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Abstract

Significant progress has been made over the past twenty to thirty years in terms of our ability to
develop and solve mechanistic models of emulsion polymerization processes, and in particular models
for prediction of the particle size distribution (PSD). However, this does not imply that modeling of
these economically important processes is by any means a ‘solved problem’, nor that it is no longer
necessary to perform fundamental research in this area. There are a number of areas where strong
scientific work would increase our understanding of the process, including events in the aqueous
phase, radical entry into growing particles, monomer partitioning, and especially the mechanisms and

modeling of particle coagulation.

Keywords: emulsion polymerization; modeling; particle size distribution.

1 Introduction

1.1 The importance of the particle size distribution

The development of mathematical models to describe the dynamics of emulsion polymerization (EP)
systems, and in particular the evolution of the particle size distribution (PSD) is a subject of great
interest. Practically speaking, the PSD is a key characteristic of an emulsion latex, as much as the
composition and structure of the polymer chains. Indeed, the PSD has a strong impact on several key
properties of the final product: viscosity, maximum solid content, adhesion, drying time, etc. For

instance, the production of high solid content (HSC) latexes [1] usually requires a very well-defined
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PSD in order to maintain acceptable levels of viscosity. Tools to predict the influence of the

polymerization conditions on the product PSD are therefore very useful.

In addition to the practical benefits of PSD modeling, there are fundamental justifications as well.
Indeed, a distribution of particle sizes always develops in EP systems and certain key phenomena are
notably affected by this distribution. Particle formation, in particular, is an excellent example of such
class of phenomena: the dynamics of particle formation significantly depends on the full size
distribution of the particles (typically broad during the initial stages of the reaction). Consequently,
any coherent model of emulsion polymerization (and certainly those claiming to describe particle
formation) should take the PSD into account. In other terms, one should not be constrained by the
notion that PSD models are only required when the PSD is complex (i.e., not monomodal) and/or

when information other than the average particle diameter and particle number is sought.

The current paper will place more emphasis on modeling the particle size distribution than other
quality-related properties (e.g., MWD) in order to present the argument that this is not a ‘finished’
topic (despite the extensive and impressive work already done in this area). This primary focus on the
PSD should not be taken to mean that other aspects, in particular the fundamentals of reaction kinetics
(e.g., how/why do transfer reactions occur, an a priori description of chain termination in
multicomponent systems, etc.), thermodynamics (e.g., precipitation of oligoradicals, particle swelling,
again more complex in multicomponent systems, polymerization induced self-assembly, etc.),
physical chemistry (e.g., mobility of surfactants on particle surface), and macromolecular architecture,
that are closely related to the evolution of the PSD, are all topics that are finalized. Furthermore, we
are consciously limiting ourselves to discussions of commercially important ‘direct’ emulsion
polymerization for the specific case of conventional free radical chemistry. We should not forget that
more complex emulsion polymerizations, such as inverse water-in-oil systems will exhibit different

characteristics.

1.2 Population balance models

In order to describe the evolution of the PSD in an emulsion polymerization system mathematically, it
is necessary to account for the various phenomena capable of effecting the number and diameter of the
latex particles: nucleation, growth by polymerization, coagulation, monomer and surfactant
partitioning, and radical kinetics. As shown by Min & Ray[2] more than four decades ago, this can,
in principle, be done with the help of population balances. Models of this kind are thus called
population balance models (PBM). Particle dynamics may also be investigated from the point of view

of molecular dynamics and their hydrodynamic interactions, using Stokesian dynamics or the Discrete



Element Method.[3] However, these much more time consuming and case-specific methods are out of

the scope of the present paper.

The typical structure of a detailed PBM of emulsion polymerization is illustrated in Figure 1. The
particle population balance, where all the information about the PSD is contained, and the aqueous-
phase balances are the keystones of the model. These balances interact with all processes taking place
in the reaction medium: phase-transfer events, nucleation, partitioning, coagulation, etc. This deep
interdependence between phenomena is one of the main reasons why it is such a challenge to

accurately describe PSD dynamics.

Some interesting reviews on the development of EP models accounting for the distributed nature of
the particle phase have already been published. We can cite, for instance, the comprehensive works of
Min & Ray[2] and Saldivar et al.[4]. More recently, the use and limitations of population balance
equations in the modeling of emulsion polymerization and PSD has been reviewed by Vale &

McKenna.[5]
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Figure 1. Typical structure of a detailed PBM of emulsion polymerization. The direction of the arrows

indicates the dominant flow of information.

1.3 PSD characterization

Note also that the related domain of particle characterisation (important for model validation) is also

important for the development of PSD models.

It is fair to say that until accurate, inexpensive devices for the measurement of the PSD that can be

used in real time in situ are available, we will in fact be missing vital information required to construct



and validate models for the evolution of the PSD. Indeed, measuring the full PSD of a polymeric
dispersion is not a simple task off-line, and even more challenging on-line. Over the course of the past
decade or so, several studies on the evaluation of different off-line approaches to measuring the PSD
have been published. These include a study by Elizalde et al.[6] that compared capillary
hydrodynamic fractionation (CHDF), disc photosedimentometry, dynamic light scattering (DLS)
and TEM; and another by Schneider & McKenna[7] who set-up a round-robin evaluation of
monomodal and bimodal latexes using different DLS and static-light scattering (SLS) devices in
addition to scanning electron microscopy, CHDF and field flow fractionation. A different round-
robin analysis of particle characterization, including the measurement of particle size was also

carried out by Stubbs & Sundberg.[8]

The conclusions of these studies can be summarized as follows. For monomodal (reasonably
monodispersed) latexes, the average particle size of a sample measured off-line can be correctly
determined by various methods (e.g., DLS), although there is some variability either from laboratory
to laboratory when using the same equipment, or in a given lab when using equipment employing
slightly different methods or from different manufacturers. In contrast, the analysis of multimodal
latexes is far more complicated, as most techniques frequently fail in determining the average size and
relative amount of each population (e.g., a small mass fraction of small particles may not be detected).
In such cases, absolute measurements can only be assured by microscopic methods (e.g., TEM, cryo-
TEM), but these have the inconvenience of being quite expensive and time-consuming. Recently,
other more immediate techniques were developed such as nanoparticle tracking analysis[9] that relies

on both light scattering and Brownian motion in order to obtain the particle size distribution.

Manufacturers are of course improving the technology, and off-line measurement of the PSD is
certainly more reliable at the current time than at the time the devices used in the studies reported
above were carried out. Nevertheless, off-line techniques still suffer from the need to take samples
from the reactor, which are then diluted and analyzed over a period of several minutes. The
disadvantage of this is that when one needs to understand precisely the evolution of the PSD during
steps such as the nucleation phase, where particles are highly unstable, and their number and size
distribution are changing rapidly, techniques which can take at best several minutes or tens of minutes
will not provide the user with a picture of what is actually in the reactor (see, e.g., Fortuny et al.[10]).
Even most so-called on-line techniques are often an SLS or DLS that are connected to a reactor

with automated sampling and dilution steps that help to reduce the time for analysis.



1.4 Goal

In the current work, we focus on issues that still need to be addressed in order to be able to model the
PSD with confidence. Nevertheless, the topics discussed briefly above show the importance of
understanding the fundamental mechanisms of EP including aqueous phase reactions and transfer
between the phases (of radicals, monomer and surfactant) as well as particle formation (nucleation and
coagulation) in order to develop the equations that need to be solved. For each of these subjects, we
will present a rapid overview of the state of the art and summarize the proposed models, highlighting
the areas where progress needs to be made, either to arrive at a consensus of conflicting viewpoints or
simply to deepen our current knowledge of the system. The reader is assumed to have already basic

knowledge of the mechanism of EP.

2 The (Right) Particle Population Balances

As depicted in Figure 1, the particle population balance equation (PBE) is the central element of a
PSD model. It is thus natural to start by taking a brief look at the formulation of PBEs for EP systems

and, especially, at the associated applicability conditions.

In an emulsion polymerization, the latex particles can be described using a set of states or internal
coordinates: particle size, number of radicals per particle and chain length of the radicals (in order to

account for chain-length-dependent termination).

In practice, however, the use of three internal coordinates yields an intractable multidimensional PBE.
To reduce the dimensionality of the PBE to particle size only, one of two approximations (to the
corresponding kinetic limits) will commonly be employed: the zero-one (0-1) model or the pseudo-
bulk (PB) model (cf. Table 1; the meaning of all symbols is explained in Notation). Unfortunately,
the conditions under which these approximations are valid are not always met. This problem is
addressed in the following sections. Mathematical details on the various PBEs and associated

numerical resolution methods can be found in Vale & McKenna[5], [11] and references cited therein.



Table 1. Overview of alternative population balance model formulations
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2.1 Zero-One Model

In the 0-1 approach (cf. Figure 2), particles with two or more radicals are neglected by assuming that
termination is pseudo-instantaneous. Therefore, the use of such approach is typically restricted to
small particles and low conversions. Note that this hypothesis automatically eliminates the issues

related to chain-length-dependent termination.

p+k,
Pr
Pg P
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=

nuc
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Figure 2. Kinetic fluxes between particles according to the 0-1 model.

Gilbert and co-workers[12]-[15] developed a series of theoretical and experimental tests to check if
a given system obeys 0-1 kinetics. For example, a necessary but not sufficient condition is that the
average number of radicals per particle obeys 1 < 1. Nevertheless, it is necessary to make a clear
distinction between the applicability of the 0-1 model for the prediction of the macroscopic kinetic
behavior of the system (i.e.,  and/or rate of polymerization) and the prediction of the PSD, an issue
that has been discussed in detail by Giannetti.[16] According to this author, even if the contribution
of particles with more than one radical is negligible with respect to the kinetic behavior of the
system when 71 «< 0.5, the same is not true for the PSD. The presence of particles with more than one
radical increases the broadness of the PSD with respect to that predicted by the 0-1 model. This is a

shortcoming to bear in mind when using this approach to compute the PSD.

Despite its inherent limitations, the 0-1 model can be of great value in interpreting mechanistic
studies. In particular, it has been used by Gilbert’s workgroup (see Section 3.4) to investigate the
mechanisms of particle formation in the emulsion polymerization of styrene.[13], [17], [18] Edouard
et al.[19] presented the 0-1 model under a slightly different form and used it to develop an observer of

the PSD.



2.2 Pseudo-Bulk Model

In the pseudo-bulk approach, all particles of the same size are assumed to have the same average
number of radicals, n(r, t). One may or may not account for chain-length-dependent termination, but

the radical chain length is no longer an internal coordinate of the PBE.

This hypothesis has the great advantage of reducing the computation of the PSD to the resolution of a
single PBE. However, in exchange for this simplicity, an independent and necessarily approximate
expression for n(r,t) must be supplied. Most often, the Stockmayer-O’Toole[20] solution, or an
equivalent formula, is employed for this purpose. Such mathematical expressions are quite
convenient, but they all rely on the assumption that the rates of nucleation, coagulation, growth and
inflow/outflow are negligible with respect to the rates of radical entry, desorption and termination.
Although this hypothesis works well in certain conditions, it can lead to severe errors when simulating

particle formation processes (see Section 3.4).

The validity of the PB model is also conditioned by the assumption of uniform growth. In general, this
hypothesis only holds true for high values of n (the radical distribution among particles is then
sufficiently uniform to validate the averaging procedure) or for high radical entry rates. If the
condition of uniform growth is not satisfied, then particles with a number of radicals n < n will lag
behind and particles with n > n will grow more quickly, which will give rise to stochastic broadening,
a phenomena not taken into account by the PB approach. Accordingly, the accuracy of the results
obtained with the PB model depends on the relative importance of stochastic broadening. For
example, stochastic broadening will not be of importance in CSTRs, since in that case the PSD is

inherently broad.[21], [22]

Despite its shortcomings, the compromise between simplicity and predictability appears to have
favored the generalized use of the PB approach for modeling PSD in EP reactors, as seen in Section 4.
The PB model may be favored over the 0-1 model as it does not place restrictions with regards to the
maximum number of radicals per particle or particle size, thus allowing one to simulate the entire
conversion range. A modified form of the pseudo-bulk model was recently considered by Hosseini et

al. [23].

2.3 0-1-2 Model

In addition to the 0-1 and PB kinetic limits, other kinetic limits have been used for modeling EP under

conditions where the commonly-employed kinetic limits do not apply.

For example, in vinyl chloride EP, the hypothesis of pseudo-instantaneous termination is invalid for

particles with a swollen radius greater than 5—10 nm in diameter due to the relatively fast rate of



monomeric radical desorption. As such, the 0-1 model is of little practical interest. While the PB limit
can be used to model seeded vinyl chloride polymerizations, the expressions used to compute 7 do not
account for important considerations in systems with extensive particle formation. The simplest
alternative, the zero-one-two limit (0-1-2) has been used efficiently to model the kinetics and PSD

dynamics of vinyl chloride EP,[5], [24] where 7 is small, but termination is rate-determining.

The 0-1-2 model is similar in structure to the 0-1 model, the main difference being the additional set
of equations to describe the dynamics of particles containing two radicals. The 0-1-2 model is
formulated in such a way that that the 0-1 model is recovered if the relative rate of intraparticle

termination approaches infinity.

2.4 Hybrid Model

The hybrid 0-1/PB approach, first proposed by Coen et al.[25] and later employed by Jung et al.[26]
uses a cross-over radius to divide the particle size domain into two regions: particles smaller than the
cross-over radius are treated with 0-1 kinetics, while particles larger than the cross-over radius are
treated with PB kinetics. The hybrid 0-1/PB approach may be useful in systems where particle
nucleation occurs in the presence of larger particles obeying PB kinetics. The numerical challenge that
arises under the hybrid approach is linking the two sets of PBEs; care must be taken to ensure that
particle coagulation events between large and small particles, or two small particles, where the radius

of the resulting particle exceeds the cross-over radius, are accounted for correctly.

2.5 Numerical solutions of the PBM

As can be seen from Table 1, an important challenge in using PBMs is realted to the resolution of the
integro-hyperbolic partial differential equations, as there are no analytical solutions when nucleation
and realistic growth and coagulation kernels are involved (N.B. we can generally neglect breakage
which is usually inexistent in emulsion polymerization). The numerical methods used to solve the
PBM can be classified as follows: moment methods[27], stochastic methods (such as Monte Carlo
simulations[28]), and discretization methods (such as finite element methods[29], finite volumes and
sectional methods[30]). Other varieties of discretization methods were developed, but making a
comprehensive review of numerical techniques is out of the scope of this work. It can be generalized,
however, that each of these numerical methods has a limited range of validity. The lowest calculation
time is obtained using the moment methods, but they only give certain integral properties of the
distribution. This method is appreciated for instance when coupling the population balance equations
with fluid dynamics, where the computation time increases exponentially. Stochastic methods are
based on the assumption that random dynamics of a population (e.g., nucleation and aggregation) can

be simulated with a representative population of smaller number of particles. They were found to be

9



less computationally expensive for multi-dimensional PBE than discretization methods[31].
Discretization methods allow one to calculate the full distribution, using linear, or geometric grids to
reduce the computational burden while ensuring accuracy[32]. Among these methods, the finite
element methods (such as the method of weighted residuals, orthogonal collocation and Galerkin’s
method) are considered relatively difficult to implement (unless using specific commercial software).
They can however represent complex distributions as the solution is approximated by linear
combinations of piecewise basis functions. The finite volumes (FV) method is more practical and was
adapted to solve breakage and aggregation problems.[33] In this method, the number density of the
PBM is transformed to a mass conservation law which makes the solution consistent with respect to
the first moment but does not ensure good predictions of the zeroth moment. The fixed pivot (FP)
technique is simple to implement and is computationally attractive [34]. It was found to be consistent
with the first two moments of the distribution in aggregation and breakage problems (without growth
or nucleation terms). The moving pivot technique (which is a little more difficult to implement and to
solve) is aimed to improve the FP technique in terms of predicting the particle number in the large size

range which fails in the FP technique due to sharp variations in the density function.[35]
3 Fundamental Mechanisms of Emulsion Polymerization

3.1 Aqueous-Phase and Phase-Transfer Events

Despite a certain consensus on the general lines, there is no universal agreement on the mechanistic
details of the aqueous-phase and phase-transfer events (see, e.g., Tauer et al.[36]). Essentially, this is
due to a limited knowledge of the chemistry (structure, reactions, etc.) and properties of the radical

species, and also of the phenomena that govern radical entry/exit rates.

A simplified scheme of the processes generally assumed to occur in an emulsion homopolymerization
initiated by a water-soluble free radical initiator such as a persulphate is shown in Figure 3. Most
authors consider schemes that are particular cases of this one, as illustrated in Table 2. To facilitate the
discussion of this subject, aspects pertaining to initiator-derived and exited radicals will be presented
separately. Note that when copolymers are involved, the determination of the fate of the oligomers

becomes even more difficult, [37] but this topic is not discussed in this paper.

10
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Table 2. Details of the aqueous phase reaction schemes assumed by some authors (involving
persulfate as initiator, cf. Figure 3)

Type of radical

initiator derived (IM;) desorbed (EM;)
Ugelstad et al.[24]
propagation 0<i<j,—1 0<i<jp,—1
termination 0<i<j,—1 0<i<jpe—1
entry particle 0<i <j,—1 0 <i < jpe—1
micellar nucleation - -
homogeneous nucleation [ =Jor [ = JEer
Dubé et al.[39]
propagation 0<i<jou—1 -
termination 1 <i<j,—1
entry particle Ja 2+ 1 <0<, i=0
micellar nucleation Ja2+1<0 <,
homogeneous nucleation [ =jo -
Coen et al.[25], [40]
propagation 0<i<j,—-1 -
termination 1< i<j,—1 i=0
entry particle 7<i<j,—1 i=0
micellar nucleation 72Li<j,— 1 -
homogeneous nucleation [ = Jor -
Gao & Penlidis[41]
propagation 0<i<j,—1 0<i<jps—1
termination 0<i<j,—1 0<i<jgw—1
entry particle 1<i<j,—1 I <i<jpe—1
micellar nucleation 1<i<j,—1 1 <i<jp,—1
homogeneous nucleation = I = JEer

11



3.1.1 Initiator-Derived Radicals

In general, the reaction schemes are quite idealized with respect to the possible reactions between
aqueous-phase species. For instance, in persulfate-initiated polymerizations (see Figure 3), it is
generally assumed that the persulfate anion (S,037) thermally decomposes into SO;* radicals, which
then propagate with monomer dissolved in the aqueous phase to form charged oligomers of the type
(SO3°)M;. These species can terminate with other radicals present in the aqueous phase to form dead
polymer chains. Additionally, reaction with water-soluble impurities,[39],[41]-[43] and/or chain
transfer to monomer or chain transfer agent [41], [44], [45] are sometimes considered. Chain transfer
to the surfactant has also been suggested to explain the presence of surfactant fragments in the

polymeric chain.[46]

The supposition that initiator-derived radicals have the formula (SO *)M; is intuitive and convenient,
but questioned by some authors. Tauer & Deckwer[47] used MALDI-TOF-MS to investigate the
polymer inside the particles at the end of a styrene emulsion polymerization initiated with potassium
persulfate and carried out in the absence of emulsifier. The analysis revealed end groups other than the
obvious RSO;, namely: RH, ROH, and ROO~. Regrettably, information on the relative
concentrations of these species were not given in order to estimate their contribution to the overall
entry process. According to the same authors, all products except the chains with carboxyl groups are
initiated by the respective radicals. The entering radicals could either be the primary radicals (H®,
OH*, or SO™") or the corresponding oligomeric radicals. Goicoechea et al. [48] indicated that direct
primary radical entry may be due to the generation of hydrophobic hydroxyl radical during persulfate
1ons decomposition and that this effect can be suppressed if hydroxyl radical generation is avoided.
Hydroxyl and hydrogen end groups were also found in polymerizations conducted with V-50 as
initiator.[49] These articles draw our attention for the potential importance of the side reactions of the
initiator in the aqueous phase,[50], [51] and their influence upon the entry and nucleation mechanisms.
Indeed, if these findings are correct, surface activity might not be a necessary condition for the entry
of radicals (see next section). Moreover, as the solubility of the oligomers is affected by their chemical

structure, this has also an impact on particle nucleation (cf. Section 3.4).

In order to be able to connect the aqueous phase reactions, the material balances of initiator and
primary and oligomeric radicals in the aqueous phase for a very frequent case study are shown in
Table 3. In this scheme, it is assumed that primary radicals are produced by initiator decomposition in
the aqueous phase and propagate with monomer or terminate with other radicals, but reactions with
impurities, side reactions and transfer to monomer, chain transfer to chain transfer agent or surfactant
are excluded. Radicals with a sufficient length z < i < j.. — 1 may enter micelles or polymer particles

(where z represents the minimal degree polymerization DP for entry, and j. is the critical DP for
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particle formation by homogeneous nucleation). Instantaneous reaction of primary radicals, [I°],,, is
also considered. Exited radicals are distinguished from initiator derived radicals in terms of the radical
entry rate coefficient into micelles and particles, and in terms of critical chain length before
precipitation in the aqueous phase, jg... Note that the quasi-stationary state hypothesis can be applied
to all types of radicals. The neglected terms should be added to these balances if their contribution is

found significant.

Table 3. Material balances of initiator-derived radicals in the aqueous phase[13], [52], [53]

Component Material balance
L df]
Initiator Fri —kqll]
. . . . M ] . .
O!lgomerlc radlcals.m aqueous phase [ d:] = 2fikg[1] - [IMl]w(kpw[M]w + kg [T ]W)
with 1 monomer unit
Oligomeric radicals in aqueous phase dlIMilw _ ko M M? C ML) — e [IMCT [T
with i monomer units (2 < i <z-— 1) dt pw[ ]w([ L—l]W [ L]W) tw[ l]W[ ]w
dlIMjlw _ . . . .
Oligomeric radicals in aqueous phase ac kpw[Mlw([IM;_1]w — [IM{]w) — kew [IM{ ] [T"lw —
. . . . . Mm: 0
with i monomer units (z < i < jo, — 1) [ Nl]w fo Ke(ty ) f (1, ©)dr — kemi [IM; 1, [MIC]
A
Total oligomeric radicals in aqueous [T*], = Z{C:rl_l[IM{]w + Z{E%r_l[EM;]w
phase
Monomer reaction rate in water RY = kpw[M]w[T"]w

3.1.2 Radical entry

A number of different mechanisms have been proposed to describe radical entry into particles, which
should be due to the inherent differences between the considered systems: monomer solubility in
water, type of radicals, type of stabilizer, particle size and temperature. The radical entry frequency
can be written as a function of the total concentration of radicals in the aqueous phase, as follows
p = k.[T*],, (where k. is the entry rate coefficient and [T*],, corresponds to the total concentration
of oligomeric radicals in the aqueous phase). The controlling forces for radical entry might be radical
diffusion, collision or propagation, or the particles surface properties. For example, in the model of
Maxwell et al.[54] not all radicals can enter a particle (but only IM;), k. is thus expressed in Table 4
as a function of the ratio [IM;_;].,/[T"]., (as also suggested by [55]). This allows easier comparison
of k. by the different models. The models for the rate of radical entry (allowing to describe the radical
entry rate coefficient k) can be classified as:

- The diffusion-controlled mechanism (limited by radical diffusion in the
aqueous phase, Smith & Ewart (1948)[56]).

Particle size - The collision-controlled mechanism (limited by collision between radicals

dependence and polymer particles, Gardon (1968)[57]).

- The colloidal-controlled mechanism (defined as the coagulation rate
between a precursor and a latex particle, Penboss et al. (1986) [57]).
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Chain length - The propagation-controlled mechanism (controlled by aqueous phase
dependence growth, Maxwell et al. (1991)[54]).
Surface - The surfactant displacement mechanism (in which radical entry might
properties depend on the surfactant layer, Yeliseyeva & Zuikov (1977) [58]).
dependence

The surfactant displacement radical entry mechanism was discarded for conventional mobile
surfactants, that undergo dynamic adsorption equilibrium, but may become dominant for polymeric
surfactants. For instance, this was the case for the steric stabilizer poly(ethylene oxide) nonylphenol
(with 30 EO units)[59], [60] the reactive surfactant sodium dodecyl allyl sulfosuccinate[61],
polymeric surfactants (e.g., electrosteric copolymer of acrylic acid and styrene[62]), the copolymer of
styrene and styrene sulfonate,[63] poly(acrylic acid)[64] or when the used entering radical charge was

different from the charge of the polyelectrolyte surfactant.[65]

Table 4 summarizes the radical entry correlations proposed in the literature for systems with charged
particles (by surfactant and/or initiator fragments). It can be seen that the coefficient of radical entry is
proportional to the particle surface area in the collisional mechanism and to the particle size in the
diffusion and colloidal mechanisms, and is independent of the particle diameter in the propagation-

controlled mechanism.

In the propagation-controlled radical entry mechanism, put forward by Gilbert’s group[13], [66], the
charged oligomers (SOZ*)M; must attain a minimum DP, i = z, at which they become surface-active
and, thus, capable of irreversibly entering a particle or a micelle (Figure 3). This model is thus

independent of the particle size.

The parameter z can be estimated using a semi-empirical expression suggested by Maxwell et al.[54]
and is an increasing function of the monomer solubility in the aqueous phase. Of course, one should
not forget that these authors’ view is entirely based on the hypothesis that the initiator-derived radicals
have the formula (SO *)M;. Kshirsagar & Poehlein[67] attempted to validate the idea of Gilbert and
co-workers by experimentally determining the degree of polymerization of the oligomers that enter
particles during the emulsion polymerization of vinyl acetate. Their results gave indirect support for
the theory. An approach similar to Gilbert’s, but perhaps more pragmatic, has been used by Dubé et
al.[39]. They admitted that the capture of radicals by particles and micelles only occurs above a
minimum DP that they defined in terms of the critical DP for particle formation by homogeneous
nucleation, namely z =14 0.5j.. It is worth noting that, from a numerical perspective, this
approach does not lead to results significantly different from those obtained with Maxwell’s formulas,

which can be shown to give z = 1 + 0.42 (j — 1).

The radical entry diffusion mechanism assumes the radical entry rate to be proportional to the particle

diameter. Note that, in this framework, surface activity is not a condition for the entry of radicals.
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Associated to this mechanism, an absorption efficiency factor (f,) was proposed,[68] then different
forms of this factor were proposed (cf. Table 4). For instance, Coen et al.[17] assumed a dependence

on the chain length i , making thus a combination of the diffusion and propagation mechanisms.

Table 4. Overview of models for the entry frequency of oligomeric radicals into particles (or micelles)

Frequency of radical entry: p = k.[T°],,

Diffusion-controlled mechanism ke = 2mdNpD,, fe

Smith & Ewart (1948) [56] fe=1

1
fe = m-exp(zq)Dw
(Xp-coth(Xp)-1)Dp

Hansen & Ugelstad (1978) [69] o4 [y | kpn®™ oV d oo ve\  de
Xp =570t ny Ze = igr W =3y exp (o) 7
My o )

+W

1
Coen et al (1998) [17] f, = T' o= ;:zm
1’, for exited radicals
Herrera et al. (2000) [70] fo= ko’i”,fﬁ];; ':‘il(zg((;z;f_)ﬁjgjﬁA)
Nomura et al (2005) [71] f, = —oMpkipn()/®Na)

~ kotkp[M]p+kep (n()/(UNA))

Hernandez & Tauer (2007)[72] fo=p % d3N +1

Collision-controlled mechanism

Gardon (1968) [73] ke =3 [ToEENpd?
i
Colloidal-controlled mechanism
_ kgTNa(d+d;)? _1 VT max ﬂ
Penboss et al. (1986) [57] ke = ETATT W = Zexp (—kBT ) (5 - )
Propagation-controlled mechanism
Maxwell & Gilbert (1991) [54] ke = kp [M],, %%

Hernandez & Tauer[74],[75] used Monte Carlo to estimate the collision coefficient and revealed an
importance of polymer volume fraction in the radical capture process when the diffusion of radicals in
the aqueous phase is the rate-controlling step. Note that this leads however to an absorption efficiency
factor that is higher than 1. While the authors assume radical entry not to be conditioned by surface
activity, they describe a mechanism where, upon entry, the radical is likely to undergo propagation
near the surface of the particle as the radical will not have time to diffuse to the center of the particle.
The energy released from the propagation reaction AH, may facilitate the radical escaping the particle,
although the rate of success will depend on the energy barrier to desorption, Eg4es. They defined the

chain length for which half the radicals escape the particle as z,, = ~AH,/E,., and the chain length at
which irreversible entry occurs can be approximated as z = 2 z . This method leads to slightly

different results from Maxwell’s formulas. However, the requirement of estimating E4.¢ values, for

the particular used polymer, initiator and eventually stabilizing system, may limit its applicability.
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In the collision-controlled mechanism, the radical entry rate is proportional to the particle surface.
Liotta et al.[76] found that this model is the most adapted for polystyrene particles of about
100—140 nm or 220-300 nm (unswollen diameter).

There are, still, different opinions regarding radical entry. For instance, Arbina et al.[77] compared
three particle growth models with different levels of description of the radical events: (i) a simple
model without any distinction between aqueous-phase radicals; (ii)) a model accounting for radical
chain length, distinguishing between initiator-derived and exited radicals, and assuming instantaneous
entry of initiator-derived radicals with degree of polymerization z; and (iii) a model like the previous
one, but without assuming instantaneous entry. As major conclusion, they found that all three models
fitted styrene data in a similar way, and that they were statistically equivalent. Unfortunately, a direct
comparison of the results of Arbina et al. [77] and Maxwell et al.[66] seems difficult. First, because
the experimental data are reported in terms of different quantities (entry frequency in one case, and
entry rate coefficient in the other). Second, because different values of key parameters have been used
by the two groups, in particular, very distinct values of the aqueous-phase termination rate coefficient,

which plays a central role in the outcome of the models.

These paragraphs make it clear that radical entry is not yet an entirely resolved issue. For some
‘simple’ applications (e.g., modeling monomer conversion) this lack of mechanistic information can
often be circumvented by parameter fitting and, thus, is not perceived as a real obstacle. Indeed, a
certain degree of parameter averaging and adjustment is permitted when modeling macroscopic
variables (integral variables) like monomer conversion. On the other hand, a detailed knowledge of
the radical entry mechanism is indispensable when attempting to quantify more complex phenomena
like the nucleation of latex particles or the time evolution of the PSD, given their great sensitivity on
the nature, length, concentration and entry rate of the various aqueous-phase radicals. The surface
activity condition (propagation-controlled mechanism) appears to be logical, but it should probably be
combined with the diffusional-controlled mechanism to allow handling both phenomena: particle size-

and radical size-dependence.

3.1.3 Radical desorption and fate of exited radicals

Radical exit (or desorption) corresponds to the transfer of small, mobile species (E®), formed by chain
transfer to monomer or CTA, from the interior of the particle to the aqueous phase.[71] As for radical
entry, modeling radical desorption remains an open challenge again due to differences in the
considered systems (e.g., monomer solubility, type of initiator, type of stabilizer, temperature) in
which all phenomenon are not necessarily significant, and are thus not identifiable (e.g. at high
temperature, the propagation rate increases and may lead to th desorption rate to become negligible).
In addition, there are myriad factors that must be considered. First, from the interior of the particle
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side, a number of factors play a role before the exit event. Are mobile species generated randomly
throughout the particle or is radical generation focused within a monomer-rich zone inside the
particle? How much resistance to radical desorption will the stabilization layer present? For
heterogeneous particles, how does the morphology of the particle influence the flux of mobile species
out of the particle? While the desorption kinetic rate coefficient can be inferred from indirect
measurements combined with kinetics involving some assumptions (refer to Thickett & Gilbert[78]
for an overview), the experimental validation of theoretical radical desorption models is challenging,
particularly for complex systems where it is difficult to estimate key kinetic parameters. Hernandez &
Tauer[79], [80] convincingly argue that Brownian dynamics simulations can be used to estimate
desorption rate coefficients in increasingly-complex systems and to validate existing theoretical

desorption models.

Second, from the aqueous phase side, determining the fate of exited radicals in water after the exit
event is essential. Will they simply re-enter particles? Propagate in the aqueous phase? Terminate with
other exited or initiator-derived radicals? Contribute to particle formation? Do they even have the
same reactivity as initiator-derived radicals? Answering these questions is absolutely essential to
accurately model polymerization kinetics, particle nucleation and PSD evolution. Unfortunately, the
literature is not of much help in providing definite responses to these interrogations (cf. Table 2). For
instance, Gao & Penlidis[41] consider that desorbed radicals undergo the exact same path as the
initiator-derived radicals, including participation in particle formation via micellar and homogeneous
nucleation. The same is assumed in some models developed by Asua and co-workers.[81], [82] On the
other hand, Gilbert and co-workers[13], [83] claim, on the basis of time-scale arguments, that
aqueous-phase propagation and termination are very unlikely with respect to re-entry. Despite that,
Coen et al.[17], [25] did account for the possibility of termination in the aqueous phase. Dubé et
al.[39] argue that the desorbed radicals do not move far beyond the particle from which they desorbed,
which would mean that the radicals could only re-enter the same particle. Finally, recent evidence put
forward suggests that the exited species may chemically interact with the stabilization layer
surrounding the particle before having a chance to exit into the aqueous phase.[84]—[86] Fragmented
stabilizer chains could form and subsequently migrate to the aqueous phase, thereby explaining the
significant amount of secondary nucleation observed in systems employing electrosteric

stabilizers.[64]

Exited radicals are chemically distinct (less hydrophilic) from initiator-derived radicals, as the latter
supposedly have an ionic (or at least a water soluble) fragment attached. Thus, it may be assumed that
exited radicals can freely re-enter particles and that their critical DP for precipitating is smaller than

that of initiator-derived radicals (jger < jor). It is worth noting however that the nature of the exited
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species E* may, in certain cases, be difficult to establish, for example, when the chain transfer
mechanisms are not well known. Table 5 shows the material balances of radicals that may desorb
from the polymer particles and those of exited radicals. It is assumed in this scheme that only
hydrophilic monomeric radicals, [Mi],, formed by transfer to monomer reaction may desorb. For
monomers with high water solubility, it might be assumed that chains with two monomer units

([M3]p) can also desorb. It is worth mentioning that the radical entry and exit rate coefficients can be

size dependent in the proposed scheme.

Table 5. Material balances of monomeric radicals that may exit and exited radicals in the aqueous

phase[52], [53], [87], [88]

Component Material balance

d[E°]w 1 (o _ . .
[dt] - Efo kdesn(T, t)f(T', t)dT - [E ]w (ka[M]w + ktw[T ]w +

N
(ke E(0)) v, T kemE() [MIC])

Exited monomeric radical

d[EM]|w . . .
Exited radical reacted with one dtl = kpw [E*]w[M]y, — [EM]],, (kpw[M]w + kew[T 1w +
monomer unit in water (ke (1)) Ni + Kem,E(1) [MIC])
A
d[EM;lw . . .
Exited radical with i monomer — — gy kpw[EM;_1]w[Mlw — [EM;]w (kpw [Mlw + kew [T lw +
units 2 < < Jper — 1 (ke,ls(i)),\,l + Kem ki) [MIC])
A
Radical desorption rate per Pdes = kges(r, )N(7, 1)

particle

In order to estimate the desorption rate coefficient k45 (cf. Table 1 and 5), different approaches have
been described in the literature. As can be seen in Table 6, the mechanistic picture of the desorption
process increased in complexity with time, going from a simple diffusion-based mechanism, to a
mechanism taking into account competitive reactions inside the particles, and finally to a mechanism
accounting for competitive reactions in the aqueous phase (fate of exited radicals). A general
consensus exists regarding the dependency on the particle surface (except for the original model of
Smith & Ewart [56]). The effect of partitioning of small radicals (that are able to desorb) between the
polymer particles and the aqueous phase is accounted for through its ratio, m, that is however usually

replaced by the corresponding monomer partition coefficient, m = [M],/[M];,.

Models accounting for the competing reactions in the polymer particles and in the aqueous phase are
the most comprehensive nowadays, and are therefore recommended here. Among these models, the
model by Hernandez & Tauer 2008 [89] can easily be used within the 0-1 or pseudo-bulk PBE (cf.
Table 1). As described in the previous section, the requirement of estimating Eg4es values may limit the
applicability of the calculation of k,. The probability terms of this model can therefore be combined
to another form of k, available in the table. The model by Asua et al. [90] depends on the number
density of particles containing i radicals, N;, and is thus to be used with the Smith & Ewart recursion

equation.[56] A very similar approach to that of Asua et al. [90] was also recently proposed by
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Ghielmi et al. (2014), in which the propagation and re-entry rate coefficients of exited radicals are

distinguished from primary radicals. [91].
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Table 6. Overview of radical desorption models

Diffusion-controlled radical desorption mechanism

kdes
Smith & Ewart (1948) [56] haes =L =22
Ugelstad et al. (1969) [24] Kgos = B = RO/
v
2D, 4D, 5Dp . . . .
Chang et al. (1981) [92] Kges = PFIATANTE radicals generated at the centre, edge or anywhere in the particle, respectively.
Asua & de la Cal. (1991) [55] Kges = %, 0<a<?2
Kges = dﬂ a=15+12, forfi <0.5

Morrison et al. (1994) [93]

a = 2.6t 1.1, for kqest K< kp[M],

Radical desorption mechanism accounting for polymer phase reactions: kges = P~ fy, fm = kem[M]p

P: Probability of the radical escaping the particle before

undergoing other reactions in the particle ko
l = 12DpDw
ko 0 d?(mDp+Dy,)
Harada et al. (1971) [94] = m R
Here, fM = ka [M]p + kaTA[CTA] + L(—_n)
B _ ko 8Dp,
Friis & Nyhagen (1973) [95] P = PR ko = —
p p
| . p— _ko k. = 12DpDw
Ugelstad & Hansen (1976) [68] = kM, 0 = 42(mD, +Dy,)
ke ows [ kpMp ) ko = —12PpDw
Nomura & Harada (1981) [96] P = PNITN Yic1 (koﬁ+kp[M]p) 0™ a2(mbD,+6Dy)
. l = __12aDpDw
i 0= ZZ(amb-+24D)
Nomura (1982) [97] P=- k]\(;[ S (k Isz(M];,/I ) d?(amDy+24Dy)
p[Mlp o +kpMlp With 4 < @ < 10, fy = key[M], + kecra[CTAL,




A12D,Dy

Ko ko = d?(mDp+€eDy)
Mead & Poelhein (1989) [98 =
eal oe eln( ) [98] ko+kp[M]p With ¢ = k2-3(k coth(k)—1) I = g kp Ml
= e ecomo-n * T 24 b,
_ ko _ 12Dy
Lacik et al. (1992) [99] = Xotko M, 0= a2
plMip
G N P U _ 2000w
Grady (1996) [100] P= Ko(s=1)+kp[M]p <=1 1+m(i) ko = 3d?(3Dp+Dy)
Dy D
— k ko = Ler
P = e [M ;ktp(ﬁ—l) Pw 0 dz(mDp+me%+eDw)
p[Mlp+ Nav h
Asua (2003) [101] 2k (A-1)
_ kpw[M]w+2kew([T"] With € = 1 _d kp[M]p+ Nav
W komuN+kpw [M]yw+2kew[T'] ithe = (kcoth(k)-1)° "~ 2 Dp
Radical desorption mechanism accounting for polymer and aqueous phase reactions: kqes = P * fu, fu = kem[M]p
P: probability that a desorbed chain reacts in water kg
1 g0 12D, D
iy Zi=o Pd,ilNi ko = ———BW
= nN 0
1-(1-Pw)§ X220 Pais1Ni 4*(mDp+2Dy)
Asua et al. (1989) [90] .
Pd e kO _ — kpw[M]w+ktw[T ]w
ot k0+kp[M]p+kt51(v:1)’ v kpw[M]w"'ktw[T.]w"'keqowl\I,V_A
_ Py(1-Ry) ko = 220 _ Edes
P = 1-(1-Py)(1-Pp) 0 a2 exp( kBT)
Zikip __ Zikiw
P e 2 TW T keN
Hernandez & Tauer (2008) [89] KotZikip Ny tEikiw

Where k;, and k;;, are rate coefficients for the i"

competitive reaction in the polymer and aqueous phase
respectively, e.g. X; ki w = kpw[Mlw + kew [T lw

Ghielmi et al. (2014) [91]

P =Py [1 + (1-Pw)Pq ﬁNi_l]

1_(1_PW)Pd nN;
—_ kO _ ktw[T.]w
Po=— o Pv = — "%
ko+kp[M]p Fow [T w+Krery -
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3.2 Surfactant partitioning

The adsorption of surfactants on polymer surfaces is an important issue in various industrial
processes, namely because of its direct bearing on the colloidal stability and rheological behaviour of

polymer latexes.

Given that the adsorption of surfactants on the surface of polymer particles (or polymers in general for
that matter) has such a strong impact on aspects such as latex stability, macroscopic viscosity and
rheology, it is of great interest when modelling EP [52], [102]. Clearly, the surfactant will play a
number of roles in determining the PSD in an emulsion polymerization process, and in particular in
particle nucleation (micellar and homogeneous), secondary particle formation, particle coagulation,
etc. Ideally, one would like to have reliable models and/or correlations, along with pertinent

parameters in order to predict the location of the surfactant in the system of interest.

An adsorption isotherm can be used to describe surfactant partionning at equilibrium [103]. Different
experimental approaches have been developed to measure the adsorption isotherms for different
polymer-surfactant systems using conductivity, tensiometry or titration. For instance, Paxton[104]
used surface tension titration curves to measure the adsorption of sodium dodecylbenzenesulfonate
(SDBS) on PS and PMMA latexes. Using surface tension measurements of the aqueous phase after
centrifuging their latexes, Brown & Zhao [105] developed adsorption isotherms for the pair SDS and
PS under different conditions. Zwetsloot & Leyte[106] did not separate the particles from the aquous
phase, and used conductivity to determine the adsorption isotherm of SDBS on PS. Stubbs et al. [107]
criticized this approach, saying that the partitioning of the anionic surfactant can be hidden by the
presence of initiator-derived anions (e.g., sodium or potassium) in the aqueous phase that can be more
conductive. Using a different approach, Turner et al. [108] studied the adsorption of SDS on PS
surfaces using neutron reflection and attenuated total reflection infrared spectroscopy. Serum
replacement methods, followed by conductivity measurements of the stream leaving the replacement
cell were used by Colombie et al. [109] to study the the adsorption of SDS on PS. Lin et al. [110] also
investigated partitioning in the SDS/PS system using surface tension measurements, but using
measurements of the latex surface tension. In yet another example of different techniques, Sefcik et
al.[111] used ultratitration and analyzed the filtrate with ion chromatography (once again) of the
system SDS-PS. In Pickering systems, Brunier et al. [112], [113] used different analytical methods to
demonstrate the multilayer adsorption of clay on the surface of polystyrene particles such as

transmission electron microscopy (TEM), quartz crystal microbalance and conductivity.

Among available isotherms, the Langmuir isotherm is the most widely used to describe the adsorption

equilibrium of steric or electrostatic surfactants used in emulsion polymerization [114]. It was first
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developed to describe gas-solid adsorption assuming monolayer formation with no lateral interactions
or steric hindrance between the adsorbed molecules. In specific areas, such as reactive surfactants, the
adsorption may not be instantaneous to ensure equilibrium or the properties may evolve during the

reaction.

In Pickering stabilization, other difficulties arise, such as the required longer dispersion time of the
inorganic particles in water compared to surfactants, the lack of long term stability of the stabilizing
colloids when dispersed in water, the absence of micelles, and the possible formation of multilayers
on the polymer particles.[115] To model multilayer adsorption, the Brunauer-Emmett-Teller (BET)
isotherm is the most widely used.[116] The concept of the theory is an extension of the Langmuir
theory under the additional hypothesis that molecules can also physically adsorb by binding to already
adsorbed molecules, resulting in the formation of multilayers with no limit regarding the number of
layers. This model was first used to describe gas adsorption and then extended to liquid phase
adsorption by substituting the partial pressure of the adsorbate by its concentration in the liquid phase.
[117], [118] Recently, the BET isotherm was used to describe multilayer adsorption of clay platelets

on polymer particles by Brunier et al. [112], [113].

In short, most quantitative investigations of surfactant partitioning seem to have been done in systems
at equilibrium. In the absence of rapid nucleation or coagulation, this might be an acceptable
approximation. However, if the surface area and/or surfactant concentrations are changing rapidly,

then it remains to be seen what approach one can take with surfactant partitioning.

3.3 Monomer partitioning

In emulsion polymerization, the conversion from monomer to polymer occurs principally in the
monomer-swollen polymer particles. Thus, the concentration of monomer in the polymer particles
influences the rate of polymerization. In copolymerisations, monomer partitioning also affects the
polymer composition. The monomer solubility and reaction in the aqueous phase also enhances
homogeneous nucleation which influences the net reaction rate, as well as the final latex properties.
Therefore, determining the monomer concentration in the different phases is important in order to
evaluate particle formation and the final PSD. An old review on the theoretical considerations
concerning the determining of the concentration of monomer in latex particles was done by

Gardon.[119]

It is commonly believed that the monomer(s) is/are transferred from the monomer droplets (for liquid
monomers) or from the monomer bubbles (for gas monomers) to the reaction site (polymer particles),
most probably by diffusion through the aqueous phase (even though the assumption of monomer

transfer through collision or shear-induced monomer transfer was also suggested [120]). Water and
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the polymer particles absorb a certain amount of monomer that is limited by thermodynamic

equilibrium.

Essentially all models available in the literature assume thermodynamic equilibrium between the
various phases present in the reactor (i.e., high mass transfer rate of monomer between the phases
compared to the overall polymerization rate) (Table 7). Of course, this assumption will fail if, for
instance, the stirring rate does not allow efficient monomer droplets breakup and the creation of a
sufficient surface area for mass transfer. In particular, for the polymerisation of gaseous monomers in
emulsion polymerization (such as ethylene, or fluorinated monomers such as tetrafluoroethylene or
vinylidene fluoride), the reactor pressure becomes determinant for the concentration of monomer in
the water and polymer phases and the rate of agitation can be critical in terms of ensuring a

sufficiently high transport rate.

The assumption of homogeneously swollen particles under polymerization conditions was recently
questioned by Tauer & Hernandes[121], but this hypothesis is still implicit in every model. Based on
the original Flory-Huggins[122] polymer solution theory, an equation determining the swelling of
latex particles was developed by Morton et al.[123] under saturation homopolymerization, followed
by Vanzo et al.[124] under unsaturation conditions, and by Guillot [125] for copolymerisation. These
models state that the increase in surface energy on swelling compensates for the free energy gain of
mixing, and takes into account the effect of the particles size on monomer partitioning. This model is
still considered to provide the most complete description of the swelling of polymer particles with
monomers, in the detriment of high number of involved parameters to be estimated. Ugelstad et al.
(1983) contested the use of the Flory-Huggins model for evaluating the free energy of swelling of
polymer, oligomer and polymer-oligomer particles. Maxwell et al.[126], [126]-[128] developed a
semi-empirical simplified relationship for monomers of limited solubility in water. The equation
involves the saturation swelling volume fraction of the polymers and no other parameter, and neglects
the effect of the particle size on partitioning. Schoonbrood et al.[129] derived equations similar to that
developed by Maxwell, from Morton’s equation for partial and saturation swelling with » monomers,
depending only on the saturation concentrations of each monomer in the polymer particles and in the
aqueous phase. A simpler model to determine the concentration of monomers in the different phases
was proposed by Omi et al.[130] for monodisperse systems by employing constant partition
coefficients. Armitage et al.[131] improved the algorithm for the calculation of the monomer
partitioning in polydisperse emulsion copolymerization systems. In general, the constant partition
coefficient algorithm is assumed to give the same results as Morton’s model when used to determine

the monomer partitioning in seeded and unseeded systems with high solids content, if the monomers
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are partially soluble in water, whereas, for unseeded low and medium solids content polymerizations

involving completely water soluble monomers the Morton’s equation is recommended.[132]

Table 7. Models for monomer partition between the different phases (copolymerisation case)
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(&), =
Morton et al. (1954)[123] ln(;b'j + Xr=1(1— mzk)(;bk + Zn 1¢1X1k(¢k) + Zn 1#i L= k+1¢1¢k¢l i +
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3.4 Particle formation by nucleation

Despite many decades of research, particle formation still remains a controversial and poorly
understood issue. This is both due to the complexity of the phenomenon itself and to the experimental

difficulties associated with its study.

3.4.1 Mechanisms and rate of nucleation

Although it has not always been so, most researchers now accept that the two most celebrated
mechanisms of particle nucleation — micellar (or heterogeneous) and homogeneous — coexist in
emulsion polymerization.[45], [134], [135][136] The relative importance of each depends on the

specificities of the system and the conditions under which the reaction is carried out.

Droplet nucleation[137][138] is typically considered improbable in conventional EP and, hence,
neglected in all current particle formation models. Nevertheless, a finite probability of nucleating

monomer droplets exists, which may lead to the formation of coagulum.[139]

Table 8. Some of the various possible contributions to the nucleation rate (cf. Figure 3)

Homogeneous nucleation Rhom1 = kpwlIMj_ _1]w[M]w

RhomEg = kpw [IM],Ecr—l]w [M]w
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Micellar nucleation Rmic1 = [MIC] Z{c;z‘l Kemiy[IM] lw

jEcr—1 b
Rmic,E = [MIC] Z{Eo kem,E(i) [EMi]w

Total nucleation Rnuc = (Rhom,l + Rhom,E) + (Rmic,l + Rmic,E)

Despite a certain consensus about the micellar and homogeneous nucleation mechanisms (cf.
Table 8), different opinions persist. For instance, Tauer & Kiihn[140] proposed a new model for
particle nucleation based on the classical nucleation theory and the Flory-Huggins theory of
polymer solutions. The basic assumption is that water-born oligomers form stable nuclei under
critical conditions. Among other things, the model can be used to analyze the influence of the
monomer properties (e.g., solubility in water) on the nucleation time and jer. Good agreement between
calculated and literature values for jer was found. Nevertheless, as presented, this simple model cannot
account for relevant phenomena like coagulation, particle growth, secondary nucleation, etc. In a
subsequent publication,[141] the same authors investigated the early stages of the emulsifier-free
emulsion polymerization of styrene. They concluded that their results supported the view that
nucleation occurs via cluster formation of water-born oligomers. The group later studied a system in
which monomer was confined to a layer sitting on top of the water phase in a funnel-shaped reactor
and found that sub-micron monomer droplets would spontaneously form just below the monomer-
water interface both in the presence and absence of emulsifier.[142] The group[75] used the same
reactor configuration to investigate the emulsifier-free polymerization of tert-butylstyrene, styrene
and MMA. Monomer droplets (varying in size from 10° to 10° m in diameter) spontaneously
formed at the monomer-water interface, regardless of monomer type. The authors proposed that
the monomer droplets may constitute an additional site of particle nucleation and supported this

claim using SEC-measurement data and TEM images.

Apart from these widely discussed aspects of the nucleation mechanism, there are a number of less
popular topics that are also noteworthy. One particularly significant issue refers to the role of exited
radicals on particle nucleation. As mentioned in Section 3.1.3, there is no agreement on this matter:
some authors neglect it, while others assume that desorbed radicals can nucleate particles in exactly
the same way as initiator-derived radicals. Proper account of the possibility of homogeneous and
micellar nucleation by exited radicals requires a detailed reaction scheme as shown in Figure 3, where
both types of radicals are distinguished. Ugelstad and co-workers[143], [144] proposed a scheme of
this type, but only a few modeling studies[38] have actually made use of such an approach. Despite
the lack of direct quantitative information, it seems plausible that this contribution could be
significant, in particular, for systems where desorption is known to be relevant (e.g., VCM and
VAc).
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In situ micellization[145] is sometimes pointed out as another possible nucleation mechanism
when working with zero or small concentrations of surfactant. In this mechanism, micelles are
formed from initiator-derived species presenting surface activity. Song & Poehlein[146] state that
in situ micellization can only be the dominating mechanism for sparingly soluble monomer systems;
for more water soluble monomers, homogeneous nucleation dominates. According to Gilbert,[13] in
situ micellization is expected to be rare at normal initiator concentrations, because under such
conditions too much time would be required for the concentration of in situ surfactant to attain the

corresponding CMC.

Finally, another interesting question is whether termination by coupling of two oligomers with DPs i,
and i, such that i, + i, > jer can result in particle nucleation. This possibility has been mentioned by
Hansen & Ugelstad,[147] but these authors have neglected it on the basis that such chains would
have two ionic groups and, thus, a higher value of jer. As a rule, this possibility is not taken into

consideration.

Note that if the small particles (often called precursor or primary particles) formed by homogeneous
and/or micellar nucleation are colloidally unstable, they will coagulate either among themselves or
with other particles present in the system. This process of particle formation is sometimes named
coagulative nucleation (as remarked by Fitch,[148] this is an unfortunate designation because of the

contradiction in terms).

3.4.2 Secondary Particle Formation

Secondary particle formation (SPF) refers to the creation of a new population of particles in a system
with pre-existing particles. In comparison to ab initio particle formation, SPF is far more complicated
to quantify. This is because, in addition to all the factors relevant for ab initio systems, the number of
new particles created also depends on the delicate balance between: (i) the rates of radical entry into
pre-existing and new particles; (i1) the rates of coagulation between precursor particles
(homocoagulation) and between precursor and old particles (heterocoagulation); and (iii) the rates of

growth of new and old particles.
From a modeling point of view, it is convenient to distinguish between two situations:

- SPF is undesirable (e.g., growth of monodisperse latexes): it suffices to determine the range of
conditions where it can be avoided.
- SPF is desirable (e.g., synthesis of bimodal latexes): it is necessary to determine the extent of

SPF as a function of the operating conditions.
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In terms of modeling, the first situation can be seen as a particular case of the second. There is
extensive literature mentioning SPF, but much less dealing with the quantitative aspects of this

subject. The most relevant publications are reviewed below.

Hansen & Ugelstad are among the first to investigate SPF both experimentally and theoretically. In an
initial paper,[149] they analyzed the emulsifier-free polymerization of styrene. A series of batch runs
with varying amounts of monodispersed seeds of different diameters were conducted, and the number
of new particles determined by TEM. The experiments performed at 50°C showed unexpected
maxima (sometimes even higher than in the experiments without seed) when the number of new
particles formed was plotted as a function of the product (N-r)seed, where N is the total number of
particles per unit volume and r is the particle radius. On the other hand, the experiments at 60°C,
performed at lower ionic strength, gave a continuous decrease of the number of new particles with

increasing (N-r)seed. The data were interpreted by means of a simple model, which was able to explain

qualitatively the effect of (NV-r)seed and seed surface charge density on the number of new particles.
Coagulation of precursor particles, among themselves and with seed particles, was found to play an

important role in determining the extent of SPF.

In a subsequent paper,[150] the same authors analyzed the effect of seed amount (for a single seed)
and emulsifier concentration (above and below the CMC) on the number of new particles formed. The
data so obtained were used to draw conclusions about the role of micelles in particle nucleation.

Regrettably, no attempt was made to interpret the data using the approach previously suggested.[149]

Morrison & Gilbert[151] proposed a simple means to estimate the onset and extent of SPF in
submicellar systems. Their treatment neglects coagulation and, thus, gives an upper bound to the
number of particles formed. Model predictions were compared to experimental data obtained by the
authors, showing reasonable agreement with respect to the onset of SPF. It was mentioned that
increasing particle size and seed concentration lead to a decrease of SPF, but there was no reference as
to whether the data correlated well with the product (N-r)seed. The maxima previously reported by
Hansen & Ugelstad[149] were attributed to in situ micellization. More recently, versions of this model
have been used to explore conditions for growth of large particles[152] and core-shell VAc/Sty
particles,[153] while avoiding SPF.

Cheong & Kim[154] developed a model to investigate the effect of the surface charge density of the
seed particles on SPF in the emulsifier-free seeded emulsion polymerization of MMA. The radical
entry rate was assumed to depend on the electrostatic repulsion between oligoradicals and seed
particles, which is, however, in contradiction with current knowledge.[155] Coagulation between

precursor and seed particles was neglected. The simulation results could qualitatively explain the
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experimentally observed[63] effect of the seed charge density on polymerization rate and SPF, but no

quantitative comparison was done.

Coen et al.[17] have employed the most sophisticated of all treatments described in this section, taking
into account particle coagulation and PSD (further details in Section 3.5). The model was validated
against the experimental data of Morrison & Gilbert,[151] and improved accord was found in
comparison with the results published by these authors. However, the predictions reported were
obtained by assuming the seed particles to have a surface charge density corresponding to complete
surface coverage with surfactant, when in reality the concentration of surfactant was very low:
[SDS] =0.8 mM (i.e., one-tenth of the CMC). Thus, the model failed in estimating particle

coagulation rates, when this should be its major strength.

Jayasuriya & Ottewill[156] following Chung-Li et al.[157] investigated the formation of new particles
in the seeded emulsifier-free polymerization of styrene, and more particularly, conditions where SPF
could be avoided. They found that the onset of SPF could be correlated to a minimum value of the

product (N.r?)seed, Which, within experimental error, was not significantly affected by initiator

concentration or ionic strength.

Zeaiter et al.[158] extended the model of Coen et al.[40] to the semibatch EP of styrene, and used it to
analyze the conditions for SPF. Comparison between calculated and experimental PSD typically

showed poor agreement. Some simulations were done without leading to any particular conclusions.

Modeling nucleation, growth and particle coagulation in Pickering emulsion polymerization
(surfactant free, stabilized by clay platelets) was considered by Brunier.[159] The authors tried to
promote secondary particle nucleation using clay particles in Pickering EP, which could not be
achieved and was attributed to the multilayer adsorption of clay platelets on the surface of polymer

particles.[112]

3.5 Particle Coagulation

Quite frequently, coagulation is neglected when modeling particle formation without proper
justification, just because of the added complexity it represents. However, there is substantial
experimental evidence [160]-[164] supporting the role of coagulation in particle formation, including
above the CMC. As a result, in our opinion, accounting for coagulation should be the rule, not the
exception. The problem is that estimating the particle coagulation rates is not a simple matter, as

explained below.

Two distinct mechanisms are responsible for particle coagulation in EP: (i) perikinetic aggregation,

due to Brownian motion, which is diffusion-limited and (ii) orthokinetic aggregation, due to transport
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by fluid motion. Accounting for both coagulation mechanisms in a rigorous manner demands
however a very complex mathematical treatment, by either considering precise estimations of the
flow properties by computational fluid dynamics (CFD) or approximations of these properties (e.g.,
mean shear rate, mean energy dissipation rate, Peclet number).[165]-[167] Theoretical studies of
particle coagulation suggest that hydrodynamics can play an important role when ionic strength is low
and the double layer is thick (see Melis et al. for more details[168]). Forcolin et al.[169] found in
their case that the contribution of fluid flow to the coagulation rate was limited, thereby justifying
the use of a Brownian-only coagulation model. A number of other researchers neglect orthokinetic
aggregation when modeling emulsion polymerization based on experimental results.[168]-[170]

Perikinetic aggregation is sought to be the dominant mechanism at small particle sizes (~50 nm).[171]

For modeling purposes, the coagulation between particles is assumed to occur as a result of binary
collision events, although the assumption that all particles will coagulate through a binary collision
mechanism is valid only when working with dilute systems. However, due to the complexity of
formulating and solving the equations for multi-body collisions (never-mind experimental validation

of the parameters), binary collision models have been used at all latex concentrations.[172]

What modelling the impact of coagulation on the PSD boils down to, is estimating the coagulation
rate kernel B. This function will depend on numerous factors including the size of the particles, the
state of their surface, the concentration and type of surfactant in the reactor, solids loading, the PSD,
the intensity and distribution of shear in the reactor, and so forth. In the following section, perikinetic
and orthokinetic coagulation mechanisms are discussed assuming that coagulation is exclusively due

to binary particle interactions.

3.5.1 Perikinetic Coagulation — the DLVO Approach

Estimates of the rate of Brownian coagulation in EP are frequently obtained using the DLVO theory
of colloid stability as a framework, but other empirical models have also been used (cf. Table 9).[38],
[173], [174] In fact, the use of the DLVO theory to compute the coagulation rate coefficients is
sometimes presented as a guarantee of quality for an EP model. The starting point of this approach is
the Smoluchowski equation (which assumes laminar fluid motion and a collision efficiency of unity),
to which the stability ratio of particles (W) is added to account for the stabilizing surface charge
density. Particle stability is dependent on the total particle potential energy of interaction, Vp, which is
the net sum of all attractive and repulsive contributions, including van der Waals’ attraction and

electrostatic, steric, depletion and solvation-based repulsion.[52]

Despite its widespread use, fundamental concerns arise regarding the use of DLVO theory in

modeling EP. DLVO-based models do not provide accurate predictions of the aggregation rates of
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colloids when the potential barrier is located at surface distances below 1-2 nm, where non-DLVO
forces dependent on the structure of the solution and particle surface become important.[175] It must
also be noted that it is often difficult to obtain reliable estimates for a number of model input
parameters such as the diffuse surface potential and surface charge density of the particles. Deviations
of 10% in such parameters can result in differences of two orders of magnitude in the predicted
stability ratio. Finally, there is substantial evidence that DLVO theory cannot explain a number of
experimentally-observed trends and, therefore, may not correctly estimate the rate of particle

aggregation under typical EP operating conditions.[175]-[178]

Table 9. Typical expressions used to compute the rate of Brownian (or perikinetic) coagulation
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Furthermore, DLVO theory assumes a dilute dispersion, such that the influence of the surrounding
particles on the pair of interacting particles can be neglected. In concentrated systems, the surrounding
particles cause an effective reduction of the total potential energy of the interacting particles, and

hence a lower stability ratio.[187]-[189] This may have important implications in modeling particle
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coagulation in EP, particularly for high solid content where the concentration effect is likely to be
relevant. Finally, in the development of DLVO-based models it is assumed that every particle in the
system has the same surfactant coverage, while in reality the precursor particles formed from
homogeneous nucleation may undergo coagulation at a rate faster than surfactant diffusion. For a
complete overview of the failings of DLVO theory, as applicable to emulsion polymerization, again

refer to Vale & McKenna’s review of PBEs in EP.[5]

Despite this, DLVO theory remains the most common basis for non-empirical modeling of particle
coagulation and it is possible to fit certain model parameters to obtain coagulation rate coefficients
that correctly describe experimental results. On the other hand, because of its theoretical limitations,
certain authors[38], [173], [174] prefer to use empirical expressions for the coagulation rate
coefficient or for the stability ratio. Sure, empirical methods are clearly not a definitive solution, but in

many cases they are perhaps as ‘scientific’ as current DLVO theory applied to EP.

3.5.2 Combined perikinetic and orthokinetic coagulation

As mentioned above, most DLVO-based coagulation models have been formulated and
experimentally validated under the assumption that shear-induced coagulation can be effectively
ignored and omitted from the model, despite some evidence that mechanically-induced coagulation
can occur under certain conditions. More complex treatments of particle coagulation, especially in
larger reactors, where the local shear can be significant, should ideally integrate orthokinetic

coagulation.

Another situation is frequently met, where only pure orthokinketic coagulation is considered,
especially for big droplets/bubbles, where the electrostatic layer effect becomes negligible. A review
by Meyer & Deglon[190] that treats a wide number of applications, not just polymer colloids,
suggests that the orthokinetic coagulation coefficient can be correlated with the shear rate.
Nevertheless, they and other authors show that the semi-empirical coagulation models that have been
validated experimentally require extensive parameter-fitting.[191], [192] Therefore, their applicability

to a wider range of process conditions is limited.

The relative importance of the perikinetic or orthokinetic coagulation mechanisms depends on
both the polymerization recipe and the mixing conditions; namely, on particle size, shear rate, and
colloidal stability. In some cases, the coagulation rate coefficient for particles of a given size may
include contributions from both orthorkinetic and perikinetic terms. However, the contributions of
these two mechanisms to the overall coagulation rate are not necessarily additive.[193]-[195]
Actually, considering these contributions as additive is equivalent to saying that particle stabilization

(e.g., due to the presence of surfactant at their surface) is not efficient against orthokinetic
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coagulation. Thus, the additive-flux assumption is supposed to work well in the limit of completely
screened electrostatic repulsion.[196] However, in relatively stable dispersions, there is a strong non-
linear coupling between convection and diffusion, which means that the overall coagulation rate
coefficient is not equal to the sum of the two aggregation mechanisms. Thus, orthokinetic coagulation

is slowed down due to the surfactant.

Table 10. Examples of expressions used to compute the rates of orthokinetic and combined

(orthokinetic + perikinetic) coagulation
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Lowry et al.[191], [192] used a semi-empirical coagulation model to study systems where both
mechanisms are thought to be relevant, in an additive way. Melis et al.[168] investigated simultaneous
shear-induced aggregation and DLVO-type interactions in an additive way. They conducted a
theoretical investigation into the changes that arise in the magnitude of the coagulation rate coefficient
as the ratio of fluid convection to particle diffusion changes. Under unstable conditions (i.e., low
electrostatic forces), they suggested a semi-empirical expression (cf. Table 10), whereby the
perikinetic and orthokinetic contributions were assumed to be additive. At low shear rates, = Bgifr
(i.e., the lower limit is independent of shear rate), while at high shear rates,  varies nonlinearly with
the shear rate (or Peclet number). However, this solution seemed to fit better systems that were rather

unstable, giving a poor fit for more stable systems, where the transition between the two limits occurs
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over a much narrower range of shear rate. Thus, despite providing useful insight to the convection-
diffusion equation, attempts to develop an analytical expression that matched the numerical data over

a full range of shear rates were generally unsuccessful.

Later, Lattuada & Morbidelli[194] developed such an analytical expression. Through the use of a
boundary layer approximation, they demonstrated that one can obtain a simplified model which
matches the more thorough numerical simulations, even in the moderate shear rate range where the
aggregation rate may sharply increase many orders of magnitude. Both mechanisms were taken into
account in a combined way, so not simply added to each other. A combined kernel was also proposed
by Blackley[198] and was used by Elgebrandt et al. [193]. In this kernel, the stability ratio is modified

to account for both perikinetic and orthokinetic effects.

For the formation of non-spherical aggregates, Moussa et al.[196] considered both the perikinetic and
orthokinetic kernel in an additive way and accounted for the particle shape through the fractal particle

dimension.

The only thing that one can really conclude about this particular aspect of modeling the PSD of
emulsion polymerization systems is that once one begins to include hydrodynamic effects on
coagulation, the situation is even less clear than it is for perikinetic coagulation. Taking into account
both perikinetic and orthokinetic coagulation in a combined way (not additive) is important in a

number of cases, depending on the particles size, shear rate and electrostatic stabilization.

4 Predictive Power of Current PSD Models

Here, we present a critical review of the PBMs reported in the literature. The purpose is to assess the
real capabilities of current models with respect to the prediction of particle formation and PSD

evolution (cf. Table 11).

Table 11. Population balance models of EP by alphabetic order (1994-2015)

Reference System Kinetics Coagulation  Exp. validation
Abad et al. [81] VAc/Veova PB N Y
Abad et al. [200] VAc/Veova PB N Y
Abedini & Shahrokhi [201] Sty 0-1 Y Y
Alamir et al. [202] BA/MMA PB N N
Alexopoulos et al. [165] BA/MMA PB Y Y
Aratjo et al. [173]. VAc/Veova PB Y Y
Barazandegan et al. [203] VAc PB N N
Brunier et al. [159] Sty PB Y Y
Coen et al. [17] Sty 0-1 Y Y
Coen et al.[25] BA 0-1/PB Y Y
Crowley et al. [204] Sty 0-1 N N
Dokucu et al. [205], [206] VAc/BA PB Y N
Edouard et al. [19] Sty PB N N
Feiz & Navarchin [207] Sty 0-1 Y Y
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Forcolin et al. [169] VCM PB Y N
Fortuny et al. [10], [208] MMA/BA PB Y Y
Herrera & Olayo [70], [209] Sty PB N Y
Hosseini et al. [210] Sty 0-1 N Y
Hosseini et al. [23] Sty PB N Y
Immanuel et al. [211] VAc/BA PB N Y
Immanuel et al. [212] VAc/BA PB Y Y
Jung & Gomes [26] Sty, BA 0-1/PB Y Y
Kammona et al. [213] Sty/2-EHA PB Y Y
Kiparissides et al. [214] VCM PB Y Y
Marinangelo et al. [215] Sty/BA PB N Y
Meadows et al. [216] Sty 0-1 N N
Melis et al. [217] VCM PB Y N
Park et al. [218] VAc/BA PB Y N
Pohn et al. [219] Sty 0-1 Y N
Rajabi-Hamane & Engell [220] Sty PB N N
Sajjadi [221] Sty 0-1-2-3 N Y
Saldivar et al. [4], [222]-[224] various binaries PB N Y
Sood [225] Sty PB N N
Sood [226] Sty PB N Y
Sweetman et al. [227] VAc/BA PB Y N
Unzueta & Forcada [174] MMA/BA PB Y Y
Vale & McKenna [38] VCM 0-1-2 Y Y
Wulkow & Richards [228] - 0-1-2 N Y
Zeaiter et al. [158], [229] Sty 0-1 Y Y

Abad et al.[81] developed a model to describe the evolution of PSD in the emulsion copolymerization
of VAc and Veova 10 in a continuous loop reactor. The RTD of the reactor was experimentally
determined and it was found that, for the high recycle ratios used, the RTD was close to that of an
ideal CSTR. Particle formation was modeled by a variation of the empirical approach proposed by
Urretabizkaia et al.[230] and particle coagulation was neglected. The steady-state PSDs computed by
the model were compared with experimental data obtained at 25 and 33% solids content, good
agreement being found. It should not be forgotten, however, that with such reactors the shape of the

PSD (broad) is, to a great extent, determined by the RTD.

In a subsequent paper, Abad et al.[200] modeled the same reactor in terms of two axial dispersion
sections: the tube and the pump. No quantitative information was given about the RTD and no
comparison was done with the work mentioned in the previous paragraph. The time evolution of the

PSD predicted by the model agreed reasonably with the experimental distributions.

A few years later, the same polymerization process was modeled by Aradjo et al.[224] using a
different approach. Again, the reactor was modeled as an ideal CSTR, but particle coagulation was
now included. A critical stability diameter was defined and used to divide the latex particles in two
distinct populations. Particles with diameters below and above the critical value were designated,

respectively, precursor and stable particles. Precursor particles can coagulate both with themselves
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(rate coefficient f,,) and with stable particles (rate coefficient ). Stable particles do not coagulate
among themselves. Such a procedure may be seen as a discretization of the continuous kernel S (r,r").
The coagulation rate constants f8,, and f,s were obtained by fitting the model to the experimental

data. The model was able to qualitatively describe the main dynamic features of the reaction. The
authors pointed out that the development of oscillatory patterns and PSD is intimately related to the

existence of a population of precursor particles.

Coen et al.[17] were the first to develop a full PBM accounting for particle coagulation by means of
the DLVO theory. The authors tested their model against experimental data on the ab initio and
seeded polymerization of styrene. With respect to ab initio systems, the model could adequately
reproduce the effect of the surfactant (SDS) concentration on the final particle number, despite some
mismatch around the CMC. The effect of electrolyte (NaCl) addition on the particle number was well
described by the model for surfactant concentrations above the CMC, but not below. At equal
conversions, the general shape of the PSD was correctly predicted, but since the PSDs were
essentially symmetrical this does not tell much about the model capabilities. Results on seeded
experiments discussed above demonstrated the inability of the model in estimating the coagulation

rate between particles.

More recently, Abedini & Shahrokhi[231] modified Coen’s model[17] to account for the effect of the
aqueous phase ionic strength on the CMC using an empirical expression similar to the expression
presented in Meadows et al.[216] The parameters of the CMC model were fitted to PSD data from two
experimental runs, rather than CMC measurement data, as was done in Meadows’ work. The model
was shown to correctly predict the effects of temperature and initiator and surfactant concentrations on
the evolution of conversion and the final PSD. The model predictions obtained with a fixed CMC

value were not included for comparison.

In 2004, Coen et al.[25] proposed a method to extend their previous model[17] to systems where
pseudo-bulk kinetics are important during the nucleation period. The authors defined a cross-over
radius r¢, and used it to divide the particle size domain in two regions: zero-one kinetics for r < r,
and pseudo-bulk kinetics for r > r,. To simplify the mathematics, the authors did not include
coagulation above r.,. This assumption seems questionable, however, there is no clear reason why the
coagulation rate between a small and a big particle would be insignificant with respect to the
coagulation rate between two small particles. The method to link the set of PBEs describing the 0-1
region with the PBE describing the PB region is not explained. This approach was applied to the ab
initio polymerization of BA. For the limited data presented, the evolution of conversion and the
effects of initiator and surfactant (SDS) concentration on the final particle number were correctly

predicted. No experimental or simulated PSDs were shown.
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Quite recently, Jung & Gomes[26] adapted the concept of a cross-over radius to model the emulsion
polymerization of styrene under batch operation and butyl acrylate under both batch and semibatch
operation. The authors chose to neglect particle coagulation entirely due to the surfactant
concentration being well above the CMC; this simplification is questionable, as the concentration of
aqueous phase surfactant will decrease during the course of a batch polymerization. The authors state
that the two PBE systems are linked by smoothing the predictions over an r., range (15-25 nm for
BA; 50-60 nm for Sty), but the specifics of the smoothing operation were not presented. The level of
experimental validation was limited to one set of batch conditions per monomer type. The evolution of
conversion and the average particle diameter were correctly predicted for both the BA and Sty
systems. For the BA system, the evolution of the MWD was correctly predicted, while the time
evolution of the PSD curves was well-predicted at the first time step shown. The MWD and PSD
curves were not shown for the Sty system. Although the stated objective of the publication was to
develop semibatch process strategies using the model, the proposed strategy was not tested

experimentally.

Feiz & Navarchin[207] developed a model that focused on the adjustment of the surfactant ratio for a
mixed ionic/non-ionic surfactant system in the batch ab initio emulsion polymerization of Sty. The
DLVO framework was employed to model particle coagulation, with the total repulsive potential
computed as a sum of the electrostatic and steric repulsive potentials. The CMC of the mixed
surfactant system was modeled semi-empirically on the basis of thermodynamic theory for non-ideal
mixtures and the adjustable interaction parameter was fit to CMC measurement data. The model-
predicted PSDs and conversion curves were in good agreement with the experimental data presented.
N vs. t profiles obtained from simulation were presented, but no comparison with experimental data

was made, nor were any transient PSD data presented.

Fortuny et al.[10], [208] modeled the nucleation stage during the batch emulsion polymerization of
MMA and BA. Polymerization kinetics was independently validated by performing seed growth
experiments (in the absence of SPF and coagulation). Good agreement was found between experi-
mental and predicted values of instantaneous conversion and average particle size, for a wide range of
conditions. Particle coagulation was quantified by a DLVO model with parameters validated in the
absence of reaction.[232] The complete model (combining kinetics, coagulation, and nucleation)
predicted the formation of a large number of moderately short-lived particles during the first instants
of the reaction. The N vs. ¢ profile computed by this model is completely different from those obtained
with other PBMs, although in agreement with the findings of Fitch & Tsai.[160]

Herrera & Olayo[70], [209] developed a model for the polymerization of styrene above the CMC.

Their objective was to demonstrate that a model without coagulation could correctly explain the
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experimental data obtained for this system. Reasonable accord was found for the effect of initiator and
surfactant concentrations on monomer conversion. In contrast, agreement with experimental particle
number and PSD data could only be achieved if, in the predicted PSD, particles with diameters below
20 nm were neglected. This incoherence was attributed to difficulties in experimentally detecting
small particles. Nevertheless, the possibility that the mismatch can result from the fact that the model

does not take coagulation into account should not be set aside.

Hosseini et al.[210] developed a seeded styrene emulsion polymerization model that included an
additional term in the growth kernel to account for stochastic broadening. Particle coagulation and
secondary particle nucleation were neglected. The stochastic broadening of the PSD over time was
modeled using the Fokker-Planck equation. The dispersion coefficient parameter was estimated with a
least squares fitting approach where the residual was the difference between the measured and
predicted PSDs at a set of points in time. No information was given on the number of datum points
used to compute the residuals. When the estimated stochastic correction was subsequently included in
the simulation of an additional set of experimental conditions, there was good agreement between
experimental and simulated PSDs. It must be noted however that only the amount of monomer added
and the monomer flow rate were varied across experiments; the applicability of the approach to a

wider range of processes (e.g., ab initio polymerization or multimodal PSDs) remains unknown.

Immanuel et al. developed two models for the semibatch emulsion copolymerization of VAc and BA
stabilized by a nonionic poly(ethylene oxide) surfactant: a coagulation-free[211] and a coagulation-
inclusive[212] model. In the latter model, the steric repulsive potential due to the nonionic surfactant
was described by a simple formula given by Israelachvili,[233] which accounts for osmotic and elastic
contributions. Simulations were compared with experimental values of the solids content, number of
particles, and PSD, obtained for different feed profiles of the monomers, surfactant, and initiator. The
coagulation-inclusive model was able to provide better predictions, but only at a qualitative level.
Quantitatively, the evolution of the number of particles and PSD showed significant mismatch.
Recently, Immanuel et al.[234] compared the predictive performance of the coagulation-inclusive
equations accounting for the total number of particles and total volume of the particle phase, under
both semibatch and continuous operation. The model predictions were not directly compared against

experimental data.

Kammona et al.[213] modeled the emulsion copolymerization of Sty and 2-EHA stabilized by a
nonionic surfactant. A steric stabilization model previously developed by the same research
group[235] was used. Experiments were conducted to analyze the effect of temperature, monomer
composition, and initiator and emulsifier concentrations. Despite the large body of data, only a limited

set of runs were used in validating the model. The comparisons presented agreed reasonably with
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experimental data. An example of comparison between experimental and predicted PSDs was given,

showing good agreement.

Kiparissides et al.[214] developed a model to predict the effect of oxygen concentration on the
emulsifier-free polymerization of vinyl chloride. Particle stability arises from the surface charge
density generated by the sulfate groups, which is quantified by an empirical formula. The model
performed well when validated against experimental data on conversion and average particle diameter
obtained from a batch reactor operated at various initial oxygen and initiator concentrations. The U-
shaped behavior of the average particle diameter with respect to the initial oxygen concentration was
correctly explained by the model. This effect was attributed to the competition between the increase in
radical production and the decrease in particle stability caused by the formation of HCI. The authors
also performed some simulation runs to analyze the influence of conversion and initiator concentration
on the shape of the latex PSD, but no comparison between experimental and predicted PSDs was

actually given.

Marinangelo et al.[215] modeled the emulsion copolymerization of styrene/BA under semibatch
conditions, focusing on high solid content processes. Particle coagulation was neglected. The model
specified the micelle and particle entry efficiencies as fitted parameters; the lack of particle
coagulation necessitated the use of a very low micelle entry efficiency value (< 10) in order to obtain
a reasonable fit to experimental data. When a shot of emulsifier was added to the reactor for the
purposes of inducing the nucleation of a second particle population, the model was able to
qualitatively predict the formation of a second population mode. The model was able to qualitatively
predict the effect of adding a shot of surfactant on the average particle diameter and number of
particles. However, the PSDs predicted by the model did not match the experimental TEM data
particularly well. The decision to completely neglect particle coagulation in the modeling of high solid

content latexes remains highly questionable.

Sajjadi[221] modeled the semibatch emulsion polymerization of Sty under monomer-starved
conditions using a PBE formulation that accounted for particles containing zero, one (both initiator-or
monomer-derived), two or three growing radicals. Particle coagulation was neglected due to the high
concentration of emulsifier. While the model was capable of predicting the PSDs at the end of the
nucleation stage, the chain length at which the oligomeric radicals became surface active had to be
adjusted from z = 2 to z = 3 during the growth stage in order to correctly predict the PSDs at the end of
the polymerization. The physical basis for this adjustment, that the particle surface becomes more
difficult to penetrate due to the high degree of instantaneous conversion during the growth stage, is
plausible, but difficult to validate experimentally. This also contradicts the results of Hernandez &

Tauer[74] who suggest that the radical entry efficiency increases with the polymer volume fraction.
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Saldivar et al.[4] developed a comprehensive copolymerization model that has since then been tested
with experimental data obtained for various binary systems. This model neglects particle coagulation.
In a first paper, Saldivar & Ray[222] validated the model against experimental data on the
copolymerization of Sty and MMA in batch and continuous stirred tank reactors. The model was
capable of predicting, with reasonable accuracy, the effect of temperature as well as initiator and
surfactant concentrations on conversion, average particle diameter, and copolymer composition. In a
later study,[223] the model was confronted with data for 4 binary systems: Sty/MMA, Sty/BA,
Sty/BD, and Sty/AA. The experiments covered simultaneous variations of temperature, initiator and
surfactant concentrations, monomer to water ratio, and monomer composition. The model was capable
of explaining quantitatively the experimental evolution of conversion, but only qualitatively the
evolution of average particle size. The latest work of this research group [223] focused on acrylic
systems, namely: MMA/BA, MMA/BD, MMA/V Ac, and BA/VAc. Similar conclusions were drawn
with respect to model predicting power. It is worth noting that none of these works reported

experimental or simulated PSDs.

Sood[226] developed a model for the ab initio batch emulsion polymerization of styrene, where the
initial surfactant concentration was well-above the CMC. The model was validated using the
experimental data of Harada et al.[236] emphasizing validation of the particle nucleation stage.
Facilitated by the complete neglecting of particle coagulation, the PBEs were formulated with birth
time as the internal coordinate, rather than particle volume or radius. The model was able to correctly
predict the duration of the nucleation period and the number of particles formed during that same
period, as well as the evolution of conversion over the course of polymerization for varying levels of
initiator, surfactant and monomer concentration. However, the title of the paper is somewhat
misrepresentative, as no information regarding the growth or shape of the PSD, total particle number
and average particle diameter was reported. All of the kinetic parameters that are thought to depend on
the PSD were neglected (radical desorption), eliminated through simplification (the radius-dependent
term of the Morton monomer partitioning equation) or fit to experimental data (the rate of radical
entry into particles). Therefore, it appears that the model ultimately made no attempt to model the

PSD.

Unzueta & Forcada[174] developed a model to predict the effect of mixed anionic/nonionic surfactant
systems on the emulsion copolymerization of MMA and BA. Particle coagulation was taken into
account by means of a simple size-independent kernel of the type f = f,/W, with the stability ratio
W being an empirical function of the surface coverage of the particles. The results obtained with this

semiempirical model were in reasonable accord with experimental data on the effect of surfactant
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concentration and surfactant mixture composition on the evolution of conversion, average particle

diameter, and copolymer composition.

Vale & McKenna[38] developed a model to understand the formation of particles and the evolution of
the PSD in the emulsion polymerization of VCM. The computation of the coupled radical number and
particle size distribution was carried out by means of the 0-1-2 PBEs, an approach that the authors
argued was a requirement in order to correctly model particle formation. Particle coagulation was
quantified by a simple empirical stability kernel. The kinetic part of the model was validated against
batch seeded and unseeded experiments. When analyzing particle formation, it was found that
plausible PSDs could only be obtained if coagulation was accounted for. After adjusting the
parameters of the stability kernel, the model could correctly describe the experimental conversion and
particle number profiles. However, as the coagulation sub-model is empirical, the model cannot really

predict the effect of the surfactant concentration on particle number.

To help in appreciating the predictive power of the models reviewed here, it is convenient to define

what we could call a PSD-benchmark scale:

1. monomodal system: average particle size;

2. monomodal system: average particle size and polydispersity index;

3. bimodal system: average particle size, polydispersity index, and relative amount of each of the
two latex populations;

4. generic system: full PSD.

In this scale, higher levels correspond to more information on the particle size distribution and, thus,
to better models. The present review shows that, with respect to prediction quality, current PBMs are
positioned around the first level. In most cases, the prediction of the average particle size (or number
of particles) of a monomodal latex is only qualitative, not quantitative. Predicted trends often conform
to experimental ones, but the discrepancies between values are significant. This is true even in the case

of well-studied systems like styrene emulsion polymerization.

Modeling nucleation, growth and particle coagulation in Pickering emulsion polymerization
(surfactant free, stabilized by clay platelets) was considered by Brunier et al.[159] Due to the big
particle size and high average number of radicals per particle, the PB model was found adapted. While
the authors demonstrated multilayer adsorption of clay on the surface of polymer particles, only one
layer was thought to effectively stabilize the polymer particles. The radical entry rate was found to

depend on the surface of polymer particles.

The literature review also points out that systematic validation studies are more of an exception than a

rule. The very minimum we can demand from a PSD model is that it be capable of predicting the

41



evolution of conversion and number of particles as a function of the initial concentrations of initiator
and surfactant (over a representative range) in a batch unseeded homopolymerization. However, such
kind of elementary experimental programs are rarely carried out. As a result, the limitations of the

models are not always apparent.

5 Conclusions

Emulsion polymerization is a very complex heterogeneous process involving a multitude of physical
and chemical phenomena, many of which have not yet been completely elucidated: chemistry of the
aqueous-phase species, radical entry and exit, mechanisms of particle nucleation, particle coagulation,
etc. To a large part, this is the case because of limitations in our ability to measure a certain number of
key properties such as free radical concentrations, or particle sizes in situ. These limitations are a
major stumbling block when it comes to validating models and developing better theories of how
things happen in the reactor. Another point worth stressing is that systematic validation studies are

more of an exception than a rule.

Quantitatively describing the course of an emulsion polymerization, and particularly the formation of
particles and the evolution of the PSD, can in principle be done through the use of population balance
models. However, as we have discussed herein, the performance of such models still leaves significant
room for improvement (although the first attempts date from the 70’s). Progress in this area
necessitates further research to unravel the abovementioned mechanistic issues, as well as solving a
number of problems specific to PBMs of emulsion polymerization (see Figure 4). This includes, for

instance (this is a non-exhaustive list):

e Assessing the validity of the underlying PBEs (common 0-1 and PB approximations may both
be unsuitable), finding alternatives for the cases where they do not apply, and developing
better numerical methods to solve the corresponding equations.

e Measurement of the PSD: The accurate measurement of the particle size and particle size
distribution remains problematic. Some solutions exist, mostly off-line, and mostly useful after
significant dilution of the original product. Nevertheless, if we are to measure the dynamic
nature of particle formation and coagulation, new methods of in sifu analysis will have to be

developed to help quantify these events.
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Figure 4. Main issues in the modeling of PSD.

Water-phase Events: There is no universal agreement on the mechanistic details of the
reactions that take place in the aqueous phase (aqueous-phase and phase-transfer events),
including the potential importance of the side reactions of the initiator in the aqueous phase.
The formation of water soluble oligomers and polymers will obviously play an important role
in the development of the PSD. These species can act as in situ surfactants, and can also
influence the latex viscosity. A better understanding of their formation and the role(s) played
by these species is needed.

Radical Entry: Our discussion shows that radical entry is not yet an entirely resolved issue, and
in certain cases the lack of mechanistic information might remain concealed since the highly
complex models used to describe these systems often rely upon fitted parameters.

Particle Coagulation (Modeling): Modeling studies can occasionally present a somewhat
misleading picture of the significance of particle coagulation. Coagulation is often neglected
without proper justification because of the added complexity it represents. There is nonetheless
experimental evidence supporting the role of coagulation in particle formation. As a result,
accounting for coagulation should be the rule, not the exception. The problem is that
estimating the particle coagulation rates is not a simple matter, as explained above.

Particle Coagulation (Mechanism): Of course, in order to include coagulation in models of the
PSD in EP, it is obviously necessary to have a mechanistic description thereof. Despite past
efforts to overcome our limited knowledge of this aspect of EP, current understanding of
particle formation and stability is based on simple theoretical models that describe colloidal
interactions through various simple micellar, or more advanced DLVO-type models. The
DLVO approach is faced with two fundamental problems: (1) the difficulty in obtaining
reliable estimates for a number of input parameters; (2) the DLVO theory itself is possibly not
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applicable under emulsion polymerization conditions. Added to the perikinetic coagulation
kernel, in several cases, orthokinetic coagulation cannot be neglected. The estimation of the
orthokinetic coagulation impact is itself difficult and may require complicated fluid dynamic
simulations. Moreover, the effect of both phenomena is most probably not additive.

Secondary Particle Formation: In comparison to ab initio particle formation, SPF is
significantly more complicated to quantify. In large part, this is because it simply adds a
second level of complexity to an already complicated problem. Secondary particles will
necessarily be of a size different from those already in the reactor and will therefore present
different kinetic and stability problems.

Monomer and surfactant partitioning: While most monomer partitioning models assume
equilibrium, and thus instantaneous monomer distribution to compensate its consumption by
the reaction, this is not the case in fast reaction systems or when mixing is not efficient.
Surfactant partitioning might also be dependent on the reaction conditions and evolve with
time, especially for non-conventional surfactants. The measurement of monomer and

surfactant partitioning is also not a trivial task.

Abbreviations

AA acrylic acid

BA butyl acrylate

BD butadiene

CHDF capillary hydrodynamic fractionation
CSTR continuous stirred tank reactor
CTA chain transfer agent

DLS dynamic light scattering

DLVO Deryaguin-Landau-Verwey-Overbeek
DP degree of polymerization

2-EHA 2-ethyl hexyl acrylate

EP emulsion polymerization

HSC high solid content

MMA methyl methacrylate

MWD molecular weight disribution
PB pseudo-bulk

PBE population balance equation

PBM population balance model

PS polystyrene

PMMA polymethyl methacrylate

PSD particle size distribution

RTD residence time distribution

SDS sodium dodecyl sulfate

SLS static light scattering

SPF secondary particle formation

Sty styrene

TEM transmission electron microscopy
VAc vinyl acetate

VCM vinyl chloride monomer
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Nomenclature

a: particle surface (m%)

a(f,v, t): vector of aggregation terms (part m> m~ s™)

A: Hamaker constant

Ap: surface of the particle phase (m?)

c: pseudo first order rate coefficient for termination in the particles (s™)

Ce,i: electrolyte concentration of ionic species i (mol m?)

CMC: critical micellar concentration (mol m™)

[CTA]: chain transfer agent concentration (mol m™)

d: particle diameter (m)

ds: the mass-based fractal dimension

d; : diameter of radical of size i (m)

D: mutual diffusion coefficient of two particles (m? s™")

Dy,: diffusion rate coefficient of monomer (or oligoradicals) in the hairy layer (m? s
Dy, diffusion coefficient of monomer (or oligoradicals) in the polymer particle (m? )
D,,: diffusion coefficient of monomer (or oligoradicals) in the aqueous phase (m? )
e : electron charge (C)

E, : heat of adsorption for the first layer (J mol™)

Ey: heat for the second and higher layers (J mol™)

E4es: net energy barrier for desorption (J mol™)

EM;: desorbed radical of length i

[E*],,: total concentration of exited radicals (mol m™)

[EM;]y: concentration of exited radicals after propagation in the aqueous phase with i monomer units (mol m?)
f(r,t): number of particles density (part dm™ m™)

f(v, t): vector number density function (part m” m™)

fin(v,t) : inlet vector number density function (part m'm?)

fim (U, t), f1p(v, t): number density function for particles having monomeric or polymeric radicals respectively (part m’
m'3)

fow, t), fi(v,t), f,(v,t): number density function for particles having no radicals, one or two radicals respectively (part
m’ m'3)

fu: frequency of transfer to monomer (or CTA) (s™)

fe: radical entry efficiency

fi: initiation efficiency

G, G': hydrodynamic functions

H: the Heaviside step function

i: chain length

I, : ionic strength (mol m™)

[1]: initiator concentration (mol m™)

[I],: initial initiator concentration at time (mol m™)

[I*]: primary radicals concentration (mol m™)

[IM;],,: concentration of initiator-derived radicals in aqueous phase with i monomer unit (mol m™)
Jer- critical DP for particle formation by homogeneous nucleation for radicals generated by the initiator
Jeer: critical DP for particle formation by homogeneous nucleation for exited radicals
ky: rate of diffusion of a monomeric radical out of a particle (s'l)

kg: Boltzmann constant (J K™)

kg: rate coefficient for initiator decomposition s

k 4es: radical desorption rate coefficient (s™)

k,: rate coefficient for entry of initiator-derived radicals into particles (m’ mol™ s™)

ke g: rate coefficient for entry of transfer-derived radicals into particles (m® mol™ s
ke rate coefficient for entry of initiator-derived radicals into micelles (m® mol™ s™")
kem g: rate coefficient for entry of transfer-derived radicals into micelles (m® mol™ s™)
kecTa: rate coefficient for transfer to chain transfer agent (m’ mol' s

ke : rate coefficient for transfer to monomer (m® mol™ s™)

kl.j : partition coefficient of monomer i in phase j

ky: rate coefficient for propagation in the polymer particles (m® mol™* s

ky: rate coefficient for propagation of chain-transfer-generated radicals (m®* mol™ s™)
ko rate coefficient for propagation in the aqueous phase (m® mol™ s™)

k. reentry coefficient of exited radical into particles (m® mol™ s™)

kyp: rate coefficient for radical termination in the polymer particles (m’ mol s7™)
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ky: rate coefficient for radical termination in the aqueous phase (m” mol™ s™)

K: coefficient of particle volume growth (m®s™)

L: surface-to-surface distance between particles (or the particle and the radical) (m)

m: partition coefficient of radicals between the polymer particles and the aqueous phase, usually approximated by m =
[M]p/[M]w.

m; : mass of radical of size i (kg)

my;: the ratio of the equivalent number of segments of components i and k

[M{],: concentration of radicals of length i in the polymer particles (mol m”)

[M],: concentration of monomer in the polymer particles (mol m”)

[M],,: concentration of monomer in the aqueous phase (mol m?)

My: molecular weight of monomer (kg mol™)

[MIC]: concentration of micelles (mol m™)

n(r) : number of radicals in a particle of size r

n: nucleation vector

n(r, t): average number of radicals per particles of size r

N : number of particles per unit volume (part m™)

N, : Avogadro’s number (mol™)

N; : number of particles containing i radicals per unit volume (m™)

P: probability that a desorbed chain reacts in water

Pe: Peclet number

p, p': undetermined constants, adjustable parameters

r : particle radius (m)

1; : the radius of phase i (m)

Thue: Nucleation radius (m)

R: center-to-center distance between particles (m)

R;: rate of generation of initiator radicals in Harada et al. desorption model (molecule m™s™)
Rpuc: nucleation rate (mol m™ s™)

Rpom1: homogeneous nucleation rate by initiator derived radicals (mol m”s™)

Rpom g: homogeneous nucleation rate by exited radicals (mol m> s

Rpjic1: micellar nucleation rate by initiator derived radicals (mol m>s™

Rpic g : micellar nucleation rate by exited radicals (mol m> s

Rg: monomer propagation rate in the polymer particles (mol s™')

Rp’: monomer propagation rate in the aqueous phase (mol s

s: maximum chain length of radicals in equilibrium with aqueous phase (that may desorb) in Nomura and Grady models
s(f,v,t): source function (part m> m™ s™)

T: temperature of the system (K)

[T*],,: total concentration of oligomeric radicals in the aqueous phase (mol m?)

Vr, VI max: interaction energy and maximal interaction energy between a pair of particles (J)
VJ: volume of phase j (j = w, d, p, water, droplets, polymer particles) (m3)

Vij: volume of species i in phase j (m’)

V, : attractive potential energy (J)

Vr : repulsive potential energy (J)

Vr : total potential energy of interaction (J)

VV: flow rate (ms™)

wp, : weight fraction of polymer in the particles

W: used to indicate to Fuchs’ stability ratio between two particles as well as the electrostatic repulsion between the
charged oligomeric radical and the charged particle surface in some radical entry models (-)
x: ratio of the partial pressure of the adsorbate to its saturation partial pressure at the system temperature (replaced by its
concentration in the liquid phase for liquids)

z: minimal DP for radical entry

Greek letters

B (r,7"): coagulation rate coefficient between particles of swollen radii 7 and r’ (m®s™)

Baige(r, ") and Beony (1, 7"): diffusive and convective coagulation rate coefficients respectively (m® s™")
y: interfacial tension (N m'l)

y: shear rate (s'l)

6: Dirac function

61: thickness of the hairy layer (m)

AG: free energy of mixing (J mol™)
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AHp,: propagation enthalpy (J mol™)

&: permittivity of the medium

&o: permittivity of free space

&1 permittivity ratio of the continuous phase of the medium

e: dissipation rate of turbulent kinetic energy per unit mass (J kg s™)
6: residence time (s)

k: inverse Debye length (m™)

w: dynamic viscosity of the medium (Pa s)

v: kinematic viscosity (m*s™)

v: vector of volume growth rates (m™ s™)

v;: molar volume of monomer i (m® mol ™)

p: total entry frequency of radicals into particles (p = p; + pg) (s™)
pg: entry frequency of monomeric transfer-derived radicals into particles (s ™)
pp: entry frequency of initiator-derived radicals into particles (s™)
Pp: polymer density (kg m”)

Paes: radical desorption rate (mol s™)

os: surface charge due to surfactant

oy surface charge due to initiator-derived radicals

v: particle volume (m®)

v : the electrolyte valence

;. ionic valence

d)ij : volume fraction of phase i in phase j (-)

J

i,sat *

volume fraction of phase i in phase j under homosaturation (-)

d)i"jsat : volume fraction of phase i in phase j under saturation (-)

Xix: interaction parameter between species i and k
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