviation of the mean diameter between three measurements.

3. Results and Discussion

The results presented here are ordered in the way that the data would be temporally
available during or after a synthesis performed in real-time in the laboratory. Therefore,
inline-determined PDW spectroscopy data are shown for one synthesis first by means of
the Iraw trends (Section 3.1), which are readily available in real-time while the synthesis
proceeds. Iray data are observed at the control unit of the PDW spectrometer. Further,
inline p, and ps” data are simultaneously plotted and can be analyzed onsite. The data are
analyzed for three reaction volumes (Section 3.2 and following). Next, offline data analysis
of conversion by means of the solid content analysis and offline-determined particle size is
additionally taken into account. Conversion measurements using a microwave analyzer
are only available minutes after the time point of sampling due to sample withdrawal,
preparation and sample analysis by drying at elevated temperatures. Data on the mean

80



Polymers 2025, 17, 629

6o0f 16

particle diameter by DLS are only available at a later point in time due to sampling, sample
preparation by dilution, DLS analysis and subsequent evaluation.

In the end, in Section 3.5, the inline monitoring by PDW spectroscopy of the 100 L
synthesis is shown to explore its suitability in high volume reactors and specify the effect
of mixing on the dispersion properties.

3.1. Inline Process Analysis of PDW Spectroscopy Intensity Data

For rapid and high conversion and particle formation, a well-mixed and homogeneous
reaction dispersion is crucial. Indications for an inhomogeneous dispersion can be observed
in the PDW spectroscopy raw intensity data Iay. If a particle or droplet system, like an
emulsion or dispersion, is homogeneously mixed and entities are evenly distributed, the
Iraw signal shows a decrease from lowest to highest d;. An example is shown in Figure 2.
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Figure 2. PDW spectroscopy Iraw data measurements at A = 638 nm of the first minutes of a synthesis
with 1 L reaction volume. (A) shows Ir4y just before addition of monomer mixture, (B) after two
minutes and (C) after four minutes of monomer dosing.

Figure 2 shows PDW spectroscopy Iraw data for a 1 L synthesis. fg = 00:00 h shows a
measurement of 15 fiber distances of the reaction mixture containing only water and redox
initiator. Due to the absence of strongly scattering droplets and particles, measurement of
this initial charge only leads to noise in the I,y data in Figure 2A. tg = 00:01 h indicates the
addition of VAc/Versa® 10 monomer mixture to the reaction vessel. Within two minutes
and one PDW spectroscopy measurement, the I,y values increase. An ordered decrease
in Iraw from small to larger fiber distances d is established in Figure 2B. A further two
minutes of reactant dosing causes Iraw to increase overall. A higher order of the fiber
distances is visible in Figure 2C. These data are expected for a well-mixed, homogenous
reaction mixture.

Figure 3 shows PDW spectroscopy data Iy, over the modulation frequency f of all
measured distances taken from a 10 L synthesis. From Figure 3A-F, the synthesis proceeds
from tg = 00:02 h to tg = 01:00 h reaction time. The intensity Iraw values for the smallest
df (yellow line) and smallest modulation frequency f (10 MHz) increase with increasing
reaction time from —30 to —18 dBm. The intensity of the measurement with highest d¢
(purple line) and smallest modulation frequency increases from approx. —60 dBm with
high noise to above —40 dBm. In a homogeneous dispersion, the measured intensity Iraw
would decrease from dy small to d; large (from yellow to purple). With the proceeding
polymerization, the reaction mixture becomes more turbid. More and larger particles
contribute to absorption and scattering in the measurement path length. The detected
inconsistencies by PDW spectroscopy in Iraw by means of a deviated order from the smallest
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to biggest measurement distances dy are very useful to check if a polymerization process is
progressing as desired.
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Figure 3. PDW spectroscopy Iraw data measurements at A = 638 nm of a synthesis with 10 L reaction

volume from tg = 00:02 h to fg = 01:00 h. With monomer mixture dosing time tg increasing from
(A-F) as shown and increasing order of dy.

With increasing reaction time tg, the order of the distance-dependent measurements
from dg, sman t0 df, jarge Of Iraw data changes. The irregularity of the measurements in Figure 3
for the 10 L synthesis proposes that inhomogeneity of the reaction mixture is present for
reaction times up to at least tg = 00:20 h. This might be caused by insufficient mixing.
All dispersions analyzed in this paper have been produced with low feed-rates of the
components. The monomer mixture is dosed into the dispersion at ryg,11, = 1.2 mL min~!,
"MontoL = 12 mL min~! and 7100 = 120 mL min~!, respectively. The stabilizer was
completely added to the initial charge. With insufficient mixing, the high conversions
needed for a starved feed polymerization are not guaranteed. The resulting particle
properties will deviate from the desired product properties, leading to inconsistencies in
product quality. As data acquisition is fast and the reaction mixture is not homogeneous,
the measurements deviate strongly from each other. With increasing reaction time, particle
formation and particle growth, the mixture becomes more homogeneous (see Figure 3D-F).
PDW spectroscopy intensity measurements Iy arrange to the measurement distance from
smallest d to biggest dy, as anticipated.

The Iraw measurements for the 100 L synthesis also indicates incomplete mixing. The
data can be found in Supplementary Material Figure S1.

3.2. Inline Analysis of Optical Coefficients—Initial Particle Nucleation and Growth

Additionally to the Iy data, data on the reduced scattering coefficient yis” are mea-
sured inline by PDW spectroscopy and are readily available during the synthesis. Figure 4
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shows the reduced scattering coefficient 5" measured inline in dependency of the particle
volume fraction ¢ for batch sizes of 1 L, 10 L and 100 L. ¢ was calculated as the dosed
mass of monomer and colloidal stabilizer at an assumed 100% conversion to polymer.
The reaction temperature was kept constant at T = 60 °C. Until ¢ = 0.15, the scattering
properties are comparable across all scales. The measured ys” indicates that up to ¢ = 0.15
particle nucleation and growth happens at a comparable rate of polymerization. Exceeding
¢ >0.15, the measured 5’ trends start to deviate from each other significantly.
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Figure 4. Initial polymerization phase monitored inline by PDW spectroscopy by means of the
reduced scattering coefficient yis” inline trend at A = 638 nm. Measurement of jig at three different
reaction volumes derived from a scale-up procedure from reaction volume of 1 L to 10 L and 100 L.

Here, reliable PDW spectroscopy inline data can only be derived for volume fractions
greater than ¢ > 0.1. Before, the scattering was too small to comply with the assumption
of significant multiple scattering during the data analysis procedure. Due to the partial
solubility of the monomer and small oligomers in water, larger, phase-separated polymer
particles with a high refractive index in a significant amount, and thus strong scattering,
are only formed later. The reduced scattering coefficient ys” shows a significant increase
at all three reaction scales, starting around ¢ =~ 0.11. The deviation of the ys’ trends and
different particle growth might be explained by the initial inhomogeneity of the respective
reaction mixture.

From the I,y data and the i’ trends, it can already be observed that the syntheses
do not proceed in the same way, as anticipated. Deviations in the ys” trend clearly show
that the dispersion properties are different after reaching a volume fraction of ¢ ~ 0.15.
PDW spectroscopy analysis is based on Mie theory. The ys” dependency on particle size
according to Mie shows that smaller particles at low volume fractions lead to lower values
for ps’. As mixing of the 1 L sample is sufficient to create a homogeneous reaction mixture,
many small active radical reaction centers are formed where the polymerization proceeds.
Therefore, ps” is smallest for the 1 L sample up to ¢ < 0.3. The bigger reaction volumes
show homogeneity issues, leading to less active reaction centers for polymerization to be
formed and therefore larger js" values.
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3.3. Offline Dispersion Analysis

Further analysis of the synthesis was performed by offline conversion analysis by
means of drying samples and determining the solid content and respective conversion.

Figure 5 shows the experimental and theoretical solid content of each synthesis over
the reaction time. The experimentally determined solid content Wexp deviates from the
theoretical amount of solids at 100% monomer conversion. This deviation is relatively small
for a total reaction volume of 1 L. Due to sufficient mixing, the conversion of monomer to
polymer is high, and little deviation between theoretical and experimental solid content
w is detected. The difference between wipe, and wep is the largest for the 10 L synthesis.
The further each synthesis proceeds, the more divergence between theoretical solid content
Wiheo and measured values wexp is observed. The redox initiator and monomer mixture are
dosed into the dispersion at very low feed-rates. In the beginning of the synthesis, the small
amount of monomer added to the dispersion is still quickly converted to a high extent. The
further the synthesis proceeds, the deviation increases, and the non-converted monomer
stays unreacted within the dispersion.

100

u 1La,,

® 10Lay,

A 100L @,
— 1L 0o
=10 L e
—— 100 Lt

Solid content @
3

T T T
00:00 02:00 04:00 06:00 08:00
Reaction time t; / hh:mm

Figure 5. Calculation of theoretical solid content from 100% monomer conversion Wy, (lines)
and experimentally determined solid content weyp (symbols are color coded, respectively) of each

reaction volume.

Note: For the 100 L synthesis, further measurements of the solid content and respective
conversion calculation after tg = 04:20 h were not possible due to heavy aggregation.

Figure 6 shows offline-determined mean particle sizes by DLS for each reaction volume
up to a volume fraction of ¢ = 0.3. The final products from the reactions should have the
same properties like particle size and particle size distribution and therefore the same
reduced scattering coefficient ys’. From these offline measurements, it is evident that the
growth of particles between the reaction volumes differs already at early reaction stages.
Already at low volume fractions less than ¢ < 0.2, a difference in the determined mean
particle size is detectable. The smallest reaction scale of 1 L reaction volume (black squares)
produces the smallest particles. Exceeding ¢ > 0.2, the 100 L synthesis (blue triangles)
contains particle aggregates in the micrometer size regime, with high deviations between
the measurements indicated by the very big error bar. As the reduced scattering coefficient
s strongly depends on the particle size within the dispersion, the deviations of the trends
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between the reaction scales are far earlier detected by PDW spectroscopy in real-time in
Figures 3 and 4. From the DLS data in Figure 6, it can be derived that the final particle sizes
in the dispersions differ from each other. To achieve a successful scale-up procedure leading
to equal properties across reaction scales, PDW spectroscopy can determine deviations
already at low volume fractions in real-time much faster than common offline analysis.
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Figure 6. Volume-based mean particle diameter determined by DLS up to a volume fraction of
¢ = 0.3. Volume fractions have been calculated based on experimentally determined conversion data
(cf. Figure 5). Depicted error values are standard deviations of three DLS replicate measurements.

3.4. Comparative Analysis Across Reaction Scales

Figure 7 shows the reduced scattering coefficient ys” of three syntheses monitored over
the complete reaction course in dependence of the volume fraction ¢. ¢ > 0.57 is reached
for all reaction volumes. Figure 7 shows PDW spectroscopy measurements at two different
wavelengths, A = 638 nm (Figure 7A) and A, = 855 nm (Figure 7B), respectively. An initial
increase phase, a plateau phase and a decrease in scattering can be observed. A deviation
of the us” trends between different scales occurs around ¢ = 0.15 at A = 638 nm and ¢ = 0.25
at A = 855 nm. For all three reaction volumes, a plateau phase of ys’ is found. In this
plateau, the ps” value decreases with increasing reaction volume from ps’y | = 18 mm~!
to ps'1oL =12mm~! and ps'1p0L = 7 mm- 1. The difference in the plateaued ps” value
indicates that the used scale-up procedure by Jacob et al. might not maintain particle
properties in the final dispersion throughout reaction scales. It indicates that the particle
growth phase between the reactions deviate from one another. To underline this, a second
PDW spectroscopy measurement at A, = 855 nm is simultaneously analyzed. Figure 7B
also shows a deviation in the final " values. Compared to Figure 7A, the discrepancy
between the final ys” values in Figure 7B decreases. The final values are s’y &~ 12 mm™!
to ps’1o & 8 mm ! and ps'10. & 5 mm~!. Taking all the inline data produced by PDW
spectroscopy into account, it is determined in real-time that the final particle properties
will deviate from each other.
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Figure 7. Inline monitoring of the synthesis process by PDW spectroscopy at Tg = 60 °C by means of
us'. Measurement of j at three different reaction volumes. 1 L (black), 10 L (red) and 100 L (blue) at
two different wavelengths. (A) Aj = 638 nm and (B) A; = 855 nm measured simultaneously.

3.5. 100 L Synthesis Inline Analysis by PDW Spectroscopy—Effect of Mixing

In this section, the complete reaction of a 100 L synthesis is monitored by PDW
spectroscopy. The reaction period of over tg = 07:00 h is completely monitored. The
PDW spectroscopy data shown are collected in real-time without any dilution of the
dispersion. The PDW spectroscopy probe is directly inserted into the dispersion at all times
of the synthesis.

Figure 8 displays the inline trends of the reduced scattering coefficient js" and the
absorption coefficient y, as well as the total volume fraction ¢ over time and the total
conversion x for a 100 L synthesis.
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Figure 8. Inline monitoring of 100 L synthesis by PDW spectroscopy at A = 638 nm with reduced scat-
tering coefficient js” (red) and absorption coefficient y, (blue). Offline-determined total conversion y
(green) and total volume fraction ¢ (green dotted line) are shown along the reaction progress. Vertical
lines indicate manual increases of the stirrer speed.

In the beginning of the reaction up until g = 00:50 h, the absorption coefficient i,
(blue circles) does not yield consistent data points. Collected y, data are very noisy; error
bars are high, and no trend is derivable. An increase in the stirrer speed at tg = 00:50 h
results in steady y, measurements. With the manual increase in stirrer speed, y, stays

86



Polymers 2025, 17, 629

12 of 16

constant for approx. 00:30 h and decreases afterwards. This decrease in the total dispersion
absorption is explained by the changes within the reaction dispersion. In the beginning
up until the increase in stirrer speed, the system shown signs of inhomogeneity. The
inhomogeneity itself is not at all increased. Due to this insufficient mixing, the assumed
conditions for PDW spectroscopy measurements are not met, and PDW spectroscopy
cannot deliver conclusive measurements for y,. (PDW spectroscopy Iraw inline data are
shown in Figure S1.) Further, with proceeding synthesis and increasing homogeneity due
to the increased stirring speed after tg = 00:50 h, the absorption decreases. This decrease
is caused by the combined changes happening in the dispersion. As absorption is a sum
parameter, it is influenced by all the entities available in the dispersion. In the beginning of
the synthesis, the absorption of the dispersion is mostly influenced by the high absorption
of the aqueous medium und a high number of active radicals. It was found before that
created radicals from the initiator and monomers show a high absorption [53]. Due to
insufficient mixing, possible monomer droplets in the dispersion also contribute to the
higher y, values. With proceeding synthesis, the radical number and residual monomer in
the dispersion decreases. Simultaneously, polymer particles start to form and grow. As the
absorption of polymer particles is lower than that of the radicals and the aqueous medium,
the overall absorption of the dispersion decreases. After a second manual stirrer increase at
tr = 02:30 h, it levels off at values around 0.003 mm L.

Only after approx. 06:00 h of reaction time, the absorption starts to increase again
without any applied extrinsic changes. This increase is caused by the aggregation of
polymer particles in the dispersion. The total number of particles decreases as individual
particles coagulate and form aggregates. A further stirrer speed increase was applied at
tg = 07:00 h in order to counteract coagulation of the dispersion. However, coagulation
could not be averted. The final product achieved was a paste rather than a liquid dispersion.

In Figure 8, the trend of the reduced scattering coefficient ys’ (red squares) starts
to increase slowly in the beginning at fg = 00:15 h. The formation of particles starts to
influence the scattering properties of the dispersion. The slope of s’ increases continuously
as polymer particles are formed and continue growing. The manual increase in stirrer
speed at tg = 00:50 h does not show such a significant effect on us” as it has on pa. s’
continues to grow; its slope becoming steeper as more polymer particles as scattering
entities are formed and increase in size, contributing to the overall scattering. At the second
manual increase in stirring speed at fg = 02:30 h, s’ still increases for a while, but the
acquired datapoints become noisier, and a slight overall increase is observed up until
approx. tg = 06:00 h. During the course of the reaction, the changes in scattering become
less pronounced; initially, ys” increases strongly with a steep slope. With the continuous
addition of monomer to the dispersion (green dotted line), the particles continue to grow.
However, the changes in their volume, the overall volume fraction and particle number
are less pronounced, creating a decreasing slope of ys’. After tg = 06:00 h, us” suddenly
decreases significantly. Both optical coefficients y, and ps” change. As discussed before
here and in Schlappa et al., this can be a sign of particle aggregation in the dispersion [20].

In Figure 8, for the 100 L synthesis, the conversion x (green triangles) decreases from
over 95% to approx. 80%. Due to the initial inhomogeneity (cf. Figures 4, 5 and 7), a
conversion of only 96% is achieved in the beginning. Although very low feed-rates of
monomer are used, it is not fully converted. The conversion decreases over the whole
course of the reaction. Despite manual increases in stirring speed, the initial lack of full
conversion cannot be retrieved. As the monomer is continuously fed into the dispersion, it
is not completely converted. The running reaction cannot recover the effects the insufficient
mixing had on the conversion. The presumed starved-feed process is not reached. Con-
version measurements after tg = 04:20 h were not possible here. The high solid contents
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of the samples drawn from the reactor lead to inconclusive microwave analyzer results.
The inline monitoring of the synthesis shows that the initial inhomogeneities detected
in the PDW spectroscopy Iraw measurements are also detectable in the noisy inline data
acquisition of y, and the low conversion of the reaction.

4. Conclusions

For the first time, the suitability of monitoring 10 L and 100 L reaction volumes with
inline PDW spectroscopy for high-solid-content emulsion polymerization synthesis has
been described in detail. It is shown that the technique delivers inline data on the optical
coefficients without dilution of the dispersion. The feasibility of PDW spectroscopy for
the 100 L reaction scale with industrially relevant dispersion properties was successfully
demonstrated. The PVAc copolymerization was successfully monitored in real-time. It was
shown here that PDW spectroscopy data provide much physical and chemical information
about polymerization processes. These findings can be adapted for various other emulsion
polymerization systems. On top of the optical coefficients of a polymer dispersion, insights
into its dynamics can be drawn. For the scale-up process adapted here with reaction
volumes from 1 L to 10 L and 100 L, the reduced scattering coefficient ys” increases compa-
rably only for up to ¢ = 0.15, indicating similar initial particle nucleation and growth rates
throughout the different reaction volumes. However, as the reactions proceed, deviations
in both measured inline trends of y, and ps” suggest differences in the final dispersion
properties. It is shown by DLS particle size analysis that the particle size indeed starts to
grow deviant to that in the Model 1 L system. These data are particularly valuable and
relatable to various polymerization processes as they capture real-time changes in optical
properties, which reflect critical aspects of the reaction’s progression in particle growth.
Initial deviations between the syntheses can already be seen inline via PDW spectroscopy
Iraw data in real-time in the first synthesis minutes.

Instead of relying on experience, data-driven knowledge can be used to ensure safe
operation of large-scale syntheses and consistent product quality. PDW spectroscopy inline
data reveal these early reaction inconsistencies. Insufficient mixing and resulting inhomo-
geneity, especially in the larger volumes, hint that starved-feed conditions are not achieved.
It is detected that the scale-up procedure is not feasible to deliver identical dispersion
properties. This was only found after advanced analysis of PDW spectroscopy data in
combination with offline conversion data. Earlier studies based on basic data evaluation
could not deliver these progressive results. The inline data highlight the importance of
sufficient mixing at early reaction stages to achieve high conversion values. Further, the
implemented PDW spectroscopy as PAT was able to indicate coagulation incidents dur-
ing synthesis. Both inline trends y, and ps’ significantly change during coagulation, and
countermeasures could be introduced to the dispersion to prevent it.

Supplementary Materials: 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 A = 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 A = 638 nm with reduced scattering coefficient
1" (red) and absorption coefficient j, (blue). Offline determined total conversion X (green) and total
volume fraction ¢ (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 Vg.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
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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 Vg.
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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 ps’ 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
PVACc/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 patrticle 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 x? 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 x? to decrease. The x?
regression displays a minimum, in which the lowest possible error can be determined by the
first derivative at j? = 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 patrticles are keen to absorb a lot of water these technigques 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 liaw
against the applied modulation frequency f. With the introduced measurements of law
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 5" and a. In the first publication gelation of the polymer dispersion can
be detected inline as a sudden change in ps’ and . 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.*®

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. 88 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. 9"

%A This whole paragraph 6. Discussion has been drafted and written by the author. Proofreading and optimization has been
done using generative Al via ChatGPT at openai.com
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7 Conclusion

During this research the inline measurements of the reduced scattering coefficient s’ 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 law. 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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1791. DOI: 10.1002/(SICI1)1097-4628(19991114)74:7<1780:AID-APP21>3.0.CO;2-U.
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10 Appendix

Table 3 Recipe for PVAc/SDS synthesis shown in Figure 14.

Component Mass / g Feedrate /g min?

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 total amount iC PVA
PVA /g water iC/g /gLt
SMS_WiCOg/L_PVA 1 0 302 0
SMS_WiClg/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 Density
| % monomer / % /g cm-3
SMS_WiCOg/L_PVA 41.07 38.623 1.216
SMS_WiClg/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 ¢ as width of the distribution.

Experiment Name n | average particle o(DLS)
size DLS
579.78 + 19.13 148.04 £ 9.27
483.3 + 81.47 122.73 £ 50.39
470.77 £ 17.76 117.99 £ 18.13
359.6 + 14.93 97.19+14.74
284.8 + 13.59 79.09 + 13.96

SMS_WiCOg/L_PVA
SMS_WiC1lg/L_PVA
SMS_WiC2g/L_PVA
SMS_WiC5g/L_PVA
SMS_WiC10g/L_PVA

©O© © © © O

Table 7 experimentally determined particle size by SLS of PVAc homopolymer by DLS and SLS with n as number
of samples analyzed and o as width of the distribution.

Experiment Name n | average particle o(SLS)

size SLS
SMS_WiCOg/L_PVA | 9 438.51+1.21 62.0316 £ 0.09
SMS_WiClg/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_WiC5¢g/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 % SDSqq 36.2
Na-Tetra Borateaq 0.125
5 % KPSqq 30

* used as purchased

First fill of reactor with 500 g of Milli-Qe 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 T; = 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 Reaction total total Concentration total total total water mass
Name temperature | amount amount | SDS solution /| amount | amount | amount from Catalyst
P Styrene gmL? SDS |SDS/g| KPS/g |KPS/g Na-
Tr/°C water | monomer solution tetraborat /
. dosed (i / mL g
IC/9 | control)/
mL
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.* 94!

Chemical compound Hazardous | Hazard Statements Precautionary Statements

symbols

Vinyl acetate monomer H225: Highly flammable liquid and vapor P202: Do not handle until all safety precautions have

o been read and understood
H332: Harmful if inhaled

H335: May cause respiratory irritation P210: Keep away from heat, hot surfaces, sparks, open
lasting effects

H412: Harmful to aquatic life with long 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 P273: Avoid release to the environment

lasting effects

@ H351: Suspected of causing cancer flames and other ignition sources. No smoking

P391: Collect spillage

P501: Dispose of contents/container to an appropriate

treatment and disposal facility in accordance with

*9Al This table has been compiled by perplexity.Al. the author listed the chemical compounds for the search of the H and P statements and gAl 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
(tBHP)

hydroperoxide

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 P201: Obtain special instructions before use

H304: May be fatal if swallowed and P210: Keep away from heat, hot surfaces, sparks, open

enters airways flames and other ignition sources. No smoking

H315: Causes skin irritation P243: Take precautionary measures against static
discharge

H319: Causes serious eye irritation

P260: Do not breathe vapor/spray

H332: Harmful if inhaled
P280: Wear protective gloves/protective clothing/eye

H335: May cause respiratory irritation protection/face protection

H351: Suspected of causing cancer P303+P361+P353: IF ON SKIN (or hair): Take off
immediately all contaminated clothing. Rinse skin with

H361d: Suspected of damaging the water/shower

unborn child

P305+P351+P338: IF IN EYES: Rinse cautiously with
H372: Causes damage to organs (hearing | water for several minutes. Remove contact lenses, if
organs) through prolonged or repeated present and easy to do. Continue rinsing

exposure
P308+P311: IF exposed or concerned: Call a POISON
H401: Toxic to aquatic life CENTER or doctor

114




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
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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 P403: Store in a well-ventilated place

explode if heated
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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 N. 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 lraw data
measurements at A = 638 nm of a synthesis with 100 L reaction volume from tr = 00:02 hto tr = 00:38 h.
Initial measurements up to at least tr = 00:22 h show irregularities in the order of lraw and dr. This might
be caused by an inhomogeneous dispersion due to insufficient mixing; Figure S2: Inline monitoring of
10 L synthesis by PDW spectroscopy at A = 638 nm with reduced scattering coefficient s’ (red) and
absorption coefficient pa (blue). Offline determined total conversion x (green) and total volume
fraction ¢ (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.
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