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Quiñonez-Ángulo, Enrique Saldı́var-Guerra and José Dı́az-Elizondo et al.
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Preface to ”Modeling and Simulation of
Polymerization Processes”

Polymer reaction engineering (PRE) is the branch of engineering that deals with the technology

of large-scale polymer production and the manufacture of polymer products through polymerization

processes. PRE is a broad and multidisciplinary area, relatively young and developing fast,

combining polymer science, chemistry, and technology with the principles of process engineering.

The practical history of PRE started and evolved during the first half of the twentieth century. The

1930s were rich with theoretical findings in polymer science and engineering and with the commercial

production of several new polymers. These investigations would transform our understanding

of polymer manufacture and culminate in the development of several continuous polymerization

processes and the establishment of PRE as a new area of research in the 1940s. The period from

1950 to 1990 saw the continued growth and evolution of process technologies, largely stimulated by

the combination of PRE principles with the fundamental understanding of polymerization kinetics

developed in earlier years. These principles include the development of mathematical models for

polymerization processes and their solution using mathematical packages or specialized chemical

engineering or polymerization software. The modeling and simulation of polymerization processes

(MSPP) has been fundamental in the development of polymerization technologies since the early

stages of PRE to date.

The importance of MSPP has already been recognized by MDPI Processes. A few related

issues have been published in the last few years: “Computational Methods for Polymers”, Masoud

Soroush, August 2019; “Modeling, Simulation and Control of Chemical Processes”, José Carlos Pinto,

2019; “Renewable Polymers: Processing and Chemical Modifications”, Marc A. Dubé and Tizazu

Mekonnen, March 2019; “Process Modelling and Simulation: Cesar de Prada, Costas Pantelides

and Jose Luis Pitarch, February 2019; and “Polymer Modeling, Control and Monitoring”, Masoud

Soroush, February 2016.

The previous issues of Processes on related PRE topics have focused on recent specialized topics.

This Special Issue on “Modeling and Simulation of Polymerization Processes”aimed to address both

new findings on basic topics as well as the modeling of emerging aspects of product design and

polymerization processes. It provides a nice view of the state of the art with regard to the modeling

and simulation of polymerization processes. The use of well-established methods (e.g., the method

of moments) and relatively more recent modeling approaches (e.g., Monte Carlo stochastic modeling)

to describe the polymerization processes of long-standing interest in industry (e.g., rubber emulsion

polymerization) to polymerization systems of more modern interest (e.g., RDRP and plastic pyrolysis

processes) are comprehensively covered in this Special Issue.

We are indebted to Prof. Alexander Penlidis, from the University of Waterloo, in Canada, who

suggested our names for this Special Issue, and for his continuous help and guidance in key aspects

of our academic paths.

Eduardo Vivaldo-Lima and Yousef Mohammadi

Editors

ix
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This Special Issue (SI) of Processes on Modeling and Simulation of Polymerization
Processes (MSPP), and the associated Special Issue reprint, contain papers that deal with
this very important area of scientific investigation in polymer science and engineering,
both in academic and particularly industrial environments.

Polymer reaction engineering (PRE), also known as macromolecular reaction engi-
neering (MRE), is the branch of engineering that deals with the technology of large-scale
polymer production and the manufacture of polymer products through polymerization
processes. PRE is a broad and multidisciplinary area, which combines polymer science,
chemistry, and technology with the principles of process engineering. The practical history
of PRE started and evolved during the first half of the twentieth century. The 1930s were
rich with theoretical findings in polymer science and engineering, and with the commercial
production of several new polymers. These investigations would transform our under-
standing of polymer manufacture and culminate in the development of several continuous
polymerization processes and the establishment of PRE as a new area of research in the
1940s. The period from 1950 to 1990 saw the continued growth and evolution of process
technologies, largely stimulated by the combination of PRE principles with the fundamen-
tal understanding of polymerization kinetics developed in earlier years. These principles
include the development of mathematical models for polymerization processes, and their
solution using mathematical packages or specialized chemical engineering or polymer-
ization software. MSPP has been fundamental in the development of polymerization
technologies since the early stages of PRE to date.

Previous issues of Processes on PRE have focused on recent specialized topics [1–6].
This Special Issue on MSPP aimed to address both new findings on basic topics as well as
modeling of emerging aspects of product design and polymerization processes. In spite
of rather adverse times for academic paper publishing (the COVID-19 pandemic slowed
down academic and all types of activities globally), and the call for special issues on PRE
topics in other journals that appeared soon after our call had been released (e.g., [7], where
we also contributed), and the fact that potential contributions from emerging countries
were indirectly discouraged by Processes (by not providing fee discounts to contributions
from these countries), nine interesting papers were published in this SI nonetheless.

A brief description of content and contributions of each of the nine contributed papers
from this SI is offered below.

The first contributed paper addresses the reversible deactivation radical polymer-
ization (RDRP) of methyl methacrylate (MMA) using dithiolactone controllers, which in
principle should follow a reversible addition-fragmentation chain transfer (RAFT) radical
polymerization mechanism [8]. The authors claim that the system can be well represented
by reversible addition, thus neglecting fragmentation, a mechanism simplification which
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has been questioned. Although the agreement between calculated and experimental data
was only moderate, considering a single set of parameters for a wide window of reaction
conditions, there are several interesting ideas and arguments in the discussion: (i) model
discrimination in RAFT polymerization is not a straightforward issue and typical exper-
imental data are not enough to discriminate among rival models; (ii) although it should
be standard practice, the authors remind us that robust mathematical models should pro-
vide adequate description of broad windows of operating conditions with a single set
of parameters, and not tuning the parameters for each experimental condition; (iii) full
molecular weight distributions (MWD) should be used for model validation purposes; and
(iv) as much as possible, independent experimental measurements should be sought (for
instance, radical concentration measurements by EPR provided insightful information for
the analysis of model completeness).

In the second contribution, Ordaz-Quintero et al. [9] compared the pyrolysis of
polystyrene (PS) and a modified PS obtained by adding a nitroxide-end moiety (e.g.,
TEMPO) (PS-T), hypothesizing that by using PS-T, the initiation process to produce
monomer (unzipping) during the pyrolysis process at temperatures above the ceiling
temperature of PS (310 ◦C) would be enhanced due to the tendency of PS-T to activate
at the nitroxide end at high temperatures. To test this hypothesis, PS-T was prepared in
their lab by nitroxide-mediated polymerization (NMP), and regular PS was synthesized
by conventional free-radical polymerization (FRP) and the two types of materials were
subjected to their thermal pyrolysis process. They found that the yield of styrene increases
from ∼33% in the case of dead polymer, to ∼38.5% for PS-T (a yield enhancement of
15–16%). Not only did they provide an innovative use of NMP for adding value to plastic
waste by pyrolysis of the waste material, but they also presented mathematical models for
the pyrolysis of PS and PS-T. They also carried out parameter sensitivity analyses and data
fitting, observing adequate agreement with the experimental trends observed.

The third contribution deals with the detailed modeling of the polymerization of
non-ionized acrylic acid in aqueous solution [10]. The polymerization process considered
is initiated by a persulfate/metabisulfate redox couple and the kinetic scheme considers
the possible formation of mid-chain radicals and transfer reactions. The proposed model
is validated using experimental data collected in a laboratory-scale discontinuous reactor.
The developed kinetic model is then used to intensify the discontinuous process by shifting
it to a continuous one based on a tubular reactor with intermediate feeds. One of the
experimental runs is selected to show how the proposed model can be used to assess the
transition from batch to continuous processes and allows a faster scale-up to industrial
scale. This is a nice example of innovative changes in operation of a reasonably well-
established polymerization processes. Particularly, the initiating system is non-standard,
and the approach adopted to transfer the discontinuous production to a continuous one is
relatively new and thus represents an interesting application of the proposed methodology.

In the fourth contribution, Seyedi et al. present a comprehensive study on the effect of
initiator feeding policies on polymerization rate and molecular weight development in the
semibatch homopolymerizations of styrene and MMA using a highly effective and flexible
Monte Carlo algorithm developed in their work [11]. This is also a nice example of gaining
deeper understanding and new knowledge about apparently fully understood processes,
using novel mathematical approaches. The approach is general and can easily be applied
to a variety of polymerizations.

The radical homopolymerization kinetics of 3-(methacryloylaminopropyl) trimethy-
lammonium chloride (MAPTAC) and its batch copolymerization with nonionized acrylic
acid (AA) in aqueous solution are extensively investigated and modeled in the fifth con-
tribution of this issue [12]. This contribution is part of a series of papers on the copoly-
merization kinetics of cationic monomers published by the authors in different journals
to broaden and generalize the knowledge of these systems. The novelty in this case is
the use of a different cationic monomer (MAPTAC), compared to the earlier studies from
the same group. One of the unique aspects of this contribution is the way in which an
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otherwise conventional free radical copolymerization kinetics modeling framework is
soundly adapted to the presence of cationic monomers and their ion-related features.

The sixth contribution of this issue deals with the mathematical modeling of the
production of elastomers by emulsion polymerization in trains of continuous reactors [13].
A single mechanistic model was built and used to describe the production of both SBR and
NBR elastomers in trains of emulsion polymerization CSTRs. Some novel aspects of this
model compared to previous models are the following: (i) radical compartmentalization
was considered in more detail, both in the particle kinetics description and in the calcula-
tion of the moments of the MWD, and for the first time, a 0-1-2 model was used to describe
these two important aspects in these processes; (ii) the monomer partitioning model was
as simple as possible, and its parameters could be estimated a priori based on published
physicochemical data; and (iii) a single modeling framework was presented in a unified
form for the SBR and NBR systems. This is another nice example of how detailed knowl-
edge and experience about an important industrial emulsion polymerization processes
significantly benefit from deeper analysis and model improvements of systems considered
“well-understood”.

In the seventh contribution, Valencia et al. addressed the analysis of the polymeriza-
tion of ethylene via zirconocene catalysts and organoboron activators, using experimental
and mathematical modeling tools [14]. The novel aspects of this contribution include the
proposal of a mathematical model for this type of catalytic system. Highlights include: (i) a
systematic investigation of the effect of the different types of catalyst, activators, solvents,
and operating conditions on ethylene polymerization rate and catalyst activity; (ii) esti-
mations of ethylene concentrations in the liquid solvent based on Duhem’s theorem in a
VLE system; (iii) estimation of kinetic rate constants by optimization protocols and the
method of moments; and (iv) description of the kinetic behavior of different species during
the polymerizations. This is an example on the use of PRE tools for new systems, or for
systems not previously described with these tools.

In the eighth contribution, Vega-Hernández et al. presented a critical review on the
synthesis, characterization, and modeling of polymer grafting [15]. Although the motiva-
tion behind this review stemmed from grafting synthetic polymers onto lignocellulosic
biopolymers, a comprehensive overview is also provided on the chemical grafting, char-
acterization, and processing of grafted materials of different types, including synthetic
backbones. Although polymer grafting has been studied for many decades, so has the
modeling of polymer branching and crosslinking for that matter, thereby reaching a good
level of understanding to describe existing branching/crosslinking systems, polymer graft-
ing has remained behind in modeling efforts. Areas of opportunity for further study are
suggested within this review.

Zhang et al. presented a study on the improvement of mechanical properties and
thermal stability of a composite material made of cellulose reinforced with clusters of silane
coupling agents grafted onto nano-SiO2 [16]. Mechanical property-related indicators of
the composite material, such as tensile modulus (E), shear modulus (G), bulk modulus (K)
and Poisson’s ratio (V), are calculated using molecular dynamics simulations. This con-
tribution complements the types of mathematical approaches used in PRE for product or
process modeling. This special issue manages to provide a nice view of the state-of-the-art
on modeling and simulation of polymerization processes. The use of well-established meth-
ods (e.g., the method of moments) and relatively more recent modeling approaches (e.g.,
Monte Carlo stochastic modeling) to describe polymerization processes of long-standing
interest in industry (e.g., rubber emulsion polymerization) to polymerization systems of
more modern interest (e.g., RDRP and plastic pyrolysis processes) are comprehensively
covered in this issue.

One can locate and read these papers via the following link: https://www.mdpi.com/
journal/processes/special_issues/polymerization_processes (accessed on 1 May 2021).

Funding: This research received no external funding.
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Abstract: Cellulose is an important part of transformer insulation paper. Thermal aging of cellulose
occurs in long-term operation of transformers, which deteriorates the mechanical properties and
thermal stability of cellulose, resulting in a decrease in the transformer life. Therefore, improvement
of the mechanical properties and thermal stability of cellulose has become a research hotspot. In this
study, the effects of different silane coupling agents on the mechanical properties and thermal stability
of modified cellulose were studied. The simulation results showed that the mechanical parameters of
cellulose are only slightly improved by KH560 (γ-glycidyl ether oxypropyl trimethoxysilane) and
KH570 (γ-methylacrylloxy propyl trimethoxy silane) modified nano-SiO2, while the mechanical
parameters of cellulose are greatly improved by KH550 (γ-aminopropyl triethoxy silane) and KH792
(N-(2-aminoethyl)-3-amino propyl trimethoxy silane) modified nano-SiO2. The glass-transition
temperature of the composite model is 24 K higher than that of the unmodified model. The mechanism
of the change of the glass-transition temperature was analyzed from the point of view of free-volume
theory. The main reason for the change of the glass-transition temperature is that the free volume
abruptly changes, which increases the space for movement of the cellulose chain and accelerates
the whole movement of the molecular chain. Therefore, modifying cellulose with KH792-modified
nano-SiO2 can significantly enhance the thermal stability of cellulose.

Keywords: nano-SiO2; silane coupling agent; thermal stability; mechanical parameter; molecular simulation

1. Introduction

Oil–paper insulation systems guarantee safe operation of oil-immersed transformers,
but they are affected by various factors in long-term transformer operation [1–5]. Im-
provement of the mechanical properties and thermal stability of cellulose has become a
research hotspot. In recent years, the rise of nanotechnology has prompted research on
nanoparticle-modified cellulose insulating paper. Many researchers have made progress
in this field [6–10]. Liu used nano-Al2O3 to modify insulating paper and studied the
depth and degree of the traps [11]. The results showed that with increasing trap depth
and density, the breakdown field strength of the modified insulating paper increases, and
the conductivity decreases. The trap characteristics are the main reasons for the change
of the dielectric properties of the modified insulating paper. Liao used nanoparticles
to modify cellulose insulating paper, added SiO2 hollow microspheres and soaked the
modified insulating paper, and tested and analyzed its dielectric constant and breakdown
voltage [12]. When the content of SiO2 hollow microspheres was 5%, the dielectric constant
of the modified insulating paper was 34% lower than that of the unmodified insulating
paper, and the breakdown voltage of the oil–paper composite insulation system increased
by 15.5%. However, nanoparticles agglomerate in the process of modification. At present,
the main method to avoid agglomeration of nanoparticles is to modify the nanoparticles
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with silane coupling agents. Wang investigated the influences of different types of silane
coupling agents and grafting rate on the interface between nano-SiO2 and cellulose [13].
They found that the interface effect was different for silane coupling agents with different
chain lengths and groups. Therefore, it is necessary to study the mechanical properties and
thermal stability of cellulose modified by different types of silane coupling agents.

In this study, the nano-SiO2 content in all of the models was 5% [9,12,14]. The me-
chanical properties (tensile modulus, shear modulus, volume model, and Poisson’s ratio)
and thermal stability (glass-transition temperature and free-volume fraction) of cellulose
modified by nano-SiO2 modified by different silane coupling agents were investigated and
compared through a molecular dynamics simulation based on the same grafting rate of the
silane coupling agent. The mechanism of the change of the properties and thermal stability
was also investigated.

2. Molecular Dynamics Simulation

Because of the high surface activity of nano-SiO2, it is easily oxidized and produces
hydroxyl groups on the nano-SiO2 surface. First, the surface of the nano-SiO2 model needs
to be hydroxylated (the unsaturated O atoms on the surface must be treated with H and
the unsaturated Si atoms with -OH). Second, the hydroxyl groups at one end of the silane
coupling agent combine with the hydroxyl groups on the surface of nano-SiO2 to form
Si–O–Si so that the silane coupling agent can randomly connect to the O atoms on the
surface of nano-SiO2. There are three hydroxyl groups in a general silane coupling agent.
One of the hydroxyl groups of the silane coupling agent bonds to a hydroxyl group on
the surface of nano-SiO2, and the remaining two hydroxyl groups form condensation with
other grafted silane coupling agent molecules or exist in a free state. To simplify the model,
we considered that the other two hydroxyl groups in the model do not participate in the
condensation reaction.

Wang et al. [13] found that the grafting ratio is relatively good when the grafting
quantity is 4, and the influence of the size of the model on the simulation time has also
been investigated [15–17]. Therefore, different types of silane coupling agents with grafting
quantity of 4 were grafted on the surface of nano-SiO2, and the particle size of nano-SiO2
was 5 Å. First, nano-SiO2 was placed in a cell with dimensions of 40 × 40 × 40 Å, and
its centroid was set to coincide with the centroid of the cell. The cellulose chain (degree
of polymerization = 10) was filled in [18] using the packing function in the AC module,
and the initial density was set to 0.6 g/cm3. By applying pressure to different models, the
density can reach 1.45 g/cm3. Subsequently, the relevant parameters were calculated and
analyzed. The composite models constructed in this study are shown in Figure 1.

Figure 1. Composite models: (a) unmodified model, (b) KH550 model, (c) KH560 model, (d) KH570
model, and (e) KH792 model.

In this study, we used Molecular Simulation (MS) software. First, 5000 steps of geomet-
ric optimization were performed for the established amorphous model of nano-SiO2 and
cellulose. Second, annealing of the model was performed with annealing cycle of 5, initial
temperature of 300 K, and heating ramps per cycle of 13. Finally, 100 steps of the annealed

6



Processes 2021, 9, 766

convergence model were performed in the NVT ensemble. The dynamic simulation of
200 ps was performed in the NPT ensemble, and then the rationality criterion of the model
after the dynamic simulation was obtained. After the system reached a stable configuration,
the relevant parameters were analyzed. The pressure was set to 0.0001 GPa (standard
atmospheric pressure), the Ewald method was used for the electrostatic interactions, the
atom-based method was used for the van der Waals interactions, and the COMPASS force
field was used. A Nose–Hoover thermostat was used to collect the dynamic information
every 0.5 ps [19,20].

3. Results and Discussion
3.1. Mechanical Properties

The mechanical properties of materials are important indicators for characterizing
the mechanical strength. In this study, the relevant mechanical parameters of cellulose
were obtained by static elastic constant analysis (Table 1). The tensile modulus (E) is the
ratio of the stress to the strain. The material has higher rigidity and greater ability to resist
deformation due to the larger E. The shear modulus (G) is the ratio of the shear stress to
the strain. The bulk modulus (K) is the incompressibility of the material. Poisson’s ratio
(V) is the plasticity of the material, with a high value indicating high plasticity [21,22]. The
mechanical parameters of the models are shown in Figure 2. With increasing temperature,
the modulus values (E, G, and K) of each model gradually decrease, while Poisson’s ratio
(V) is relatively stable. This indicates that the temperature has a relatively large effect on
the deformation resistance, shear deformation resistance, and incompressibility of cellulose,
while the effect of temperature on the plasticity of cellulose is relatively small. Comparing
the mechanical properties of the models with four commonly used silane coupling agents,
the mechanical parameters (E, K, and V) of cellulose are only slightly improved by KH560-
and KH570-modified nano-SiO2, but the mechanical parameters (E and K) of cellulose are
greatly improved by KH550- and KH792-modified nano-SiO2, although Poisson’s ratio
(V) is not significantly improved. Therefore, compared with KH560 and KH570, nano-
SiO2 modified with silane coupling agents containing amino groups (KH550 and KH792)
can significantly improve the deformation resistance, shear deformation resistance, and
incompressibility of cellulose, with little effect on the plasticity.

Table 1. Free volume of the unmodified nano-SiO2 and cellulose composite model.

Temperature Free Volume (A3) Occupied Volume
(A3) FFV

303 K 7631.24 54,868.76 0.139082
323 K 7701.92 54,398.08 0.141584
343 K 7744.04 54,615.96 0.141791
363 K 7739.88 54,460.12 0.14212
383 K 7784.60 54,315.4 0.143322
403 K 7833.52 54,466.48 0.143823
423 K 8251.68 54,760.64 0.150686
443 K 8332.32 54,267.68 0.153541
463 K 8371.68 54,428.32 0.153811
483 K 8436.20 54,863.80 0.153766
503 K 8631.24 54,868.76 0.157307

3.2. Cross Energy

The energy is the most important property for the stability of the system. The energy
of the system can be expressed as

Etotal = (Einternal + Ecross) + Enonbond (1)
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where Einternal + Ecross is the bond interaction term and Enonbond is the non-bonding interac-
tion term. The changes of the overall potential energy and non-bonding interaction energy
of the models with temperature are shown in Figure 3.

Figure 2. Mechanical parameters of the models.

Figure 3. Energies of the models: (a) ungrafted model, (b) KH550 model, (c) KH560 model,
(d) KH570 model, and (e) KH792 model.
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From Figure 3, the total potential energy and non-bonding interaction energy of
all of the models essentially linearly increase, but the growth rate of the non-bonding
interaction energy is significantly lower than that of the total potential energy. In the
ungrafted model and KH550, KH560, KH570, and KH792 composite models, the starting
temperatures of the total potential energies are 386, 395, 411, 432, and 455 K, respectively.
From Equation (1), when the total potential energy of the system becomes greater than the
non-bonding interaction energy, the bond energy interaction term in the system changes
from the previously negative value to a positive value, while the repulsion force between
the atoms is greater than the attraction force between the atoms in the molecule, and the
chemical bonds become unstable. When the temperature gradually increases, some active
bonds and glycoside bonds are easy to break, which is the phenomenon of cellulose thermal
degradation. Once cellulose thermal degradation occurs, the degree of polymerization of
cellulose decreases, which leads to deterioration of the mechanical properties of cellulose.
Therefore, the main reason for the decrease of the mechanical properties of cellulose is that
the internal atomic force changes from attractive to repulsive, which makes the chemical
bonds unstable. The order of the temperatures corresponding to the cross-energy points of
the different models is KH792 > KH550 > KH560 > KH570 > pure.

3.3. Glass-Transition Temperature

The glass-transition temperature is the temperature of the transition from the glass
state to the high-elastic state. As a glassy substance, cellulose has a glassy state, a high-
elastic state, and a viscous-flow state, which are the three states of the polymer related
to temperature. The transition points between these states are called the glass-transition
temperature and melting point. The thermodynamic properties of the material obviously
change before and after the glass-transition temperature. Therefore, it is of great im-
portance to study the glass-transition characteristics of cellulose at high temperature to
improve its thermal stability. When studying the glass-transition temperatures of polymers,
the most commonly used and reliable method is the specific volume–temperature curve
method [23–26]. The specific volume is the reciprocal of the density, and it is the most com-
monly used physical quantity in determination of the glass-transition temperature. During
the glass transition, the specific volume and other properties of the material significantly
change along with molecular segment movement, and the curve of the specific volume
against the temperature abruptly changes. In this method, the specific volume obtained by
the NPT molecular dynamics simulation is plotted against the temperature. The inflection
point of the specific volume change with temperature is determined, and linear fitting is
performed before and after the inflection point. The intersection of the two fitted curves
is the turning point of vitrification, and the corresponding temperature is the vitrification
temperature. The obtained fitted curves of the vitrification temperature for the unmodified
and KH792-modified models are shown in Figure 4.

Figure 4. Specific volume–temperature curves of the models: (a) unmodified model and
(b) KH792 model.

From Figure 4, the glass-transition temperature of the cellulose and unmodified
nano-SiO2 composite model is 414 K, while that of the KH792-modified nano-SiO2 and
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cellulose composite model is 438 K. Thus, the glass-transition temperature of the KH792-
modified nano-SiO2 and cellulose composite model increases by 24 K. The glass-transition
temperature range of cellulose in the polymer manual is 250 to 580 K, so the value of the
glass-transition temperature obtained from simulation analysis in this study is reasonable.
However, it is only for reference, and it does not affect comparison between the glass-
transition temperatures of the modified model and unmodified model. The glass-transition
temperature of the KH792-modified nano-SiO2 and cellulose composite model is higher
than that of the unmodified nano-SiO2 and cellulose composite model, which shows that the
glass state to high-elastic state transition of the cellulose chain modified by KH792 is slower
than that of the unmodified model, which effectively delays the cellulose chain transition
from the glass state to the high-elastic state. Therefore, compared with the unmodified
composite model, for the cellulose chain modified by KH792, the modified nano-SiO2
and cellulose composite model can maintain better performance, the thermodynamic
performance is less affected by temperature, and the thermal stability is significantly
enhanced.

3.4. Free-Volume Fraction

In the molecular dynamics simulation, the free volume can be determined by the
interstices between the chains in the model system. The free volume and occupied volume
of the system can be measured by the Atom Volumes and Surface Tool in MS, and the
free-volume fraction (FFV) of the system can be obtained by the ratio of the free volume
to the total volume of the system (the sum of the free volume and occupied volume).
Because of the different expansion coefficient, the occupied volume of the polymer linearly
increases with temperature, and the free volume abruptly increases near the glass-transition
temperature. Therefore, the mechanism of the glass-transition temperature was analyzed
using free-volume theory. When calculating the free volume, the hard ball probe method
was used, and the probe radius was set to 1 Å [26–28]. The free-volume distributions of
the unmodified composite model and KH792-modified composite model are shown in
Figure 5. The blue parts of the figures are the free-volume distribution areas. The free
volumes of the unmodified composite model and KH792-modified composite model are
given in Tables 1 and 2, respectively.

Table 2. Free volume of the KH792-modified nano-SiO2 and cellulose composite model.

Temperature Free Volume (A3) Occupied Volume (A3) FFV

303 K 5424.80 56,672.80 0.087359
323 K 5422.48 57,077.52 0.086760
343 K 5492.64 56,907.36 0.088023
363 K 5543.68 56,756.32 0.088984
383 K 5624.60 56,532.08 0.090491
403 K 5667.92 56,775.40 0.090769
423 K 5687.43 56,301.52 0.091749
443 K 6198.48 56,689.52 0.098564
463 K 6147.60 56,352.40 0.098362
483 K 6309.80 56,190.20 0.100957
503 K 6511.24 56,908.76 0.102669

From Table 1, for the unmodified nano-SiO2 composite model, when the temperature
is 303–403 K, the change of the free volume is relatively small, However, above 423 K,
the free volume starts to increase, and a clear increasing trend appears. From Table 2,
for the KH792-modified nano-SiO2 composite model, when the temperature is 303–423 K,
the change of the free volume is small. However, above 443 K, the free volume starts
to increase, and the free volume also shows a significant increasing trend. The sudden
increase of the free volume increases the space for movement of the cellulose chain, leading
to increased movement. The cellulose changes from the glassy state to the high-elastic state,
and the thermal stability of the cellulose chain sharply decreases after it changes to the
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high-elastic state. The free volume increase of the unmodified nano-SiO2 composite model
occurs at 403–423 K, which is essentially the same as the glass-transition temperature of
the unmodified nano-SiO2 composite model obtained by the specific-volume method in
Section 3.3 (413 K). The free volume increase of the KH792-modified nano-SiO2 composite
model occurs at 423–443 K. This is consistent with the glass-transition temperature of the
modified composite model obtained by the specific-volume method in Section 3.3 (438 K).
Therefore, this section explains the microscale mechanism of improvement of the thermal
stability of cellulose modified by KH792-modified nano-SiO2 from the perspective of the
free volume.

Figure 5. Free volume of the models: (a) unmodified model and (b) KH792 model.

Above all, hydroxyl groups are produced after hydrolysis of silane coupling agent.
Therefore, the silane coupling agent can react with the silicon hydroxyl groups on the
surface of nano-SiO2, so that one end of the silane coupling agent can be connected with
the surface of nano-SiO2. The organic functional group of KH550 is amino, the organic
functional group of KH560 is epoxy, the organic functional group of KH570 is acyloxy,
and the organic functional group of kh792 is aminopropyl. Organic functional groups
determine the binding ability between nano-SiO2 modified by silane coupling agent and
cellulose. The addition of silane coupling agent enhances the compatibility between organic
phase and inorganic phase to a certain extent. At the same time, the addition of silane
coupling agent creates more hydrogen bonds between nano-SiO2 and cellulose, which
makes the structure of cellulose more compact.

4. Conclusions

In this study, the effects of silane coupling agents (KH550, KH560, KH570, and KH792)
on the mechanical properties and thermal stability of cellulose were investigated with
molecular dynamics simulation. It was found that the mechanical properties and thermal
stability of cellulose can be improved by silane coupling agents.

The temperature has a great effect on the deformation resistance, shear deformation
resistance, and incompressibility of cellulose, but it has little effect on its plasticity. The
mechanical parameters (E, K, and V) of cellulose are only slightly improved by KH560- and
KH570-modified nano-SiO2. However, the mechanical parameters (E and K) of cellulose are
significantly improved by KH550- and KH792-modified nano-SiO2, while Poisson’s ratio
(V) is only slightly improved. Therefore, this shows that silane-coupling-agent-modified
nano-SiO2 mainly affects the deformation resistance, shear deformation resistance, and
incompressibility of cellulose, but it has little effect on its plasticity. Silane coupling
agents containing amino groups significantly improve the deformation resistance, shear
deformation resistance, and incompressibility of cellulose. The mechanism of the change of
the mechanical properties was analyzed from the point of view of the energy. The reason
for the decrease of the mechanical properties of cellulose is that the internal atomic force
changes from attractive to repulsive, which makes the chemical bonds unstable. The overall
potential energy obtained from energy analysis is higher than the starting temperature
of the non-bonding energy, and the analysis results of the mechanical properties are
essentially the same. Therefore, nano-SiO2 modified by silane coupling agents can enhance
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the mechanical properties of cellulose, and nano-SiO2 modified by KH792 most significantly
improves the mechanical properties of cellulose.

The glass-transition temperature of the nano-SiO2-modified cellulose composite model
without surface modification is 414 K, and that of the KH792-modified nano-SiO2 composite
model is 438 K. Thus, the glass-transition temperature of the composite model increases
by 24% after surface modification of nano-SiO2 by KH792. The mechanism of the change
of the glass-transition temperature was analyzed from the point of view of free-volume
theory. The main reason for the change of the glass-transition temperature is that the free
volume abruptly changes, which increases the space for cellulose chain movement and
intensifies the overall movement of the molecular chain. The range of the glass-transition
temperature obtained by free-volume theory is essentially the same as that obtained by
the specific-volume method. Therefore, the thermal stability of cellulose is significantly
enhanced by modifying cellulose by KH792-modified nano-SiO2.
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Abstract: A critical review on the synthesis, characterization, and modeling of polymer grafting is
presented. Although the motivation stemmed from grafting synthetic polymers onto lignocellulosic
biopolymers, a comprehensive overview is also provided on the chemical grafting, characterization,
and processing of grafted materials of different types, including synthetic backbones. Although
polymer grafting has been studied for many decades—and so has the modeling of polymer branching
and crosslinking for that matter, thereby reaching a good level of understanding in order to describe
existing branching/crosslinking systems—polymer grafting has remained behind in modeling efforts.
Areas of opportunity for further study are suggested within this review.

Keywords: polymer grafting; polymer synthesis; polymer characterization; mathematical modeling;
polymer reaction engineering; reversible deactivation radical polymerization

1. Introduction

Graft copolymers consist of branches of polymer segments covalently bonded to
primary polymer chains. Graft copolymers containing a single branch are known as mik-
toarm star copolymers. The backbone and branches can be homo- or copolymers with
different chemical structures or compositions [1]. However, if the polymer molecule is a
homopolymer, the reaction route to produce the branches is known as polymer branching;
polymer grafting is usually considered as a chemical route to produce materials whose
branches are chemically different from the backbone or primary polymer chain. The
branches typically have the same chain size and are randomly distributed throughout the
backbone’s length as a consequence of the synthetic route used synthesize them. However,
more efficient methods that allow the synthesis of graft copolymers with equidistant and
same-length branches, with which the microstructure and composition can be controlled
to a remarkable level, have been developed [1]. From a surface-chemistry perspective,
this definition of polymer grafting is extended to composites in which the main chain
constitutes a diverse array of materials, ranging from brick and fiberglass to paper and
wood [2]. Materials with improved or simply different polymer properties from mechan-
ical, thermal, melt flow or dilute solution perspectives can be synthesized by polymer
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grafting [1,3–7]. The structure–properties relationship has been an important issue in the
analysis of polymer grafting [1].

Some of the first reports on polymer grafting available in the open literature (e.g.,
the oldest records available through Web of Science) include the grafting of polystyrene
(PSty) [8] and poly(methyl methacrylate) (PMMA) [9] onto “government rubber styrene”
(GRS) [8], which is a synthetic copolymer of butadiene and styrene, or onto natural rub-
ber [9]; grafting of PSty, poly(butyl methacrylate) (PBMA), poly(lauryl methacrylate)
(PLMA), poly(methyl acrylate) (PMA), and poly(ethyl acrylate) (PEA) onto PMMA with
pendant mercaptan groups [10]; grafting of polyacrylamide (PAM) onto polyacrylonitrile
(PAN), or the other way around (PAN onto PAM) [11]; grafting of PMMA onto PAN [12];
grafting of PSty onto polyethylene (PE) [13]; and grafting of several polymers, such as
PAN, PMMA, PSty, poly(acrylic acid) (PAA), and poly(vinylidene chloride) (PVDC), onto
cellulose [14–16], to name a few. A more complete literature review on the chemistry of
polymer grafting is summarized in Table 1.
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The renewed emphasis on the use of biobased monomers and biopolymers as a viable
route to decrease (synthetic) polymer waste and disposal issues has invigorated the research
efforts on the development of improved materials with important contents of biopolymers
(frequently as backbones); grating is part of the synthetic procedure of such materials.
These trends are in the scope of some recent review papers focused on polymer grafting,
which include the grafting of polymers onto cellulose [27,28], chitin/chitosan [29,30], or
polysaccharides in general [2,31].

The use of lignocellulosic waste as raw material for biorefining processes aimed
at producing value-added chemicals or materials (e.g., bioethanol, cellulose, xylose, or
hybrid materials, to name a few) has increased significantly since the start of the present
century. Biorefineries from lignocellulosic waste require multistep processes, starting
with pretreatment of the biomass. In this way, the constituent biopolymers are available
for subsequent reactive processes [32–35]. The synthesis of value-added materials from
lignocellulosic waste biomasses by using polymer grafting onto lignocellulose itself [36] or
onto its individual components (cellulose [27], hemicellulose [37], or lignin [38]) represents
an important route in the concept of biorefineries.

Although a few early studies focused on the mathematical descriptions of polymer
grafting under specific circumstances—such as the calculation of grafting efficiency and
molecular weight development of the grafted branches onto a pre-formed polymer contain-
ing pendant mercaptan groups capable of acting as effective chain transfer agents, based on
a comprehensive kinetic model including chain transfer to polymer and bimolecular poly-
mer radical termination [39], or the theoretical calculation of molecular weight distributions
of vinyl polymers grafted onto solid polymeric substrates by irradiation, also based on a
kinetic description of the growing of the grafted branches [40], and a few comprehensive
recent models for other specific situations (e.g., the detailed description of free-radical poly-
merization (FRP)-induced branching in reactive extrusion of PE [41])—are indeed available,
the fact is that the cases addressed by mathematical models are by far less common than
the available experimental systems. The purpose of the present review is to first offer a
rather detailed summary of what is known from a polymer chemistry angle about polymer
grafting, with an emphasis on what backbones and grafts are used, how active sites on
backbones are generated, and how polymer branches are grown or grafted, among other
process details. The second objective is to review what polymer grafting situations have
been modeled, which tools have been used, and what limitations persist. By doing that, we
can show areas of opportunity. Do keep in mind that the system that motivated this study
was the grafting of synthetic polymers onto lignocellulosic biopolymers.

2. Chemistry of Polymer Grafting

The main chemical routes for polymer grafting are the following: “grafting onto” (also
referred as “grafting to”), “grafting from,” and the macromonomer or macromer (or “graft-
ing through”) method [1,2,27,28]. There are general reviews focused on the synthesis of
grafted copolymers [1,2]. The ranges of backbones and grafts, backbone activating methods,
graft growing (polymerization) routes, characterization techniques, quantification methods
of grafting and branching molar mass distributions, and applications are so vast that re-
views on specific aspects or subtopics related to these issues have been written. For instance,
there are reviews focused on the grafting of polymer branches onto natural polymers [42]
and biofibers [43]; grafting onto cellulose [27] or cellulose nanocrystals [28]; grafting onto
chitin/chitosan [29,30]; microwave-activated grafting [31,44]; laccase-mediated grafting
onto biopolymers and synthetic polymers [2]; radiation-induced RAFT-mediated graft
copolymerization [45]; and polymer grafting onto inorganic nanoparticles [46] to name a
few.

Herein, brief descriptions of such chemical routes are provided. In Table 1 we provide
an overview of the grafted copolymer materials synthesized in the 1950–1970 period, plus
some additional more recent cases, considering backbone structure, functionalization or
active site generation techniques or procedures, grafted arm structure, polymer grafting
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technique, polymer grafting conditions, measured properties and characterization methods,
and related references. The literature on polymer grafting onto cellulose, chitin/chitosan,
lignocellulosic biopolymers, other polysaccharides and natural biopolymers, inorganic
materials, and metallic surfaces is addressed in the subsequent sections of this review.

2.1. Types of Polymer Grafting

As stated earlier, polymer grafting can proceed by the “grafting to” technique, where
a polymer molecule with a reactive end group reacts with the functional groups present in
the backbone; by “grafting from,” where polymer chains are formed from initiating sites
within the backbone; and by “grafting through,” where a macromolecule with a reactive
end group copolymerizes with a second monomer of low molecular weight. Simplified
representations of these grafting techniques are shown in Figure 1.
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“Grafting to” and “grafting from” are the most common polymer grafting chemical
routes. Better defined graft segments are obtained by the “grafting to” technique since the
polymerization is independent of the union between the backbone and grafts. In contrast,
materials of higher grafting densities can be produced by the “grafting from” route due to
the lack of steric hindrance restrictions [47].

However, each polymer grafting route has its own advantages and disadvantages in
terms of chemical nature, density, dispersity, and length of the grafts obtained, and the ease
and efficiency of the chemical reactions involved. Interestingly, different polymer grafting
routes can be combined to produce specific grafted materials [48].

2.2. Main Backbones Used in Polymer Grafting

A polymer backbone is a polymer molecule that supports polymeric side chains, called
branches or grafts. Side chains can be inserted onto the backbone during the synthesis of the
backbone (copolymerization situation) or as a post-production process of the backbone [49].
In the first case, polymers with homogeneous bulk properties are obtained. The second case
is very attractive since it allows the modification of many polymeric materials, including
natural and synthetic fibers, or inorganic and metal particles. Backbones processed by
polymer modification do not usually show significant changes in bulk properties. Surface
modification is often carried out following a “grafting from” technique; that is why this
method is also known as surface initiated polymerization (SIP) [50]. The backbones used
for polymer grafting can be synthetic polymers, biopolymers, or inorganic and metal
surfaces.
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Synthetic polymers are human-made polymers and include a wide variety of materials,
such as polyolefins, vinyl and fluorinated polymers, nylons, etc. The applications of
synthetic graft copolymers include the synthesis of antifouling membranes [51], stimuli-
response materials [52], and biomedical applications [53].

Biopolymers are produced by the cells of living organisms. Polysaccharides have
become important lately because of their characteristics of availability, biocompatibility,
low cost, and non-toxicity, making them candidates for substitution of petroleum-based
materials [47]. Polysaccharide-based graft copolymers are used as drug delivery carrier,
food packaging and wastewater treatment [54]. Some of the most studied polysaccha-
rides are cellulose [27,28], lignin [55], chitin/chitosan [29,56–58], starch [59], and various
gums [42].

Surface functionalization of inorganic and metallic particles that allow the incorpo-
ration of polymer shells by polymer grafting has also become important, since polymer
coatings alter the interfacial properties of the modified particles. Zhou et al. reviewed
different applications for inorganic and metallic particles grafted with biopolymers [50].
One important inorganic surface modified by polymer grafting is silica [60].

2.3. Backbone Functionalization Methods

Several chemical modification procedures have been developed due to the wide
variety of backbones of interest. Chemical modification reactions depend on the functional
groups (or absence thereof) along the backbone. Two main chemical routes used to attach,
grow, or graft polymer molecules onto lignin have been proposed [55]: (a) creation of new
chemically active sites, and (b) functionalization of hydroxyl groups.

The introduction of functional groups into a polymer backbone increases its reactivity,
making it accessible for forward polymerization or coupling reactions. Functionalization re-
actions are therefore required to generate the end functional pre-formed polymer or the reac-
tive end of the macromolecule species involved in the “grafting to” and “grafting through”
polymer grafting techniques, respectively. Functionalization is also required in the for-
mation of the macromolecular species, such as macro-initiators and macro-controllers,
involved in the “grafting from” polymer grafting technique [27,61]. The most important
functionalization reactions involved in polymer grafting include sulfonation, esterification,
etherification, amination, phosphorylation, and thiocarbonation, among others.

2.4. Backbone Activation Methods

Another way to generate grafting sites within the polymer backbone is to use polymer
grafting activators, such as free-radical initiators. As shown in Figure 2, polymer grafting
activators can be classified into physical, chemical, and biological. The main characteristics
of these activators are highlighted in Sections 2.4.1–2.4.4.
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Figure 2. Backbone activators used for polymer grafting.

2.4.1. Physical Activators

High energy radiation, also referred to as ionizing radiation, includes γ-beam and
electron-beam radiations. Radiation-promoted grafting may follow one of three possible
routes: (a) pre-irradiation of the backbone in the presence of an inert gas to generate free
radicals before placing the backbone in contact with monomers; (b) pre-irradiation of
the backbone in an environment containing air or oxygen to produce hydroperoxides or
diperoxides in its surface, followed by high temperature reaction with monomer; and (c) the
mutual irradiation technique, where backbone and monomer are irradiated simultaneously
to generate free radicals [62].

Plasma is a partially ionized gas where free electrons, ions, and radicals are mixed.
Different functional groups can be introduced, or free radicals can be generated on back-
bones by this process, depending on the gas used. Polymer grafting reactions carried out
in plasma are sometimes classified as high energy radiation reactions [63].

The absorption of UV light on the surface of the material generates free radicals
that serve as nucleation sites. The surface is then placed in contact with monomer for
subsequent polymerization [64].

Microwave irradiation consists of direct interaction of electromagnetic irradiation with
polar molecules and ionic particles, promoting very fast non-contact internal heating, which
enhances reaction rates and leads to higher yields. Singh et al. carried out a successful poly-
merization of acrylamide on guar gum under microwave irradiation [65]. They proposed a
mechanism in which free radicals are produced within the polysaccharide backbone by the
effect of microwave irradiation on the hydroxyl groups of the biopolymer [65].
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2.4.2. Chemical Activators

As shown in Figure 1, chemical activators include free radical and backbone oxidant
initiators. Free radical initiators are compounds that present either direct or indirect
homolytic fission. The first case involves the initiator itself and the second one requires
participation of another molecule from the environment [66].

Oxidant initiators react directly with functional groups from the backbone, generating
activation sites. Polymer grafting of polysaccharides using oxidant initiators has been
reported in the literature [66].

2.4.3. Biological Activators

Enzymes catalyze polymer modification reactions through functional groups located
at chain ends, along the main chain, or at side branches, promoting highly specific non-
destructive transformations on backbones, under mild reaction conditions. Successful
grafting of lignin by oxidation of its phenolic structures using laccases has been reported
recently [2].

2.4.4. Combined Activators

Combinations of physical and chemical activators for polymer grafting have been
successfully carried out. For instance, microwave assisted polymerization (MAP) has been
combined with the use of chemical activators for the production of hydrogels synthesized
by crosslinking graft copolymerization, taking advantage of the short reaction times re-
quired to obtain high yields [67,68]. Enzymes are also used in combination with radical
initiators for more effective grafting copolymerization processes [69,70].

2.5. Polymer Grafting by Free-Radical Polymerization

As stated earlier, the “grafting through” and “grafting from” techniques require a
polymerization reaction to bond the polymer grafts to the backbone. Different polymer-
ization methods have been used for polymer grafting, but the most effective ones use free
radical methods (e.g., FRP, RDRP, and REX), due to their versatility to work with different
chemical groups, and their tolerance to impurities. A short overview on free-radical poly-
merization reactions is presented in Table 2. Polymer grafting by FRP, and other reactions,
is affected by several factors, including the chemical nature of the components contained
in the system—backbone, monomer, initiator, and solvent—and the interactions among
them. Other aspects related to polymer grafting, including temperature and the use of
additives, need to be considered [67]. The synthetic routes and activators used in graft
polymerization provide a variety of interesting and versatile routes for this type of polymer
modification.

Table 2. Free-radical polymerization methods.

Polymerization Method General Description Type of Reaction

Conventional free-radical
polymerization (FRP)

Three steps involved: (1) initiation, with formation of
free radicals; (2) propagation, where free radicals react
with monomer; and (3) termination of polymer radicals
by either combination, disproportionation, or chain
transfer to small molecules. The simultaneous
participation of these reactions leads to broad molar
mass distributions.

Chain transfer reaction: free radicals generated in the
system tend to react with backbones by CTP, thereby
activating them.
Direct generation of free radicals along the backbone:
activators generate free radicals from reaction with
functional groups placed along the backbone, which
correspond to the initiating step of a SIP [27].
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Table 2. Cont.

Polymerization Method General Description Type of Reaction

Reversible deactivation
radical polymerization
(RDRP)

A group of polymerization techniques based on free
radical technology that controls the growth of polymer
molecules during the polymerization.
Polymer radicals are reversibly deactivated by effect of
controllers that act under some relatively new chemical
routes. These techniques allow the development of
advanced materials, with various architectures, and
well-defined microstructures.
Each technique has its own mechanism and conditions
that favor them. SIP can proceed by any of the known
RDRP techniques.

Atom transfer radical polymerization (ATRP): It is a
catalytic process where an alkyl halide macromolecule
reacts with the catalyst, allowing the formation of a
radical that propagates until it reacts again with the
catalyst, in a reversible way [71].
Nitroxide mediated polymerization (NMP): A stable
nitroxide free radical acts as controller, reversibly
deactivating the propagating and polymer radicals
forming dormant polymer molecules with
alkoxyamine end functionalities [50].
Reversible addition-fragmentation chain transfer
(RAFT) polymerization: Thiocarbonilthio compounds
are used as chain transfer agents which control
molecular weight development by reversible
activation-deactivation reactions [50].

Reactive extrusion (REX)

REX is a set of techniques designed to produce and
modify polymers, typically carried out in single or
twin extruders. Five main types of reactive
polymerizations caried out in extruders have been
reported: bulk polymerization, polymer grafting,
polymer functionalization, controlled degradation, and
reactive blending [72].
Reactions proceed in melt phase. Examples of polymer
grafting by REX include polyolefin [73] and starch
modifications [74].

Polymer modification by free-radical polymerization:
Free radical initiators such as peroxides are used to
generate activate sites within the backbone [73,75].
Polymer modification by insertion of active pendant
groups: It consists of the copolymerization of
monomers who have no functional groups with
co-monomers possessing pendant which make
polymer grafting easier to accomplish [49].

3. Backbones and Supports Used in Polymer Grafting

As explained earlier, grafted materials consist of side chains or arms attached to
primary polymers referred to as backbones. The purpose of polymer grafting is to combine
chemical, mechanical, interfacial, electrical, or other polymer properties between the
constituent materials. The diversity of backbones and the ways in which side chains are
attached to them through polymer grafting will be briefly overviewed in this section.

3.1. Cellulose, Lignin, and Lignocellulosic Biomasses as Backbones

Lignocellulosic biopolymers are abundant in nature. They are made of cellulose,
hemicellulose, and lignin. They also contain moisture, extractive organic compounds, and
ashes from inorganic compounds in lesser amounts. Each of these components has distinct
characteristics. The extractive organic compounds present in lignocellulosic biopolymers
are oligomers and oligosaccharides of low molecular weight, sugars, fatty acids, resins,
etc. [76].

Cellulose, hemicellulose, and lignin can be modified by polymer grafting leading to
new promising materials with interesting properties. However, the extractables are not
useful for this purpose since they are not part of a skeleton or stiff structure that may
provide support or mechanical stability. Extractables also consume reactants required for
the grafting process. They are usually removed prior to the polymer grafting process,
although in some studies, they remain in the system during the formation of grafted
arms [77].

Polymer grafting of xylan onto lignin has been studied since the early 1960s. Early
reports on the topic reported the grafting of organic polymers, such as 4-methyl-2-oxy-3-
oxopent-4-ene and methyl methacrylate polymers [78,79], xylan [80], ethylbenzene, and
styrene [81–84], onto lignin or lignin derivatives. The topic of polymer grafting of synthetic
polymers onto lignocellulosic biopolymers has gained renewed relevance in the last two
decades due to environmental and sustainability issues [27,85–94].
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Cellulose can be extracted from lignocellulose and used as such or modified for
other applications. Table 3 provides an overview of grafting of synthetic polymers onto
cellulose and natural fibers. (See the tables of Section 6 for explanation of abbreviations
and symbols.)

Lignin follows cellulose in abundance on earth, providing a primary natural source of
aromatic compounds [125]. Several industrial applications have been attempted for lignin [55,
125–127] but not all of them have succeeded due to different reasons [125,128–130].

Marton [8] described fifty-four different constituents that can be found in lignin
based on interpretation of experimental data from biochemical degradation, oxidation,
and other ways of decomposition of different types of lignin materials. The combinations
and proportions among these structures lead to different properties of lignin materials.
Three decades later, Lewis and Sarkanen [130] organized these fifty-four structures into
a map that they called phenylpropanoid pathway. As observed in Figure 3, lignins and
lignans are monolignol derived compounds. Sharma and Kumar described lignin as a
complex material consisting mostly of three single unit lignol precursors, coniferyl alcohol,
p-coumaryl alcohol, and sinapyl alcohol, along with other atypical monolignol constitutive
units in trace amounts [55].
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ammonia-lyase; 2, tyrosine ammonia-lyase (mostly in grasses); 3, cinnamate-4-hydroxylase; 4, hydroxylases; 5, CoA ligases
involving AMP and CoA ligation, respectively; 6, O-methyltransferases; 7, cinnamoyl-CoA:NADP oxidoreductases; 8,
cinnamyl alcohol dehydrogenases; 9, chalcone synthase; 10, chalcone isomerase. (Note: conversions from 7-coumaric acid to
sinapic acid and corresponding CoA esters are marked in boxes since dual pathways seem to take place; *: may also involve
7-coumaryl and feruloyl tyramines, and small amounts of single unit lignols). Source: Adapted with permission from Lewis
N. G. and Sarkanen S. (1998). Lignin and Lignan Biosynthesis, Washington, D.C.: Oxford University Press pp. 6–7 [130]
Copyright © 2021 by American Chemical Society.

The process used for lignin extraction and the final properties of the material depend
on the type of biomass employed [55]. Lignin is obtained from woods, which can be hard,
soft, bushes, rinds, husks, corncobs, either products or residues. A pulp is obtained from
these materials. The yield of lignin extraction depends on temperature, time, dispersion
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media, extraction method, and the amount of lignin present in the raw material. Lignin
extraction methods can be biological or enzymatic, physical, or chemical. Integrated solu-
tions are employed at the end to remove impurities from lignin so it can be bleached [55].
The complex structure of lignin contains specific surface moieties that provide reactive sites
where polymers and other species can be synthesized, bonded, or modified [55]. These
moieties were recognized as hydroxyl, carboxyl, carbonyl, and methoxyl groups.

There are two main routes for grafting of polymer chains onto lignin-based biopoly-
mers [55]: (a) synthesis of new reactive sites within lignin’s structure; and (b) modification
or functionalization of lignin’s hydroxyl groups. Route (a) allows lignin to become more re-
active, both at the surface, and within the bulk. Polymer modification by route (a) improves
both, the properties of lignin and those of the modified materials.

In route (b), a good number of functional groups can be placed in the end groups of
lignin (what is sometimes referred to as the surface of lignin). Katahira et al. [131] identified
seven side chain structures in the end groups of lignin: p-coumarate, ferulate, hydrox-
ycinnamyl alcohol, hydroxycinnamaldehyde, arylglycerol, dihydrocinnamyl alcohol, and
guaiacylpropane-1,3-diol end-units, as shown in Figures 4 and 5 [131]. However, it has been
proposed that the phenolic hydroxyl groups shown in Figure 4, and the aliphatic hydroxyl
functional groups corresponding to C-α and C-γ positions of the side molecule fragment
shown in Figure 5, are the most reactive [55]. Both routes allow one to produce grafted
materials, mainly polymers, and most of them come from route (b) above [85,132,133].
Further reports on lignin treatments and grafting can be found elsewhere [55,91,125,128].
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The overview on grafting of synthetic polymers onto cellulose and other lignocellulosic
biopolymers presented in Table 3 is further expanded in Table 4 to include other examples
of lignocellulosic biomasses, and other natural biopolymers, such as polysaccharides,
chitin, and chitosan. Examples of recent research reports (2020–2021) on synthesis of
grafted polymers are provided in Table 5. Tables 6–13 contain extensive information related
to characterization of polymer grafting. Table 14 summarizes the literature on modeling
of polymer grafting. Table 15 shows the polymerization scheme of FRP including CTP
and crosslinking. Finally, Tables 16–19 provide information on the many symbols and
abbreviations used throughout the review.
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Polysaccharides are abundant in nature, no matter whether in plants or animals, and
are important for in vivo functions. As observed in Figure 6, there is a wide variety of
polysaccharides, but the most abundant ones are cellulose and chitin. Cellulose provides
structure to the cell walls of plants. Chitin, on the other side, is part of the exoskeletons of
crustaceans, shellfish, and insects [169].
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Chitin is an abundant but only marginally used biomass. There are several reasons
why not many practical applications for chitin have been developed [169]: (a) bulky
structure; (b) insolubility in water and typical organic solvents; (c) it is harmful to recover
chitin, since the available procedures require the use of strong acids and bases; (d) native
chitin from crustaceans, which have exoskeletons that protect animals from their predators,
has fibrous structures rich in proteins and minerals; and (e) there is a need to remove
mineral and protein constituents in order to isolate chitin.

Chitosan was developed to overcome the drawbacks of chitin. Chitosan is com-
mercially attractive for production of biocompatible polymers for environmental and
biomedical applications [30]. It is basically a copolymer of N-acetyl-D-glucosamine and
D-glucosamine. It is obtained from the hydration of chitin. This hydration takes place in
alkaline solutions in a temperature range of 80–140 ◦C during 10 h [170,171].

Chitosan is a cationic polysaccharide, produced by deacetylation of chitin. Deacetyla-
tion proceeds to different levels depending on the intended uses. The physical properties of
chitosan, particularly solubility, depend on molecular weight and degree of deacetylation
of the material [172–174].

Modification of chitosan leads to a diversity of derivates, with differentiated properties.
As shown in Figure 1 of Deng et al. [174], different chitosan moieties are possible. Each
one of them is produced from grafting or other chemical or enzymatic modification forms.
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They differ in antimicrobial activity. Further studies on chitin-chitosan modification are
available in the literature [58,175–178].

3.2. Polymer Backbones

Polymer backbones are the most common substrates for grafting modification. Several
techniques can be used to create many possible combinations. Most of these developments
are focused on property improvement for industrial applications. They include synthesis
of adhesives; reinforcement of mechanical properties; improvement of chemical resistance;
synthesis of electro, optical, thermo responsive polymers; health care applications; and
self-healing polymers, among others [179].

Polymer grafting techniques have been reported since the late 1950s [8,9,11]. Polymers
based on acrylamide and acrylonitrile using polymer grafting techniques are included in
the early reports. However, the huge increase in research related to synthesis of materi-
als with controlled microstructures using polymer grafting techniques has been possible
due to the advances in reversible deactivation radical polymerization (RDRP) techniques
over the last three decades [180–184]. The main RDRP routes are nitroxide mediated
polymerization (NMP) [185], reversible addition fragmentation transfer polymerization
(RAFT) [180,186,187], and atom transfer radical polymerization (ATRP) [71,188], although
there are other polymer synthesis techniques, such as ring-opening polymerization
(ROP) [181] and click chemistry, among others, that can be used. Another important
aspect in polymer grafting is the solvent used for the reaction, particularly when grafting
proceeds as a heterogenous process. As observed in Table 19, solvents such as supercritical
fluids, mainly supercritical carbon dioxide, water, DMF, or combinations of solvents are
typically used for polymer grafting. These techniques have improved our skills to produce
molecularly well-defined, chain-end tethered polymer brush films. The assets of RDRP
have substantially impacted the synthesis and properties of surface-grafted polymers. Al-
though vinyl monomers are widely use in graft polymerization for backbones or side-arms,
other monomers coming from natural sources are increasingly being used. That is the
case, for instance, of ε-caprolactone, lactic acid [189], L-lactide, and butyrolactone. It is
also observed in Table 19 that other nontraditional monomers such as acrylamide (AM),
N-isopropylacrylamide (NIPAAM), and acrylates and methyl acrylates, such as methyl
methacrylate (MMA) and acrylic acid (AA), are being increasingly used in polymer grafting
applications. To get a glimpse of the focus of research papers that involve polymer grafting
as the chemical route for polymer modification, Table 5 summarizes journal reports on poly-
mer grafting from the current period (2020–2021). As expected, an increasing trend toward
the improvement of natural biopolymers using synthetic polymer arms is observable.

Table 5. Recent reports on the production of materials using polymer grafting (2020–2021).

Title a Reference

Synthesis of diallyl dimethyl ammonium chloride grafted polyvinyl pyrrolidone (PVP-g-DADMAC) and its
applications. [190]

Synthesis and characterization of biocompatible hydrogel based on hydroxyethyl cellulose-g-poly(hydroxyethyl
methacrylate). [191]

Poly(vinylidene fluoride) (PVDF)/PVDF-g-polyvinylpyrrolidone (PVP)/TiO2 mixed matrix nanofiltration
membranes: preparation and characterization. [192]

Synthesis and characterization of poly (acrylonitrile-g-lignin) by semi-batch solution polymerization and evaluation
of their potential application as carbon materials [193]

High crosslinked sodium carboxyl methylstarch-g-poly (acrylic acid-co-acrylamide) resin for heavy metal
adsorption: its characteristics and mechanisms. [194]

Preparation and characterization of PLLA/chitosan-graft-poly (ε-caprolactone) (CS-g-PCL) composite fibrous mats:
The microstructure, performance and proliferation assessment. [168]

Synthesis of partly debranched starch-g-poly(2-acryloyloxyethyl trimethyl ammonium chloride) catalyzed by
horseradish peroxidase and the effect on adhesion to polyester/cotton yarn. [195]
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Table 5. Cont.

Title a Reference

Cellulose Acetate thermoplastics with high modulus, dimensional stability and anti-migration properties by using
CA-g-PLA as macromolecular plasticizer. [196]

Superwettable PVDF/PVDF- g-PEGMA ultrafiltration membranes. [197]

Removal of malachite green using carboxymethyl cellulose-g-polyacrylamide/montmorillonite nanocomposite
hydrogel. [198]

Ultraviolet illumination responsivity of the Au/n-Si diodes with and without poly (linolenic acid)-g-poly
(caprolactone)-g-poly (t-butyl acrylate) interfacial layer. [199]

Synthesis of CO2-based polycarbonate-: G -polystyrene copolymers via NMRP. [200]

Compatibilization of iPP/HDPE blends with PE-g-iPP graft copolymers. [201]

Preparation, characterization of feather protein-g-poly(sodium allyl sulfonate) and its application as a
low-temperature adhesive to cotton and viscose fibers for warp sizing. [202]

Semi-Natural superabsorbents based on starch-g-poly(acrylic acid): Modification, synthesis and application. [203]

Design and development of polymethylmethacrylate-grafted gellan gum (PMMA-g-GG)-based pH-sensitive novel
drug delivery system for antidiabetic therapy. [204]

Preparation and characterization of bioinert amphiphilic P(VDF-co-CTFE)-g-POEM graft copolymer. [205]

Preparation, characterization of poly(acrylic acid)-g-feather protein-g-poly(methyl acrylate) and application in
improving adhesion of protein to PLA fibers for sizing. [206]

Antibacterial and pH-responsive quaternized hydroxypropyl cellulose-g-poly(THF-co-epichlorohydrin) graft
copolymer: Synthesis, characterization and properties. [207]

Thermally self-assembled biodegradable poly(casein-g-N-isopropylacrylamide) unimers and their application in
drug delivery for cancer therapy. [208]

Swelling capacity of sugarcane bagasse-g-poly(acrylamide)/attapulgite superabsorbent composites and their
application as slow release fertilizer [209]

Structure formation in pH-sensitive micro porous membrane from well-defined ethyl cellulose-g-PDEAEMA via
non-solvent-induced phase separation process [210]

Micelles with a loose core self-assembled from coil-g-rod graft copolymers displaying high drug loading capacity. [211]

Synthesis and water absorbing properties of KGM-g-P(AA-AM-(DMAEA-EB)) via grafting polymerization method. [212]

Preparation of hydrophilic woven fabrics: Surface modification of poly(ethylene terephthalate) by grafting of
poly(vinyl alcohol) and poly(vinyl alcohol)-g-(N-vinyl-2-pyrrolidone). [213]

The preparation, physicochemical and thermal properties of the high moisture, solvent and chemical resistant
starch-g-poly(geranyl methacrylate) copolymers. [214]

Reverse poly(ε-caprolactone)-g-dextran graft copolymers. Nano-carriers for intracellular uptake of anticancer drugs. [215]

High-performance solid-state bendable supercapacitors based on PEGBEM-g-PAEMA graft copolymer electrolyte. [216]

Design of well-defined polyethylene-g-poly-methyltrifluorosiloxane graft copolymers via direct copolymerization of
ethylene with polyfluorosiloxane macromonomers. [217]

Synthesis and characterization of poly(vinyl chloride-g-ε-caprolactone) brush type graft copolymers by
ring-opening polymerization and “click” chemistry. [218]

Adhesion of cornstarch-g-poly (2-hydroxyethyl acrylate) to cotton fibers in sizing. [219]

Polynorbornene-g-poly(ethylene oxide) through the combination of ROMP and nitroxide radical coupling reactions. [220]

Potent bioactive bone cements impregnated with polystyrene-g-soybean oil-AgNPs for advanced bone tissue
applications. [221]

Fabrication of cellulose nanocrystal-g-poly(acrylic acid-co-acrylamide) aerogels for efficient Pb(II) removal. [222]

The compatibilization of PLA-g-TPU graft copolymer on polylactide/thermoplastic polyurethane blends. [223]

Cellulose-g-poly-(acrylamide-co-acrylic acid) polymeric bioadsorbent for the removal of toxic inorganic pollutants
from wastewaters [224]

Performance improvement for thin-film composite nanofiltration membranes prepared on PSf/PSf-g-PEG blended
substrates. [225]
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Table 5. Cont.

Title a Reference

Synthesis and characterization of poly(vinyl chloride-g-methyl methacrylate) graft copolymer by redox
polymerization and Cu catalyzed azide-alkyne cycloaddition reaction. [226]

Encapsulation of NPK fertilizer for slow release using sodium carboxymethyl cellulose-g-poly
(AA-C0-AM-C0-AMPS)/ Montmorillonite clay-based nanocomposite hydrogels for sustainable agricultural
applications.

[227]

Engineering a “PEG-g-PEI/DNA nanoparticle-in- PLGA microsphere” hybrid-controlled release system to enhance
immunogenicity of DNA vaccine. [228]

Chitosan-g-oligo(L,L-lactide) copolymer hydrogel for nervous tissue regeneration in glutamate excitotoxicity:
In vitro feasibility evaluation [229]

a Searching criteria used in Scopus: (TITLE (“-g-”) AND TITLE-ABS-KEY (“poly”) AND TITLE-ABS-KEY (“graft”)).

Table 6. Common characterization methods.

Method Property Measured

Nuclear magnetic resonance
(NMR)

NMR identifies the nature of the group and the site where the graft is attached to the polymer
backbone. 1H NMR and 13C NMR are utilized depending on the chemical nature of the material
[73].

Infrared spectroscopy (IR)

Identification of specific functional groups grafted to backbone. It can also be used to quantify
grafting functionalities in modified polyolefins by determining the intensity of the characteristic
reference bands in the sample, and compare them to a calibration curve of known concentrations
of the same functional group [73].

Scanning electron
microscopy (SEM)

SEM is useful for the study of surface morphologies of grafted materials; also used as a tool to
confirm that grafting has taken place [59].

X-ray diffraction (XRD) XRD is useful for the study of crystallinity of chemical substances. Polymer grafting is associated
with changes in XRD patterns [59].

Size exclusion
chromatography (SEC)

It allows determination of molecular weight averages (MW) and molecular weight distributions
(MWD) of grafted chains [230], which must be separated from the backbone before carrying out
the analyses to focus on the grafts only.

Differential scanning
calorimetry (DSC)

This is utilized to evaluate changes in crystallinity through the thermal behavior between
backbones and grafted materials.

Thermogravimetric analysis
(TGA)

This is used to study changes in thermal decomposition profiles between backbones and grafted
materials.
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Table 15. Polymerization scheme for free-radical polymerization including CTP and crosslinking.

Reaction Step Kinetic Expression Remarks

Initiator decomposition I
kd→ 2R

First propagation R + M
ki→ P1

Propagation Pn + M
kp→ Pn+1

n = 1, . . . ∞

Termination by disproportionation Pn + Pm
ktd→ Dn + Dm n,m = 1, . . . ∞

Propagation through intermediate free radicals Pn,b + M
kp→ Pn+1,b

n = 1, . . . ∞
b = 0, . . . ∞

Chain transfer to polymer Pn,b + Dm,c
ktrp→ Dn,b + Pm,c+1

n, m = 1, . . . ∞
b, c = 0, . . . ∞

Propagation through pendant double bonds (crosslinking),
assuming a pseudo-kinetic rate constants method
(pseudo-homopolymer) approach

Pr + Ds
k∗0p→ Pr+s

r, s = 1, . . . ∞

Table 16. Symbols of application fields.

Symbol of Corresponding Application Meaning
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Figure 8. Simulation approach using kMC for the grafting of polyolefins with vinyl monomer M. Reprinted with permis-
sion from Hernández-Ortiz et al., AIChE J., 63(11), 4944–4961 [259]. Copyright 2017 John Wiley and Sons, New York. 

6. Nomenclature, Symbols, Abbreviations, and Chemical Structures 
As mentioned earlier, symbols and abbreviations used in this contribution are de-

fined and summarized in Tables 16–19. 

Table 16. Symbols of application fields. 

Symbol of Corresponding 
Application 

Meaning 

 

Biocomposites and biomaterials. Biocomposites and biomaterials.Processes 2021, 9, x FOR PEER REVIEW 65 of 91 
 

 

 

Green chemistry and innovative processes. 

 

Electronic materials, electrical properties, and conjugated polymers. 

 

Surface modification, hydrophilic or hydrophobic surfaces. 

 

Flame retardancy, additives for flame retardancy in polymer blends, 
thermal resistance materials. 

 

Antimicrobial applications. 

 

Adhesives, polymer networks, crosslinked polymers, gels. 

 

Controlled release of drugs and chemicals. 

 

Polymer composites and blends, by extrusion, casting or co-precipita-
tion. 

Green chemistry and innovative processes.
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Chelating properties, membranes, effluent remediation. 

 

Mechanical properties improvement, micro and nano reinforcement. 

 

Application in polyolefins, polyethylene, polypropylene. 

 

Aerogels, light, or porous materials. 

Table 17. Abbreviations used for characterization techniques. 

Abbreviation Meaning 
FTIR Fourier transformed mid-infrared spectroscopy. 
ATR Attenuated total reflection. 
1H-NMR Proton nuclear magnetic resonance. 
13C-NMR Carbon nuclear magnetic resonance. 
TT Tensile test. 
DMA Dynamical mechanical analysis. 
GPC Gel permeation chromatography. 
TGA Thermogravimetric analysis. 
DSC Differential scanning calorimetry. 
FR Flame retardancy. 
XPS X-ray photoelectron spectroscopy. 
EDAX Energy-dispersive X-ray analysis/spectroscopy. 
WAXD Wide Angle X-ray Scattering. 
XRF X-ray fluorescence. 

Table 18. Abbreviations of properties and variables measured by characterization techniques. 

Technique Abbreviation Explanation Units 

Chromatography 
MWD Molecular weight distribution of polymers. - 
Mn Number average molecular weight. g/gmol 

Thermal 

Tg Glass transition temperature. °C 
MDT Maximum degradation temperature. °C 
MFI Melt flow index. g/10 min 
THR Total heat release. MJ/m2 
PHRR Peak heat release rate. kW/m2 

Mechanical σ Maximum stress measured in tensile test. MPa 

Chelating properties, membranes, effluent remediation.
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Table 17. Abbreviations used for characterization techniques.

Abbreviation Meaning

FTIR Fourier transformed mid-infrared spectroscopy.

ATR Attenuated total reflection.
1H-NMR Proton nuclear magnetic resonance.
13C-NMR Carbon nuclear magnetic resonance.

TT Tensile test.

DMA Dynamical mechanical analysis.

GPC Gel permeation chromatography.

TGA Thermogravimetric analysis.

DSC Differential scanning calorimetry.

FR Flame retardancy.

XPS X-ray photoelectron spectroscopy.

EDAX Energy-dispersive X-ray analysis/spectroscopy.

WAXD Wide Angle X-ray Scattering.

XRF X-ray fluorescence.
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Table 18. Abbreviations of properties and variables measured by characterization techniques.

Technique Abbreviation Explanation Units

Chromatography MWD Molecular weight distribution of polymers. -

Mn Number average molecular weight. g/gmol

Thermal

Tg Glass transition temperature. ◦C

MDT Maximum degradation temperature. ◦C

MFI Melt flow index. g/10 min

THR Total heat release. MJ/m2

PHRR Peak heat release rate. kW/m2

Mechanical
σ Maximum stress measured in tensile test. MPa

ε Maximum elongation observed in tensile test. %

Table 19. Abbreviations and formulae of some chemical compounds and materials used.

Abbreviation Compound Chemical Structure Ref.

“P”
Before the name or abbreviation
of a monomer means polymer of
that monomer.

“B-g-C” Means “C” chains grafted to “B”
backbone.

THF Tetrahydrofuran.
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Abbreviation Compound Chemical Structure Ref. 

“P” 
Before the name or abbreviation of a mono-
mer means polymer of that monomer. 

  

“B-g-C” Means “C” chains grafted to “B” backbone.   

THF Tetrahydrofuran. 

 

[17,18] 

DMF Dimethylformamide. 

 

[121,125,139,1
41,144,146,14
7,151,152,165] 

DMSO Dimethyl Sulfoxide. 

 

[37,111] 

PDX 1,4-dioxane. 

 

[111,140,142,1
50] 

PP Polypropylene. 

 

[135] 

PE Polyethylene. 

 

[135] 

DCC Dicyclohexylcarbodiimide. 

 

[108,165] 

DMAP 4-Dimethylaminopyridine. 

 

[108,116,165] 

SBMA 
(E)-2-(N-methyloctadec-9-enamido)ethyl 
methacrylate. 

 

[134] 

[17,18]

DMF Dimethylformamide.
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Table 19. Abbreviations and formulae of some chemical compounds and materials used. 

Abbreviation Compound Chemical Structure Ref. 

“P” 
Before the name or abbreviation of a mono-
mer means polymer of that monomer. 

  

“B-g-C” Means “C” chains grafted to “B” backbone.   

THF Tetrahydrofuran. 

 

[17,18] 

DMF Dimethylformamide. 

 

[121,125,139,1
41,144,146,14
7,151,152,165] 

DMSO Dimethyl Sulfoxide. 

 

[37,111] 

PDX 1,4-dioxane. 

 

[111,140,142,1
50] 

PP Polypropylene. 

 

[135] 

PE Polyethylene. 

 

[135] 

DCC Dicyclohexylcarbodiimide. 

 

[108,165] 

DMAP 4-Dimethylaminopyridine. 

 

[108,116,165] 

SBMA 
(E)-2-(N-methyloctadec-9-enamido)ethyl 
methacrylate. 

 

[134] 

[121,125,139,141,144,
146,147,151,152,165]

DMSO Dimethyl Sulfoxide.
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Abbreviation Compound Chemical Structure Ref. 
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Before the name or abbreviation of a mono-
mer means polymer of that monomer. 

  

“B-g-C” Means “C” chains grafted to “B” backbone.   

THF Tetrahydrofuran. 

 

[17,18] 

DMF Dimethylformamide. 
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DMSO Dimethyl Sulfoxide. 

 

[37,111] 

PDX 1,4-dioxane. 

 

[111,140,142,1
50] 

PP Polypropylene. 

 

[135] 

PE Polyethylene. 

 

[135] 

DCC Dicyclohexylcarbodiimide. 

 

[108,165] 

DMAP 4-Dimethylaminopyridine. 

 

[108,116,165] 

SBMA 
(E)-2-(N-methyloctadec-9-enamido)ethyl 
methacrylate. 

 

[134] 

[37,111]

PDX 1,4-dioxane.
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Table 19. Abbreviations and formulae of some chemical compounds and materials used. 

Abbreviation Compound Chemical Structure Ref. 

“P” 
Before the name or abbreviation of a mono-
mer means polymer of that monomer. 

  

“B-g-C” Means “C” chains grafted to “B” backbone.   

THF Tetrahydrofuran. 

 

[17,18] 

DMF Dimethylformamide. 

 

[121,125,139,1
41,144,146,14
7,151,152,165] 

DMSO Dimethyl Sulfoxide. 

 

[37,111] 

PDX 1,4-dioxane. 

 

[111,140,142,1
50] 

PP Polypropylene. 

 

[135] 

PE Polyethylene. 

 

[135] 

DCC Dicyclohexylcarbodiimide. 

 

[108,165] 

DMAP 4-Dimethylaminopyridine. 

 

[108,116,165] 

SBMA 
(E)-2-(N-methyloctadec-9-enamido)ethyl 
methacrylate. 

 

[134] 

[111,140,142,150]

PP Polypropylene.
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Before the name or abbreviation of a mono-
mer means polymer of that monomer. 

  

“B-g-C” Means “C” chains grafted to “B” backbone.   
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[37,111] 

PDX 1,4-dioxane. 

 

[111,140,142,1
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PP Polypropylene. 

 

[135] 

PE Polyethylene. 

 

[135] 

DCC Dicyclohexylcarbodiimide. 

 

[108,165] 

DMAP 4-Dimethylaminopyridine. 

 

[108,116,165] 

SBMA 
(E)-2-(N-methyloctadec-9-enamido)ethyl 
methacrylate. 

 

[134] 

[135]

PE Polyethylene.
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Abbreviation Compound Chemical Structure Ref. 
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Before the name or abbreviation of a mono-
mer means polymer of that monomer. 
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THF Tetrahydrofuran. 
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(E)-2-(N-methyloctadec-9-enamido)ethyl 
methacrylate. 

 

[134] 

[135]
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DCC Dicyclohexylcarbodiimide.
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[134] 

[108,165]

DMAP 4-Dimethylaminopyridine.

Processes 2021, 9, x FOR PEER REVIEW 67 of 91 
 

 

ɛ Maximum elongation observed in tensile test. % 

Table 19. Abbreviations and formulae of some chemical compounds and materials used. 

Abbreviation Compound Chemical Structure Ref. 
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[108,165] 

DMAP 4-Dimethylaminopyridine. 

 

[108,116,165] 

SBMA 
(E)-2-(N-methyloctadec-9-enamido)ethyl 
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[134] 

[108,116,165]

SBMA
(E)-2-(N-methyloctadec-9-
enamido)ethyl
methacrylate.
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[134] [134]

SBMAH (E)-3-(octadec-9-enamido)propyl
methacrylate.
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[125,135] 
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 Imidazole. 
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IPG (1H-imidazol-1-yl) phosphonic group. 

 

[125,135] 

N’N’-MBA N’N’-methylenebisacrylamide. 

 

[98,164] 

[134]

SBMAEO
2-(N-methyl-8-(3-octyloxiran-2-
yl)octanamido)ethyl
methacrylate.
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Imidazole.
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[98,164] 

[125,135]

IPG (1H-imidazol-1-yl) phosphonic
group.
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FAS Ferrous ammonium sulphate. (NH4)2Fe(SO4)2 6H2O [110]

KPS Potassium persulphate.
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MTC-b-CD Monochlorotriazinyl-β-
cyclodextrin.
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hydride). 

 

[120] 

TBD 1,5,7- triazabicyclodecene [4.4.0]. 
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CuBr/PMDETA
N,N,N′,N′ ′,N”-
Pentamethyldiethylenetriamine
Cu(I)Br complex.
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PBMA Poly(butyl methacrylate).

Processes 2021, 9, x FOR PEER REVIEW 77 of 91 
 

 

PPG-A 
Poly(propylen glycol) acrylate. 
n = 5 

 

[140,143] 

DAEA Dehydroabietic ethyl acrylate. 

 

[140,142] 

PDAEA Poly(dehydroabietic ethyl acrylate). 

 

[140,142] 

BMA Butyl methacrylate. 

 

[140,144] 

PBMA Poly(butyl methacrylate). 

 

[140,144] 

PEGMA Poly(ethylene glycol) methacrylate. 

 

[140,148] 

[140,144]

PEGMA Poly(ethylene glycol)
methacrylate.

Processes 2021, 9, x FOR PEER REVIEW 77 of 91 
 

 

PPG-A 
Poly(propylen glycol) acrylate. 
n = 5 

 

[140,143] 

DAEA Dehydroabietic ethyl acrylate. 

 

[140,142] 

PDAEA Poly(dehydroabietic ethyl acrylate). 

 

[140,142] 

BMA Butyl methacrylate. 

 

[140,144] 

PBMA Poly(butyl methacrylate). 

 

[140,144] 

PEGMA Poly(ethylene glycol) methacrylate. 

 

[140,148] [140,148]

PPh3 Triphenyl phosphine.

Processes 2021, 9, x FOR PEER REVIEW 78 of 91 
 

 

PPh3 Triphenyl phosphine. 

 

[149] 

KEX Potassium ethyl xanthate. 

 

[151,152] 

 2-Bromopropionic acid. 

 

[151,152] 

GMA Glycidyl methacrylate. 

 

[153] 

XCA Xanthate carboxylic acid. 

 

[154] 

DMC 
[2-(Methacryloyloxy)ethyl] trimethyl-am-
monium chloride. 

 

[154] 

HONB N-Hydroxy-5-norbornene-2,3-dicarboxylic. 

 

[154] 

[149]

KEX Potassium ethyl xanthate.

Processes 2021, 9, x FOR PEER REVIEW 78 of 91 
 

 

PPh3 Triphenyl phosphine. 

 

[149] 

KEX Potassium ethyl xanthate. 

 

[151,152] 

 2-Bromopropionic acid. 

 

[151,152] 

GMA Glycidyl methacrylate. 

 

[153] 

XCA Xanthate carboxylic acid. 

 

[154] 

DMC 
[2-(Methacryloyloxy)ethyl] trimethyl-am-
monium chloride. 

 

[154] 

HONB N-Hydroxy-5-norbornene-2,3-dicarboxylic. 

 

[154] 

[151,152]

2-Bromopropionic acid.

Processes 2021, 9, x FOR PEER REVIEW 78 of 91 
 

 

PPh3 Triphenyl phosphine. 

 

[149] 

KEX Potassium ethyl xanthate. 

 

[151,152] 

 2-Bromopropionic acid. 

 

[151,152] 

GMA Glycidyl methacrylate. 

 

[153] 

XCA Xanthate carboxylic acid. 

 

[154] 

DMC 
[2-(Methacryloyloxy)ethyl] trimethyl-am-
monium chloride. 

 

[154] 

HONB N-Hydroxy-5-norbornene-2,3-dicarboxylic. 

 

[154] 

[151,152]

GMA Glycidyl methacrylate.

Processes 2021, 9, x FOR PEER REVIEW 78 of 91 
 

 

PPh3 Triphenyl phosphine. 

 

[149] 

KEX Potassium ethyl xanthate. 

 

[151,152] 

 2-Bromopropionic acid. 

 

[151,152] 

GMA Glycidyl methacrylate. 

 

[153] 

XCA Xanthate carboxylic acid. 

 

[154] 

DMC 
[2-(Methacryloyloxy)ethyl] trimethyl-am-
monium chloride. 

 

[154] 

HONB N-Hydroxy-5-norbornene-2,3-dicarboxylic. 

 

[154] 

[153]

XCA Xanthate carboxylic acid.

Processes 2021, 9, x FOR PEER REVIEW 78 of 91 
 

 

PPh3 Triphenyl phosphine. 

 

[149] 

KEX Potassium ethyl xanthate. 

 

[151,152] 

 2-Bromopropionic acid. 

 

[151,152] 

GMA Glycidyl methacrylate. 

 

[153] 

XCA Xanthate carboxylic acid. 

 

[154] 

DMC 
[2-(Methacryloyloxy)ethyl] trimethyl-am-
monium chloride. 

 

[154] 

HONB N-Hydroxy-5-norbornene-2,3-dicarboxylic. 

 

[154] 

[154]

90



Processes 2021, 9, 375

Table 19. Cont.

Abbreviation Compound Chemical Structure Ref.

DMC [2-(Methacryloyloxy)ethyl]
trimethyl-ammonium chloride.
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Table 19. Cont.

Abbreviation Compound Chemical Structure Ref.

EOX Ethylene oxide.
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4. Characterization Techniques Used for Polymer Grafted Materials

The characterization of polymer grafted materials requires the use of a variety of
methods due to the many possible combinations of backbones and polymer grafts [59].
The characterization methods can be classified as direct or indirect.

Direct methods are those used to identify changes in the chemical structure of grafted
materials, such as the bonds between backbone and grafts. These methods include proton
and carbon magnetic nuclear resonance, 1H-NMR, and 13C-NMR, respectively.

Indirect methods are based on differences in properties between the starting and
grafted materials, relating these changes to the modified structures. Microscopy and
thermal analysis are examples of indirect methods. A summary of the main characterization
methods used for grafted materials is presented in Table 6.

The relevant information contained in selected articles is also gathered in this review
to show how the characterization techniques were used to provide evidence of polymer
grafting onto the corresponding backbones. Tables 7–12 summarize the use of thermal,
spectroscopic, imaging and microscopy, rheological, chromatographical, and mechanical
characterization techniques, respectively, in the analysis of polymer grafted materials.
Finally, a summary of biological, functional, and composition characterization techniques
used for grafted materials is provided in Table 13.

5. Modeling of Polymer Grafting
5.1. Literature review on Modeling of Polymer Grafting

An overview of the literature on the modeling of polymer grafting is summarized in
Table 14. The backbones considered, the functionalization methods, the polymer chains
grafted, and summary comments on the modeling approaches used to carry out the
simulations are included in the table.

5.2. Modeling of Polymer Branching and Crosslinking

As observed in Table 14, most reports on the modeling of polymer grafting are related
to cases where grafting involves free-radical growth of the grafts, and the generation of
active sites proceeds through chain transfer to polymer reactions. In that sense, the growth
of polymer grafts resembles the formation and growth of branches in polymer branching.
The difference would be that the branches and primary polymer chains contain the same
monomers, whereas grafts and backbones contain different monomers in polymer grafting.
There are several papers focused on the modeling of polymer branching [262–268]. In some
cases, as in the grafting of monochlorotriazinyl-β-cyclodextrin onto cellulose, the activation
mechanism is not specified, and the modeling approach is fully empirical (neural network
modeling) [237–239].
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In general terms, the polymerization scheme of FRP including chain transfer to poly-
mer (CTP) is given by the reactions shown in Table 15. The specific mathematical expres-
sions containing CTP terms are given by Equations (1)–(7). I, R, and M in Table 15 are
initiator, primary free radical, and monomer molecules, respectively; Pn and Dm denote
live and dead polymer molecules, respectively, of sizes n and m. ki, kp, ktd, and ktrp (also
denoted as kfp in Equations (8) and (9)) denote initiation, propagation, termination by
disproportionation, and chain transfer to polymer kinetic rate constants, respectively.

Polymer branching can be modeled using a bivariate distribution of chain length and
number of branches resulting from polymerizations involving branched polymers [269].
Pn, b in Table 15 accounts for a bivariate distribution of live polymer of length n and number
of branches b. The moment equations shown below consider only the kinetic steps of
propagation and chain transfer to polymer, for illustrative purposes. For a batch reactor,
the application of the mass action law considering only these two kinetic steps results in
Equation (1) [269]. It should be noticed that in the transfer to polymer reaction there are as
many possible sites of reaction as monomeric units in the dead polymer chain participating
in the reaction.

dPn,b

dt
= . . .− kp(Pn,b M + Pn−1,b M) − ktrpPn,b

(
∞

∑
m=1

∞

∑
c=0

mDm,c

)
+ ktrpnDn,b−1

∞

∑
h=1

∞

∑
e=0

Ph,c + . . . . (1)

n = 1, . . . , ∞; b = 0, . . . , ∞
The bivariate moments for active and inactive polymer are defined respectively as

shown in Equations (2) and (3). Number and weight-averaged molecular weights, and the
average number of branches, are given by Equations (4)–(6) [269].

µG,H =
∞

∑
n=1

∞

∑
b=0

nGbH Pn,b (2)

λG,H =
∞

∑
n=1

∞

∑
b=0

nGbH Dn,b (3)

Mn =
µ1,0 + λ1,0

µ0,0 + λ0,0
Wm (4)

Mw =
µ2,0 + λ2,0

µ1,0 + λ1,0
Wm (5)

Bn =
µ0,1 + λ0,1

µ0,0 + λ0,0
(6)

The moment equations for live polymer are given by Equation (7) [269].

.
dµG,H

dt
..− kp MµG,H + kp M

G

∑
R=0

(
G
R

)
µG−R,H − ktrpµG,Hλ1,0 + ktrpµ0,0

H

∑
K=0

(
H
K

)
λG+1,H + . . . (7)

Another approach with which to address the modeling of polymer branching in FRP
is to use the concept of branching density, denoted as ρ, which is given by the ratio of
the number of branching points to that of monomeric units, and it can be estimated using
Equation (8), which when solved leads to Equation (9) [270]. kfp and kp in Equations (8)
and (9) are chain transfer to polymer and propagation kinetic rate constants, respectively,
and x is monomer conversion.

d(xρ)

dx
=

k f px
kp(1− x)

(8)

β = −
k f p

kp

[
1 +

ln(1− x)
x

]
(9)

CTP and terminal double bond (TDB) polymerization produce tri-functional (long)
branches, in addition to increasing the weight-averaged molecular weight and broadening
the MWD. A reaction “similar” to TDB polymerization is the polymerization with internal

93



Processes 2021, 9, 375

(pendant) double bonds (double bonds “internal” in dead polymer chains, appearing
therein due to (co)polymerization of di-functional (divinyl) monomers (e.g., butadiene).
Internal double bond (IDB) polymerization produces tetra-functional (long) branches and
leads eventually to the formation of crosslinked polymer (gel). Both molecular weight
averages increase due to IDB polymerization and the MWD broadens considerably [43].
Crosslinking can be considered as interconnected branching, and in that sense, its growth
by CTP and its modeling in terms of a crosslink density, denoted as ρa, can also be taken
as a useful basis for the modeling of polymer grating by CTP and propagation through
the intermediate free radicals. Balance equations for polymer radicals of size r (R*

r) and
ρa for a case of copolymerization with crosslinking of vinyl/divinyl monomers, using the
pseudo-kinetic rate constants method, are given by Equations (10) and (11), respectively,
where Ps is a dead polymer of size r; Q1 is first-order moment for the dead polymer; and
kcp and kcs are primary and secondary cyclization rate constants, respectively [271].

1
V

d(V[R∗r ])
dt = kp[M]

[
R∗r−1

]
+ kf pr [Pr] [R∗] + k∗p

r−1
∑

s=1
s [R∗r−s] [Ps]

−
(

k∗p
)
[M] [R∗r ]− (ktd + ktc) [R∗] [R∗r ]−

(
k∗p + kfp

)
Q1[R

∗
r ]

(10)

d[xρa]

dt
=

k∗p
[
F2
(
1− kcp

)
− ρa(1 + kcs)

]
x

kp(1− x)
dx
dt

(11)

5.3. Main Modeling Equations for Polymer Grafting

Grafting efficiency (ε) and number average molecular weights for the different poly-
mer populations (WIH, WSH, WII, WIS, and WSS) for the grafting of vinyl polymers onto
pre-formed polymer with highly active chain transfer sites of (pendant mercaptan groups)
are given by Equations (12)–(17) [39]. Subscripts IH and SH in the molecular weights
shown in Equations (12)–(17) account for primary chains formed by chain transfer or
by disproportionation termination (without distinguishing between terminally saturated
and unsaturated chains) of polymer radicals starting with I and S fragments, respectively.
Subscripts II, IS, and SS, on the other hand, account for primary chains produced by
combination of the appropriate pair of polymer radicals starting with I and S fragments,
respectively. r in Equations (12)–(18) is the ratio of propagation to termination kinetic rate
constants, namely, r = kp/2kt.

ε =
WSH + WSS + WIS

WSH + WSS + WIS + WIH + WI I
(12)

WIH = m[M]0

∫ ∝

0





y0

y0 + (1− ∝)CS
− (1− r)y2

0[
y0 + (1− ∝)CS

]2





d ∝ (13)

WSH = m[M]0

∫ ∝

0





(1− ∝)CS

y0 + (1− ∝)CS
− (1− r)y0(1− ∝)CS

[
y0 + (1− ∝)CS

]2





d ∝ (14)

WI I = m[M]0

∫ ∝

0





(1− r)y3
0[

y0 + (1− ∝)CS
]3





d ∝ (15)

WIS = 2m[M]0

∫ ∝

0




(1− r)y2

0(1− ∝)CS

[
y0 + (1− ∝)CS

]3





d ∝ (16)
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WSS = m[M]0

∫ ∝

0




(1− r)y0(1− ∝)2CS

[
y0 + (1− ∝)CS

]3





d ∝ (17)

An example of calculation of the mole fraction chain length distribution (number
distribution) (nx) for the case of polymer grafting of vinyl polymers onto solid polymeric
substrates, considering no chain transfer and incomplete conversion, is shown in Equation
(18) [40].

nx,1 =
[R0]

r[M]0

{
1−

(
[M]
[M]0

)1/r
}
{

1 +
[R0](1− r)x

r[M]0

} r−2
1−r

(18)

When addressing the modeling of polymer grafting of vinyl polymer onto polyolefins
in extruders by CTP, Hamielec et al. [231] proposed a polymerization scheme and the
corresponding kinetic equations where the prepolymer molecule bears abstractable hydro-
gens on its backbone and a second compound, denoted as additive (A), is bound to the
prepolymer backbone via reaction with a free radical. The backbone radical then transfers
its radical center to the active molecules. The radical is finally terminated with other
radicals. Proper kinetic equations were written down for the participating species, and a
degree of grafting, g, which is the average of number of grafted molecules per monomer
unit on the prepolymer backbone, was defined as shown in Equation (19), where Q1 is the
concentration of monomer units on prepolymer backbones which remains constant during
branching, Ka,3 is the kinetic coefficient for the grafting (additive addition) reaction, and
R03 designates a primary radical with radical center on backbone R0. Further mathematical
treatment by the authors leads to Equation (20) for calculation of the full chain length distri-
bution of the polymer population, w(r,s), where w0(r) is the initial chain length distribution
of the prepolymer [231].

dg
dt

=
Ka,3R0,3 A

Q1
(19)

w(r, s) =
(

1 +
s
r

) w0(r)
(1 + g)s!

(gr)se−gr (20)

As stated above in Table 14, Gianoglio Pantano et al. [245] developed a very detailed
model for grafting of PSty onto PE. Among the concentrations of species calculated by
the model, the concentration of poly(ethylene-g-styrene) is calculated using Equation (21),
and the concentration of grafted PS, denoted as Gr, is obtained from Equation (22). G(t) is
a matrix array of “infinite” size whose elements contain the molar concentrations of the
individual species with degree of polymerization indicated by its subscripts. VG is a vector
that contains the corresponding reaction rate terms, I1,0 is a bivariate moment of order 1 for
PS and order 0 for PE, which represents the mass of PS grafted onto PE, and MPS

1 is the
molar mass of PS.

dG(t)
dt

= VG; G(0) = 0 (21)

Gr = 100
I1,0

MPS
1 (t = 0)

(22)

Very detailed simulation studies for the grafting of vinyl polymers onto PE using
kMC were presented by Hernández-Ortiz et al. [41,259–261]. Some of the key reactions
considered in this study are shown in Figure 7 and the modeling strategy is summarized in
Figure 8 [259].
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Figure 7. Some of the key reactions present in the grafting of polyolefins with vinyl monomer M. Reprinted with permis-
sion from Hernández-Ortiz et al., AIChE J., 63(11), 4944–4961 [259]. Copyright 2017 John Wiley and Sons, New York. 

Figure 7. Some of the key reactions present in the grafting of polyolefins with vinyl monomer M. Reprinted with permission
from Hernández-Ortiz et al., AIChE J., 63(11), 4944–4961 [259]. Copyright 2017 John Wiley and Sons, New York.
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Figure 8. Simulation approach using kMC for the grafting of polyolefins with vinyl monomer M. Reprinted with permis-
sion from Hernández-Ortiz et al., AIChE J., 63(11), 4944–4961 [259]. Copyright 2017 John Wiley and Sons, New York. 
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Figure 8. Simulation approach using kMC for the grafting of polyolefins with vinyl monomer M. Reprinted with permission
from Hernández-Ortiz et al., AIChE J., 63(11), 4944–4961 [259]. Copyright 2017 John Wiley and Sons, New York.

6. Nomenclature, Symbols, Abbreviations, and Chemical Structures

As mentioned earlier, symbols and abbreviations used in this contribution are defined
and summarized in Tables 16–19.

7. Conclusions

Polymer grafting is a useful route for the synthesis of materials with interesting
mechanical, thermal, dilute solution, and melt properties, and the ability to be compatible
with otherwise incompatible mixtures. Systematic studies on polymer chemistry and
characterization, and even modeling studies of polymer grafting started in about the 1950s.
The interest in the grafting of natural biopolymers has escalated in the last 20 or so years
due to environmental and sustainability issues.

Most of the studies on modeling of polymer grafting have focused on insertion of
active sites on the backbone by CTP and growth of grafts by FRP or variants of FRP, such
as RDRP. The monomers of major use for polymer grafting purposes are acrylic monomers
(MMA, NIPAAM, AM, AA, BA), styrene (STY) and vinyl ethers [140,184]. When fine
control of grafted structures is not required, polymer grafting by FRP may be enough.
However, when precise control of polymer grafts (size and separation) is required, RDRP
techniques, such as NMP, ATRP, and RAFT, are more adequate. RDRP polymer grafting
techniques usually proceed by the “grafting-from” route [140,180,184]. One disadvantage
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of RDRP techniques is that they require longer reaction times. For instance, polymer
grafting by RAFT polymerization lasts from 8 to 48 h, plus the time required to prepare
the related microcontrollers, which in many cases includes an esterification step through
Steglich or anhydride procedures. Polymer grafting by ATRP takes from 24 h to several
days.

Polymer grafting by ROP procedures using L-lactide (L-LA) and ε-caprolactone (CL)
for the synthesis of poly(l-lactic acid) and poly(ε-caprolactone) polymer grafts is gaining
importance [181,182,189]. Other monomers used are 2-ethyl-2-oxazoline, to produce PEOX,
and ethylene glycol, to produce PEG. These reactions are commonly conducted at tempera-
tures higher than 80 ◦C, which complicates solvent selection, when using metal catalysts
such as Sn (Oct)2. Solvents should dissolve monomer and polymer, perform adequately
at the selected temperatures, and show “green” characteristics. DMF, DMSO, p-dioxane,
and toluene are some of the solvents most commonly used for polymer grafting by ROP.
However, the recent advent of metal-free and organocatalyzed ROP has facilitated the
polymerization at room temperature. For example, poly(lactide) materials can be made by
ROP of L-LA at ambient conditions in the presence of 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) [272].

Polymer grafting is also important in the synthesis of “dendrigraft copolymers.” A
large variety of heterogeneous dendrigraft copolymer architectures with core-shell and
core-shell-corona morphologies can be produced, at significantly lower costs than for
conventional dendrimer syntheses [18].

As observed in Table 14, the modeling of polymer grafting has focused on CTP or site
formation by irradiation with FRP chemistry, in conventional flasks, stirred-tank reactors,
or extruders. Other chemical routes have been addressed using semi-empirical approaches
only. Therefore, there is still much to do in and contribute to this area.
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Abstract: Forty years after the discovery of metallocene catalysts, there are still several aspects that
remain unresolved, especially when the “conventional” alkylaluminum activators are not used. Herein,
we systematically investigated the synthesis of polyethylene (PE) via three different zirconocene catalysts,
with different alkyl substituents, activated via different organoboron compounds. The polymerization
behavior, as well as the properties of the materials, were evaluated. The results demonstrate that
the highest catalytic activity is shown by bis(cyclopentadienyl)dimethylzirconium activated by trityl
tetra(pentafluorophenyl)borate. Additionally, it was found that toluene is the optimum solvent for these
systems and at these reaction conditions. Moreover, to validate our experimental results, a comprehen-
sive mathematical model was developed on the basis of thermodynamic and kinetic principles. The
concentration of ethylene transferred to the solvent phase (toluene) in a liquid–vapor equilibrium
(LVE) system was estimated based on Duhem’s theorem. Arrhenius expressions for the kinetic rate
constants of a proposed kinetic mechanism were estimated by a kinetic model, in which the rate of
polymerization was fitted by a least-square optimization procedure and the molecular weight averages
by the method of moments. The simulations of the coordination polymerization suggest the presence of
two types of active sites, principally at low temperatures, and the reactivation of the deactivated sites
via a boron-based activator. However, the effect of the temperature on the reactivation step was not
clear; a deeper understanding via designed experiments is required.

Keywords: ethylene polymerization; metallocene; zirconium-based catalyst; organoboron com-
pounds; kinetic modeling

1. Introduction

Polyethylene (PE), one of the most used and commercialized thermoplastics in the
world, is produced by the polymerization of ethylene which is catalyzed via two main
different routes: using heterogeneous processes with Ziegler–Natta catalysts, or via metal-
locene catalytic systems. Since the discovery of the catalytic activity of the homogenous
catalysts based on biscyclopentadienyl titanium or zirconium dialkyl systems in the ethy-
lene polymerization in the 1980s by Kaminsky and Sinn [1–4], metallocene systems have
revolutionized the polyolefins field, because they enable the production of PE with nar-
row molecular weight distributions, low content of extractables, good processability, and
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superior properties [5]. Moreover, metallocene catalysts, in comparison to Ziegler–Natta
types, show a single type of active site, which enables predictions of the properties of the
resulting polymers.

Several factors play an important role in the olefin’s polymerization via metallocene
catalysis. For instance, the formation of weakly coordinating anions with a weak bond-
ing to the metallocene active centers (acting as co-catalysts). The anions interact with
the cationic metal species, in the reaction medium, creating active sites (ion-pairs), fol-
lowed by the subsequent polymerization. Methylaluminoxane (MAO) is a popular ac-
tivator due to its high efficiency; however, a large excess of MAO is usually required,
and, despite extensive efforts, its detailed active-site structure has not yet been fully
elucidated [6–8]. A prominent alternative to replace MAO is the use of other bulky co-
ordinating anions such as organoboranes, e.g., tris(pentafluorophenyl)borane (B1) [9,10],
and organoborates such as N,N-dimethylanilinium tetra(pentafluorophenyl)borate (B2)
or trityl tetra(pentafluorophenyl)borate (B3) [11,12]. These types of activators can ionize
the metallocene (pre-alkylated) catalyst, acting as Lewis acids, leading to excellent active
cationic metallocene catalysts for the polymerization of olefins in quasi-equimolar amounts
between the metallocene catalyst and the boron-based activator, and resulting in catalytic
complexes with a definite chemical structure [13–15]. A breakthrough in this field was
the introduction of the weakly coordinating tris(pentafluorophenyl)borate [B(C6F5)3] as a
counterion, which can abstract a methyl group from the alkylated metallocene catalyst, to
form ionic species such as [CP2ZrMe]+[MeB(C6F5)3]−, followed by the coordination of a
monomer molecule and subsequent propagation [10]. Nevertheless, residual coordinative
interactions between the activated metal center and the anion, via the abstracted methyl
group, can slightly decrease the catalyst reactivity. Ionic organoboron activators, such as
[C6H5NHMe2]+[B(C6F5)4]− and [(C6H5)3C]+[B(C6F5)4]−, on the other hand, avoid this
form of ion–ion contact between the abstracted methyl group and the transition metal atom,
while the cationic species takes the function of activating the metal active center (Figure 1).
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Figure 1. Schematic representation of the activation of a zirconocene catalyst (CP2ZrCl2) by (a)
[B(C6F5)3], (b) [(C6H5)3C]+[B(C6F5)4]− and (c) [C6H5NHMe2]+[B(C6F5)4]−.
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There are a wide variety of metallocene catalysts with different symmetries and substi-
tutions, because the configuration of the catalyst is another factor governing polymerization
behavior. For instance, the steric and electronic environment of ligand substituents of the
metal catalyst, as well as the ion–ion interactions between the electrophilic metal and the
counterion, are critical factors that can dramatically alter the polymerization behavior due
to steric hindrance and electronic factors.

Several works have previously studied this behavior. For instance, Ewen and Chien [13,16],
studied the effect of different alkyl substituents in cyclopentadienyl (CP) groups for several
zirconocene (Zr) catalysts, reporting the following behavior in terms of catalyst efficiency:
(MeCP)2ZrCl2 > (EtCP)2ZrCl2 > CP2ZrCl2 > (Me5CP)CPZrCl2. Through this, they con-
cluded that single alkyl substituents increase the catalytic activity due to electro donating
effects, while the steric hindrance of bulky substituents has a detrimental effect instead.
Zr-based catalysts have been also studied in heterogeneous systems for ethylene poly-
merizations; for example, Charles et al. reported ethylene polymerization using catalysts
derived from the activation of Zr aluminohydride complexes, supported on silica, which
was previously treated with MAO. The results were compared with those using the more
traditional Zr dichloro complexes, finding higher activity in the former [17]. Zeolites
(ZSM-5) [18], and solid polymethylaluminoxane [19] are among the supports reported
for carrying out ethylene polymerizations catalyzed by Zr-based metallocenes, achieving
high catalytic activities, high molecular weights, and narrow distributions. Although these
works provide general features about the influence of the alkyl groups on the ligand sub-
stituents, and the influence of using solid supports during the polymerization, they were
all carried out using MAO as the activator.

Few works have studied in-detail the ethylene polymerization behavior when the
metallocene is activated by the bulky, weakly-coordinating organoboron anions (B). In
this sense, our research group reported the use of tris(pentafluorophenyl)borane and
N,N-dimethylanilinium tetrakis(pentafluorophenyl)borate (B1 and B2 in this work, re-
spectively) to act in conjunction with MAO as activators on ethylene polymerization by
using the catalyst CP2ZrCl2. The addition of these organoboron compounds of ionic and
nonionic nature in a molar ratio B1(or B2)/Zr = 5 promoted a partial deactivation of the
catalyst, causing a reduction in the catalytic activity; however, the crystallinity degree, as
well as the macromolecular, thermal, and dynamic-mechanical properties of the obtained
polyethylenes were improved, especially with B1 as co-activator in this evaluated catalytic
system [14]. In the same context, González-Hernández et al. [19] reported the ethylene
polymerization using catalysts derived from Zr aluminohydride complexes activated with
tris(pentafluorophenyl)borane (B1), although with limited utility (catalytic activity) of these
catalysts systems when compared with the corresponding use of MAO as the activator.
Supported zirconocene catalysts activated by boron compounds for olefin polymerizations
are not as widely reported in the literature, but there are some related works such as that
reported by Charoenchidet et al. who treated silica with tris(pentafluorophenyl)borane (B1
in this work) to produce borane-functionalized support, which was then used as a support
and co-catalyst for the CP2ZrCl2, CP2ZrCl2/Triisobutylaluminum (TIBA), CP2Zr(CH3)2
and CP2Zr(CH3)2/TIBA catalyst systems for ethylene polymerizations. The activations
of the catalysts were carried out in two ways: pre-activation, and in situ activation. The
pre-activated and in situ-activated metallocene systems produced PE with Mw between
96 and 154 Kg mol−1, and dispersity index (Ð) around 3. The bulk density of PE products
was higher for the in situ-activated systems, but there was no significant difference between
the products of both types of zirconocenes [20].

On the other hand, the kinetics of the catalyst coordination polymerization has been
previously simulated, however a low number of reports can be found, compared to free-
radical polymerization systems. Chien and Wang [13] reported the first kinetic model to
study polymerization using zirconocene dichloride (CP2ZrCl2) and MAO as the catalyst
and co-catalyst, respectively. The kinetic mechanism proposed the chain transfer to MAO,
β-hydride chain transfer, multiple types of active sites, and deactivation step. Estrada

111



Processes 2021, 9, 162

and Hamielec [21] developed a model with two types of active sites, where the first
one experienced a gradual transition (a state change) to the second type; this step was
supported on the bimodal molecular weight distribution observed in the size exclusion
chromatography (SEC) measurements. Both models did not provide an estimation of
the ethylene concentration in the liquid phase. Moreover, Jiang et al. [22] carried out a
comparative study between different models: in one of them, the reactivation of MAO
was included as part of the kinetic mechanism, resulting in better agreement with the
experimental polymerization rate profiles. A strategy of parameter estimation was reported
by Ahmadi et al., in which a multivariable nonlinear optimization problem was solved
using the Nelder–Mead simplex method [23]. The methodology combined the numerical
solution of the kinetic model with the optimization algorithm, resulting in good agreement
with the experimental data. Mehdiabadi and Soares [24] carried out a semi-batch reaction
of a constrained geometry catalyst with MAO, and a kinetic model was proposed and
then refined based on monomer uptake curves and polymer yield data. The deactivation
of the catalyst/MAO system during ethylene polymerization was of the first order; the
mechanism also included reversible activation and deactivation with MAO. The mechanism
described the full kinetic picture. To the best knowledge of the authors, no study exists
dealing with the modeling of zirconocene catalyst coordination polymerization using
organoboron activators.

In this work, we aim to provide insights into the polymerization of ethylene catalyzed
by Zr catalysts activated by organoboron compounds. Three Zr-based catalysts, with differ-
ent ligand substituents, activated by three different organoboron compounds (B1, B2, and
B3), were used for the PE synthesis. This work is focused on establishing the relationship
between the catalytic system configuration with the polymerization behavior and with
the final properties of the resultant polymers, in terms of molecular weight characteristics,
crystallinity, and thermal behavior. Furthermore, the catalytic system leading to the highest
catalytic activity was further analyzed, employing different solvents to elucidate the role
over the features of the polymers. Moreover, a kinetic mechanism is proposed for the B3/Zr
catalytic system, based on previous studies of MAO, and a mathematical model has been
developed to estimate the kinetic rate coefficients of the two types of active species in the
propagation, the chain transfer to monomer, polymer transition, spontaneous deactivation,
and reactivation steps. With the knowledge of the kinetic parameters, the catalytic system
is deeply studied, and some unexpected behaviors are analyzed.

2. Materials and Methods
2.1. Materials

All manipulations were carried out under an inert atmosphere using an MBraun glove
box or via standard Schlenk techniques. Toluene, hexane, heptane, and isooctane were pur-
chase from Sigma Aldrich (anhydrous grade) and were distilled twice from sodium and
benzophenone before use. Bis(cyclopentadienyl)dimethyl zirconium (97%) (CP2Zr(CH3)2),
dimethylbis(t-butylcyclopentadienyl)zirconium (97%) ((t-butyl-CP)2Zr(CH3)2) and dimethyl-
bis(indenyl)zirconium (97%) ((ind)2Zr(CH3)2) were purchased from Sigma Aldrich and were
used as received. Tris(pentafluorophenyl)borane (95%) (B(C6F5)3), N,N-dimethylanilinium
tetra(pentafluorophenyl)borate (98%) ([C6H5N(CH3)2H]+[B(C6F5)4]−) and trityl tetrakis
(pentafluorophenyl)borate (97%) ([(C6H5)3C]+[B(C6F5)4]−) were supplied by Strem Chemi-
cals and were used as received. Polymer-grade ethylene was purchased from Praxair and
was purified by passing it through 3–4 Å activated molecular sieves.

2.2. Polymerization Reactions

All polymerizations were performed in a 1 L stainless steel Parr reactor through the
following procedure: three vacuum–argon cycles were first undertaken at 150 ◦C before
the reaction to eliminate any traces of moisture. Then, the reactor was cooled down to room
temperature and filled with 200 mL of solvent under an argon atmosphere. The reactor
stirring system was set at 100 rpm and it was heated to 50 ◦C. The catalyst system was
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then fed into the reactor as follows: (i) boron compound solution (B) in 5 mL of toluene;
(ii) metal catalyst solution in 5 mL of toluene. In all cases, 12.8 mmol of zirconium catalyst
(Zr) was employed, and the B/Zr molar ratio was fixed to 2.5. The polymerizations were
then initiated by introducing the ethylene monomer to the reactor at a continuous flow.
All experiments were performed at an ethylene pressure of 1 bar and for 45 min. The
reactions were terminated by the addition of acidified methanol. The resultant polymers
were filtered off, washed with methanol, and vacuum dried.

2.3. Characterization

The molecular weight characteristics were determined by high-temperature size exclu-
sion chromatography (SEC) with an Alliance chromatograph (GPC V-2000) equipped with
two on-line detectors: a differential viscometer and refractometer, using three linear columns,
PLgel 10 µm MIXED-B. The calibration was conducted under polystyrene standards using
1,2,4-trichlorobencene as eluent, and the measurements were carried out at a flow rate of
1 mL/min at 140 ◦C. The molar mass number and weight averages of the different polymers
relative to polystyrene standards were corrected using the well-known principle of universal
calibration employing the unique parameters for the Mark–Houwink–Sakurada equation for
polyethylene: K = 0.000323 dL/g and a = 0.735. The melting temperature and crystallinity
degree of the polymers was measured by differential scanning calorimetry (DSC), where the
different thermograms were obtained through a TA instrument DSC 2920 at a heating rate
of 10 ◦C/min under an inert atmosphere. Each sample was heated twice to eliminate the
thermal history.

3. Mathematical Modeling
3.1. Kinetic Scheme

As the first approach to understand the mechanism, the following kinetic scheme is
proposed in the ethylene polymerization in the work of Estrada and Hamielec [21] and
Jiang [22].

To maintain the simplicity of the mechanism, here we considered that the complete
catalyst has been instantaneously activated, producing the total concentration of the active
sites (CAct); other works have used the named Instantaneous Initiation Hypothesis [25]. As
shown in Figure 2, the monomer addition to active sites results in polymeric chains, which
are denoted as the active polymer of type 1, (Pr,1, where r is the degree of polymerization of
the active polymer of type 1). In the propagation step, these active species add monomers
in the chains, increasing the degree of polymerization. Estrada and Hamielec [21] firstly
assumed the gradual transition of the active polymer of type 1 (Pr,1) to the active polymer
of type 2 (Pr,2) in the catalyst coordination systems. The transition reaction is supported
in ethylene polymerization via zirconocene/organoboron catalysts by the two polymeric
populations found in the deconvolution of the SEC signal, as will be discussed later.
Additionally, species Pr,2 increases their chain length by propagation. Both active polymer
types can undergo a chain transfer to monomer reaction by the abstraction of a proton H
from a monomer molecule to the active polymer of type 1 or 2, obtaining a dead polymer
(Dr,i, where i denotes the polymer type) and an active polymer type either 1 or 2 with one
monomeric unit in the chain. The deactivation of Pr,1 is negligible, and therefore only Pr,2
is spontaneously deactivated, which can present a reactivation by catalyst and monomer,
similarly to MAO cocatalyst polymerization.
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Figure 2. Proposed kinetic mechanism for the ethylene polymerization by zirconocene catalysts and organoboron activators.
Kinetic parameters: kpi denotes the propagation rate constant for active polymer type i; ktri denotes the transfer chain to
monomer rate constant for active polymer type i; kc is the transition rate constant form Pr,1 to Pr,2; kd2 is the spontaneous
deactivation rate constant of active polymer type 2; and ka2 is the re-activation of CDeact species, via the reaction with M and
B3. The description of each species appears in the text.

3.2. Population Balance Equations

The population mass balances for each species are derived from the kinetic scheme
previously described: active sites (CAct), deactivated sites (CDeact), active polymer type 1 or
2 (Pr,1, and Pr,2, respectively) and dead polymer type 1 or 2 (Dr,1 and Dr,2, respectively) have
been considered in this work, in Equations (S1)–(S8) shown in the Supplementary Materials.

Polymerization rate Rp, Equation (1), is principally based on the monomer consumed
by the propagation, and the long chain hypothesis (LCH) is assumed; therefore, the
monomer consumption in the initiation and reactivation steps is negligible. The contri-
bution of the chain transfer to the monomer is also discarded, because kpi >> ktri, as has
been estimated in other coordination polymerization systems.

Rp =
2

∑
i=1

(
kpi[M]lY0,i

)
(1)

The monomer is fed on demand to keep constant pressure; therefore, the ethylene concen-
tration is almost constant with time (dM/dt = 0), and as a result, the course of the polymeriza-
tion rate throughout the reaction can be directly tracked in the flowmeter measurements.

A polymerization rate model of the kinetic mechanism presented in this study,
Figure 2, was reported by Jiang et al. [22] (Equation (2)), named herein as Model 1.

Rp = k∗p1[CAct]e−kc(t−t0)

+k∗p2[CAct]
(

kckd2
(kc−kd2−k∗a )(kd2+k′a)

e−(kd2−k′a)(t−t0) − kc−k∗a
(kc−kd2−k∗a )

e−kc(t−t0) k∗a
k∗a+kd2

) (2)

where k∗p1 = kp1[M]l, k∗p2 = kp2[M]l, and k∗a = ka[B][M]l
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If the reactivation step of the deactivated sites is negligible, Equation (2) is transformed
into Equation (3), as reported by Vela-Estrada et al. [21] and named as Model 2.

Rp = [M]l

(
k∗p1e−kc(t−t0) +

k∗p2kc

kc − kd2

(
e−kd2(t−t0) − e−kc(t−t0)

))
(3)

3.3. Liquid–Vapor Equilibrium (LVE)

The concentration of ethylene transferred to the liquid phase ([M]l) in a liquid–vapor
equilibrium (LVE) system is estimated based on Duhem’s theorem, in which a T, P-flash
calculation was developed. We assumed that toluene at a pressure (P) equal or lower
than its bubble-point pressure (PBubl), Equation (S9), was partially evaporated because the
pressure was reduced so an LVE was established between the toluene/ethylene phases,
but it should have been greater than the drew-point pressure (PDew)

Vapor pressure of a pure species (Pi
sat, where i = ethylene or toluene) is obtained by

Equation (4), using the Antoine equation, and whose parameters are shown in Table 1.

log10(PSat
i [bar]) = Ai −

(
Bi

T[K] + Ci

)
(4)

Table 1. Parameters used in the Antoine equation for toluene and ethylene.

Component i Ai Bi Ci Temp. Range (K) Ref.

Toluene 4.08 1346.38 53.51 273.13–297.89 [26,27]
Ethylene 3.87 584.14 18.31 149.37–188.57 [28,29]

The calculations of equation for PBubl or PDew involve {xi} = {zi} and {yi} = {zi}, respec-
tively, with zi being the overall composition in the components.

First, P must lie in the range of the following constraint, Equation (5):

PDew ≥ P ≥ PBubl (5)

The K-value correlations are estimated by Equation (6):

Ki =
Psat

i
P

(6)

The moles in the vapor phase (ν) are calculated via a nonlinear algebraic equation,
Equation (7), which is solved by the Newton method. The total molar mass in the liquid is
obtained by the difference with respect to the total molar amount.

2

∑
i=1

ziKi
1 + ν(Ki − 1)

= 1 (7)

The factions yi and xi are calculated by Equations (8) and (9), respectively

yi =
ziKi

1 + ν(Ki − 1)
(8)

xi =
yi
Ki

(9)

The total moles in the liquid phase nL, Equation (10), is obtained from the mass
balances of toluene, and ethylene, in both the phases, where net0 and nTol0 are the initial
total moles of ethylene and toluene, respectively.
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nL =
net0 − nTol0 ϕ

(xEt − xTol ϕ)
(10)

and
ϕ =

yEt
yTol

(11)

Finally, the ratio between the moles of ethylene and the solvent volume (the volume
of the ethylene is very low, so it is negligible) produces the concentration of ethylene.

[M]l =
nEt,L

VTol,L
(12)

3.4. Optimization of the Parameter Estimation

The parameters k∗p1, k∗p2, kc, kd2, and k∗a2 in Equations (2) or (3) were found by an
optimization tool in Matlab 2015a, and the minimization function, named fmincon [30], in
which the objective function was defined as Equation (13):

min
n
∑

i=1

(
RP

p (ti)−RM
p (ti)

RM
p (ti)

)2

s.t.
k∗p1k∗p2k∗akckd2 ≥ 0
k∗p1k∗p2k∗akckd2 ∈ Rn

(13)

Here, RP
p (ti) denotes the predicted polymerization rate at the time i, and RM

p(i) is the
measured polymerization rate at the time i. Additionally, the coefficient of determination
denoted R2 was calculated (Equation (14)):

R2 = 1− SSRes
SSTot

(14)

where

SSRes =
n

∑
i=1

(
RP

p(i) − RM
p(i)

)2

n− 1
(15)

SSTot =
n

∑
i=1

(
RP

p(i) −
_
R

M

p(i)

)2

n− 1
(16)

The standard deviation (S) is defined in Equation (17)

S =

√√√√√ n

∑
i=1

(
RP

p(i) − RM
p(i)

)2

n− 1
(17)

In a nonlinear model the covariance-variance of the kinetic parameter p (β̂p) is esti-
mated by Equation (18) [31]:

var
_
β p = SSRes

√{
(JT J)−1

}
pp

(18)
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where J is the matrix of derivatives of the non-linear model with respect to the parameters
(similar to the Jacobian matrix of the system) and

{(
JT J
)−1
}

pp
is equal to pth diagonal

term of the matix
(

JT J
)−1. Each element of J is

Jij =
∂F(xi, β)

∂β j
(19)

where F is the non-linear model and the xi are the experimental points.

3.5. Method of Moments

In this section, the mathematical model was developed by using the method of
moments, in which an overall kinetic behavior is obtained. After writing out the mass
balances of two polymer populations (Equations (S1)–(S8)), the three first moments were
derived (Equations (20)–(31)), considering the moment definitions shown in Table 2.

Table 2. Definition of moments.

Species Definition

j-th moment for the active polymer of type i, i = 1, 2 Yj,i =
N
∑

n=1
nj[Pn,i]

j-th moment for the dead polymer of type i, i = 1, 2 Zj,i =
N
∑

n=1
nj[Pn,i]

Zeroth moments

dY0,1

dt
= k∗a([CAct]−Y0,1 −Y0,2)− kcY0,1 (20)

dY0,2

dt
= kcY0,1 − kd2Y0,2 (21)

dZ0,1

dt
= k∗tr1Y0,1 (22)

dZ0,2

dt
= (kd2 + k∗tr2)Y0,2 (23)

First Moments

dY1,1

dt
= k∗a([CAct]−Y0,1 −Y0,2) + k∗p1Y0,1 − kcY1,1 − k∗tr1Y1,1 + k∗tr1Y0,1 (24)

dY1,2

dt
= kcY1,1 + k∗tr2Y0,2 − k∗tr2Y1,2 + k∗tr2Y0,2 − kd2Y1,2 (25)

dZ1,1

dt
= k∗t1Y1,1 (26)

dZ1,2

dt
= k∗tr2Y1,2 + kd2Y1,2 (27)

Second Moment

dY2,1
dt = k∗a([CAct]−Y0,1 −Y0,2) + 2k∗p1Y1,1 + k∗p1Y0,1 − kcY2,1

−k∗tr1Y2,1 + k∗tr1Y0,1
(28)

dY2,2

dt
= kcY2,1 + 2k∗p2Y1,2 + k∗p2Y0,2 − k∗tr2Y2,2 + k∗tr2Y0,2 − kd2Y2,2 (29)

dZ2,1

dt
= k∗tr1Y2,1 (30)
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dZ2,2

dt
= k∗tr2Y2,2 + kd2Y2,2 (31)

where k∗tr1 = ktr1[M]l and k∗tr2 = ktr2[M]l
Number (Mn) and weight (Mw) average molecular weights were calculated by Equa-

tions (32) and (33), respectively.

Mn =




2
∑

i=1
Y1,i +

2
∑

i=1
Z1,i

2
∑

i=1
Y0,i +

2
∑

i=1
Z0,i


MWmon (32)

Mn =




2
∑

i=1
Y2,i +

2
∑

i=1
Z2,i

2
∑

i=1
Y1,i +

2
∑

i=1
Z1,i


MWmon (33)

4. Results and Discussion
4.1. Polymerizations

With the aim to provide insights regarding the ethylene polymerization conceived
by zirconocenes and organoboron activators, we carried out a series of experiments using
three different zirconocene catalysts, with different ligand substituents, activated via
three different organoboron compounds. The polymerization behavior, as well as the final
properties, were evaluated. Moreover, we validated our experimental results via a kinetic
modeling study, which is presented in the next section of the article. The general properties
of the result polymers are shown in Table 3.

The ethylene polymerization was greatly influenced by the type of organoboron
compound used as the activator. Considering the catalytic activity, shown in Table 3, trityl
tetrakis(pentafluorophenyl)borate (B3) was the one promoting the ethylene polymerization
to the greatest extent, irrespectively of the zirconocene precursors, which presumably was
due to the possible remaining interaction between the abstracted methyl group and the
metal cation in the case of B1. While in B2, one of the by-products was a trisubstituted
amine that might be able to trap the coordinatively unsaturated cation formed in this
reaction, as has been previously reported for other systems [32]: both phenomena could
potentially decrease the catalytic activity.

On the other hand, it was found that the non-substituted CP ring (Zr1) led to the
highest catalytic activity, suggesting that by employing these organoboron compounds
as activators, the bulkiness of the t-butyl substituent groups on the CP ring (Zr2), shows
dominance towards the electro-donating effect, decreasing the polymerization activity due
to steric hindrance. On the other hand, Zr1 also led to higher catalytic activity than Zr3,
which has an indenyl substituent group. There is a discrepancy in the literature regarding
the difference in the electronic environment in indenyl groups compared to CP. The general
understanding has been that indenyl is more electron-rich than CP [33,34]. However,
some authors have also suggested that indenyl is a poorer donor based on reduction
potentials. Moreover, Nguyen et al. suggest that indenyl is electron-richer than CP, but an
anodic shift of the reduction potential presumably occurs because an η5 to η3 haptotropic
shift accompanies reduction, thus stabilizing the product [35]. Further understanding of
this complex phenomenon is required, and at this point, any explanation appears to be
merely speculative.
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Table 3. General features of the synthesized polyethylene (PE) using different catalytic systems.

Sample a Catalyst b Co-Catalyst c A d Mw (Kg/mol) Ð e X f (%) Tm (◦C)

PE1 Zr1 B1 24.6 282 2.5 62.4 135.7
PE2 Zr1 B2 20.3 302 3.9 74.5 136.9
PE3 Zr1 B3 61.0 456 3.1 65.8 136.1
PE4 Zr2 B1 9.2 467 3.04 66.7 134.0
PE5 Zr2 B2 8.4 143 7.46 73.5 134.3
PE6 Zr2 B3 47.7 332 2.04 70.1 137.5
PE7 Zr3 B1 23.0 261 2.75 61.9 134.9
PE8 Zr3 B2 13.0 231 4.47 72.7 134.3
PE9 Zr3 B3 26.3 366 4.86 65.8 136.2

a Isothermal polymerizations (50 ◦C) were performed in 200 mL of toluene for 45 min: Zr = 1.28 × 10−4 mol,
molar ratio B/Zr = 2.5. Pressure = 1 bar. b Zr1 = CP2Zr(CH3)2; Zr2 = (t-butyl-CP)2Zr(CH3)2; Zr3 = (ind)2Zr(CH3)2.
c B1 = B(C6F5)3; B2 = [HNMe2Ph][B(C6F5)4]; B3 = [CPh3][B(C6F5)4]. d Catalytic activity (KgPE molZr

−1 h−1

e Dispersity index (Mw/Mn) was determined by SEC. f Crystallinity degree calculated by DSC.

Concerning the molecular weight characteristics (shown in Table 3), the lowest molec-
ular weight was exhibited by employing B2 as the activator, accompanied by an increase
in dispersity index (Ð), suggesting chain transfer reactions during the polymerization,
which was also reflected in the multimodal behavior of the molecular weight distributions
(MWDs), shown in Figure 3. The MWD was further deconvoluted by statistical procedures
to provide an approximate notion of the number of active sites carrying out the polymer-
ization, considering that each active site possesses different probabilities of chain transfer
and termination, therefore producing polymers with individual molar mass distributions,
with the observed MWD being a superposition of all products.
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Figure 3. Deconvoluted molecular weight distributions of the synthesized PE using the different catalytic systems.

A strong influence of the activator over the MWD was observed, while a narrow
bimodal molecular weight distribution was observed by using B1 as a co-catalyst; at least
three kinds of active sites were observed in the case of B3. Concerning B2 as the activator,
a broad bimodal MWD was exhibited, presenting the Zr2 + B2 system as the highest
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polydispersity (Ð = 7.5) with the lowest catalytic activity due to the poor compatibility
between (t-butyl-CP)2Zr(CH3) and [C6H5N(CH3)2H]+[B(C6F5)4] as the catalyst system for
ethylene polymerization. The crystallinity degree was determined through DSC (values are
shown in Table 3). A relatively high crystallinity degree of around 60–75% was observed in
all cases, as expected for high density polyethylene (HDPE). However, a slightly higher
degree of crystallinity was observed with B2 (around 72%) as the activator, attributed to
the relatively lower molecular weight. Nevertheless, this activator also led to the broadest
MWD, suggesting the presence of chain transfer reactions during the polymerization;
however, it could be assumed that β-hydride was not predominant, because branching
would take place thus decreasing the crystallinity. Concerning the melting temperature,
no significant differences were exhibited among the samples, remaining above 134 ◦C
as expected.

To elucidate the influence of different solvents over the polymerization behavior and
polymer properties, isooctane, heptane, and hexane were tested for the catalytic system
CP2Zr(CH3)2 + [(C6H5)3C]+[B(C6F5)4]− (Zr1 + B3), which led to the highest catalytic activ-
ity. The results were compared with those of the sample PE3, in which toluene was used.
The results are shown in Table 4. As can be observed, a significant difference in the catalytic
activity and molecular weight characteristics was exhibited by varying the solvent. The
highest catalytic activity was found when using toluene as solvent, followed by isooctane,
heptane and finally hexane; which results correlate to the solubility parameter of the sol-
vents, implying that they play a fundamental role in the polymerization behavior. This
behavior is presumably related to the higher miscibility of the catalyst system (solubility
parameter not calculated in this work); however, additionally, the solubility parameter
is related to the solvency behavior of a specific solvent, and could therefore influence
the nature of the equilibrium of the complexation reaction together with the solvation
effect. Further investigations are required to understand this behavior. Concerning the
molecular weight characteristics, the highest molecular weight was obtained by using
hexane, which is attributed to the reduced concentration of active sites, implied by the low
catalytic activity. On the other hand, by using heptane, the lowest molecular weight was
obtained, which suggests the increase in termination reactions, and which is supported by
the higher polydispersity value reported in Table 4. Similar results were observed by using
toluene and isooctane as solvents.

Table 4. Influence of solvents over the ethylene polymerization using CP2Zr(CH3)2 (Zr1) as the
catalyst, activated by [CPh3][B(C6F5)4] (B3).

Sample a Solvent δ b A c Mw (Kg/mol) Ð d

PE3 Toluene 8.8 61.0 456 3.2
PE10 Isooctane 6.9 46.0 473 2.8
PE11 Heptane 7.4 33.0 310 3.6
PE12 Hexane 7.3 10.5 613 2.0

a Isothermal polymerizations (50 ◦C) were performed in 200 mL of solvent for 45 min: Zr = 1.28 × 10−4 mol,
molar ratio B/Zr = 2.5. Pressure = 1 bar. b Solubility parameter (cal/cc)1/2. c Catalytic activity (KgPE/molZr/h).
d Dispersity index (Mw/Mn), determined by SEC.

4.2. Kinetic Parameter Estimations

The catalytic system (B + Zr) that showed the highest catalytic activity was B3/Zr1
(in toluene); therefore, in the following mathematical modeling sections, a polymerization
series using the aforementioned system was synthesized. The resulting experimental data
were analyzed in Table 5. The ratio B3/Zr1 was varied in two levels (1 and 2.5) and the
operating temperature was changed in three levels (40, 50, and 60 ◦C). Additionally, the
operating pressure was increased to 1.5 bar to increase the catalytic activity.
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Table 5. Reaction parameters and general features of the synthesized PEs using CP2Zr(CH3)2

(Zr1)/[CPh3][B(C6F5)4] (B3), used for kinetic modeling.

Sample a Temperature (◦C) B/Zr A b

PE13 40 1 12.07
PE14 40 2.5 12.75
PE15 50 1 15.59
PE16 50 2.5 16.29
PE17 60 2.5 15.70

a Polymerizations were performed in 200 mL of toluene for 45 min: Zr = 1.28 × 10−4 mol, molar ratio B/Zr = 2.5.
Pressure = 1.5 bar. b Catalytic activity (KgPE molZr

−1 h−1).

The thermodynamic state of the liquid and vapor phases was considered under VLE
because the operational pressure (P = 150 bar, T = 40, 50, and 60 ◦C) lay between the
bounds of PBubl and PDew under all the studied conditions (Equation (5)). Therefore, a T,
P-flash calculation protocol was carried out, resulting in [M]l = 0.17, 0.14, and 0.11 mol L−1,
as shown in Table 6. As the temperature increased, a higher amount of mass of both
components (ethanol and toluene) was transferred to the vapor phase, resulting in a lower
concentration of ethylene in the liquid phase. According to Lee et al. [36], the solubility
of the ethylene in toluene is inversely proportional to a temperature increase; the results
of our predictions are in agreement with these experimental findings. Figure 4 shows the
dependency of [M]l with respect to the operating temperature and pressure.
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The next step was to obtain the optimal values of the kinetic rate constants kp1, kp2, kd2,
kc, and ka2 by fitting the experimental polymerization rate profiles to Model 1 (Equation (2))
and Model 2 (Equation (3)), by using Matlab tools. It must be noted that the lower bound
of each parameter was limited to the value previously found at a lower temperature for
experiments in the same series, i.e., PE14, PE16, and PE17. It is clear that these constraints
are based on the expected physical behavior, described by the Arrhenius expression.

Comparisons between the optimization results of Model 1 (dashed lines), Model 2
(dotted lines), and the experimental profiles (continuous lines) for the five selected exper-
iments are illustrated in Figure 5, and the kinetic parameter values and the coefficients
of determination, R2, are presented in Table 6. The best fit with the experimental curves
corresponds to predictions by Model 1 with the reactivation step of the deactivated catalytic
system, with closer values of R2 to the unity than those obtained by Model 2 (Table 6).
Therefore, it is assumed that the reactivation has high importance in the adequate prediction
of the polymerization rate profile.
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in Table 6. Bars denote the standard deviations (S) for Model 1.

To estimate the transfer chain kinetic rate constants (ktr1 and ktr2), the system of
ordinary differential equations (ODEs) was solved by a routine called ode23s in Matlab.
The previously estimated parameters for Model 1, shown in Table 6, were used, and the
Mn and Mw values, computed by Equations (41) and (42), were fitted to the corresponding
experimental values. The values of ktr1 and ktr2 were assigned until they reached a good
agreement with the experimental data, but the low bound in the estimation was constrained
to the fitted value at a lower temperature, analogous to the procedure previously described.
As presented in Table 7, the fitted Mn and Mw values showed an excellent agreement with
the experimental data with low values of the relative changes, and the proper values for
ktr1 and ktr2 are summarized in Table 6.
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Table 7. Fitted (Model 1) and experimental molecular weights (gr mol−1) of polyethylene, and the
relative change (R.C.). P = 150 bar.

Run PE13 PE14 PE15 PE16 PE17

Time (min) 40 40 30 40 30 40 40
Mn exp. (gr mol−1) 248,358 234,792 185,668 224,373 147,564 131,544 176,695
Mn fitted (gr mol−1) 249,940 230,240 211,596 211,370 152,230 152,026 174,650

R.C. 0.006 −0.020 0.123 −0.062 0.031 0.135 −0.008
Mw exp. (gr mol−1) 507,982 477,332 480,188 455,629 380,701 349,233 352,227
Mw fitted (gr mol−1) 513,070 492,690 452,210 451,740 328,990 328,590 349,270

R.C. 0.010 0.031 −0.062 −0.009 −0.157 −0.063 −0.008

All the kinetic rate constants of the series PE14, PE16, and PE17, where the temperature
was increased at 40, 50, and 60 ◦C, respectively, with constant molar ratio B3/Zr1 = 2.5,
were used in the estimation of the activation energy (EA) and steric factor (A0). Figure 6
depicts an Arrhenius plot (ln (kj) versus T−1) and the fitted equations for all the ks values.
An excellent fit was achieved for all the kinetic rate constants (R2 > 0.92), with the exception
of kc, giving R2 = 0.04, attributed to the almost-null increase in the constant with respect to
the temperature, as shown in Table 6. In fact, when an optimization procedure without
a constrained low bound on kc was run, a negative effect of the temperature on this rate
constant was computed. This was probably due to a reversible transition reaction taking
place, in which the difference between the EA(kc) and EA(k−c) predominately led to the
formation of the active polymer of type 2 at low temperatures, but at high temperatures,
the formation of active chains of type 1 could be favored, as reported for the ethylene
polymerization using MAO and CP2ZrCl2 [22,23]. Hence, as a first approximation of the
transition reaction in this system, in the next section a value of kc = 0.11 min−1 will be used
for all the simulations.
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On the other hand, contrary to the findings reported by Jiang et al. [23], in which the
reactivation reaction only was important at low temperatures (at 50 ◦C ka2 = 19 L2 mol−2 min−1,
at 60 and 70 ◦C ka2 = 0), in this work the effect of the temperature on the reactivation
of catalytic systems (CDeact) has been well described, obtaining R2 = 0.9880 in the linear
regression, as shown in Figure 6: Ea (ka2) = 153.44± 16.29 kJ mol−1 and A0 (ka2) = 1.23× 1027

(exp(±6.07)) L2 mol−2 min−1. The values estimated for the spontaneous deactivation are
EA (kd2) = 16.01 ± 1.60 kJ mol−1 and A0 (kd2) = 184.96(exp(±0.59)) L mol−1 min−1.

Additionally, high differences in the EA and A0 values between kp1 and kp2 were
obtained (Figure 6), attributable to more reactive active polymers of type 2 than those
initially generated of type 1. While the values of EA (kp2) = 1.09 ± 0.18 kJ mol−1 and
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A0 (kp2) = 9.16 × 1027(exp(±0.07)) L2 mol−2 min−1 were estimated for the former type,
the following values of EA (kp1) = 206.03 ± 21.92 kJ mol−1 and A0 (kp1) = 8.77 × 1038

(exp(±8.17)) L mol−1 min−1 were estimated for the propagation step of the latter. As
expected, the estimated behavior for the monomer rate constants for each type was re-
lated to the kp values with EA (ktr1) = 146.63 ± 41.47 kJ mol−1 and A0 (ktr1) = 7.73 × 1025

(exp(±15.46))L mol−1 min−1; and EA (ktr2) = 16.68± 1.19 kJ mol−1 and A0 (ktr2) = 4.21 × 105

(exp(±0.44)) L mol−1 min−1. Given such high values of EA (kp1), EA (ktr1), and EA (ka2), at
high temperature (i.e., 70 ◦C) one would expect the active polymer of type 1 to present
lower molecular weights than type 2, as well as a competitive step between the transition
to type 2 and the chain transfer to monomer.

It is important to note a strong effect of the boron-based activator on the kinetic
parameters, because a concentration change induces different values during the fitting
procedure, as shown in Table 6. If the values of EA and A0 are estimated with the available
experimental data at 40 and 50 ◦C with [B3] = 5.53 × 10−4 mol L−1, the values in Table 8
are obtained. A considerable decrease in the frequency factor and the activation energy
of kp1 is observed in comparison to those estimated values at a high concentration of B3
(Table 6). Additionally, the energetic barrier is increased for kp2 with respect to a high
concentration of B, but its frequency factor is greatly decreased, ascribable to an important
steric hindrance of the active site with the monomer.

Table 8. Parameter estimation results of the PE polymerization using B3 = 5.53 × 10−4 mol L−1.

Kinetic Rate Constant A0 EA (kJ mol−1)

kp1 (L mol−1 min−1) 1.54 × 104 15.44
kp2 (L mol−1 min−1) 3.68 × 109 41.20
kd2 (L mol−1 min−1) 14.64 3.56
ka2 (L2 mol−2 min−1) 1.56 × 1020 118.60

ktr1 (L mol−1 s−1) 7.54 × 1021 135.27
ktr2 (L mol−1 s−1) 1.10 × 1013 84.60

4.3. Kinetic Simulations

The estimated kinetic rate constants were used as inputs in the mathematical model,
and the results are shown in Figure 7. First, the effect of the temperature was studied in
the series PE10, PE12, and PE14, corresponding to polymerizations at 40, 50, and 60 ◦C,
respectively (Figure 7a,c,e). As expected, a higher temperature leads to an increase in the
polymerization rate (Figure 7a versus Figure 7e). The Rp curves show an increase in the
first five minutes of the reaction, which is attributed to the gradual generation of active
polymer of type 2 (Y0,2), with a higher propagation rate than type 1 (Y0,2). Then, the profiles
reach a maximum when the highest concentration of (Y0,2) is generated, as confirmed in
Figure 7b,d,f. At longer reaction times, the deactivation of both active polymer chains is
greater than their generation, resulting in a decrease in ethylene consumption.

The concentration curves at 40 ◦C are shown in Figure 7b, in which Y0,1 constantly
decreases, but Y0,2 reaches a maximum before 5 min of reaction have elapsed. A higher
production of dead polymer of type 2 (Z0,2) than that for type 1 (Z0,1) was predicted by
the model. Additionally, Mn for Z0,2 was five-fold higher than that for Z0,1 (Figure 8a),
which reached a plateau after 5 min. As illustrated, the value of Mn for the final polymer
product is very similar to that obtained to that predicted for Z0,2. Notably, the experimental
values for Mn and Mw for the final product (symbols) show an excellent agreement with the
predicted values (lines) with dispersity of 2.03. Such difference in the values of Mn between
Z0,1 and Z0,2 resulted in two populations, which are observed in the MWD of the final
product measured by SEC (Figure 8b), being the long tail of the distribution attributable
to Z0,1. The two polymer populations have been obtained by statistical deconvolution
of the SEC experimental data, and they should be taken with wariness. More advanced
deconvolution procedures can be found in the literature [37], and these will be explored in
further works.
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At 50 ◦C, the Rp profile was more sustained (Figure 7a); however, its maximum value
was lower than that predicted at 40 ◦C, which was probably due to a fast transfer chain to
polymer rate. This produces similar concentrations for Z0,1 and Z0,2 species throughout
the polymerization, as shown in Figure 7b. At this temperature, the gap of Mn values
between the Z0,1 and Z0,2 species was smaller than at lower temperatures (Figure 8a),
and the populations of both species similarly contributed to the MWD (Figure 8a) with a
dispersity of 2.65.
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At 60 ◦C, the model accurately predicted the Rp experimental profile, presenting a
maximum point at approximately 5 min: after that time, the curve suddenly falls until
100 mol L−1 min−1 at 40 min of reaction (Figure 7e). The concentration of Y0,2 reached
a maximum at 5 min, followed by a plateau where the concentration remained almost
constant throughout the whole reaction (Figure 7f). Here, the concentration of Z0,1 was
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higher than Z0,2, but both species presented very similar Mn—such values overlap with
the experimental values of Mn (Figure 8e). Additionally, Figure 8f presents the MWD
and its deconvolution in two populations, corresponding to Z0,1 and Z0,2, with a higher
concentration of Z1,0, as determined previously. The dispersity value was 2.00; therefore,
so it is possible to assume that a single population, such as Z0,2, is only generated in the
system, and Y0,1 fulfills the role of intermediary species or transition state of Y0,2.

5. Conclusions

A systematic study about the influence of different parameters over the catalytic
activity and polymer final properties was performed, using organoboron compounds as
activators of zirconocenes with different ligand substituents. Carbocation organoboron
compounds ([(C6H5)3C]+[B(C6F5)4]−) promoted the ethylene polymerization to the greatest
extent, while zirconocenes with cyclopentadienyl rings having non-substituted-ligands
were found to yield the highest activity, suggesting that, in this catalytic system, the steric
hindrance from the substituents plays a greater role than their electron-releasing effect over
the polymerization. Toluene was found to be the best solvent among those compared for
this kind of system.

A comprehensive kinetic model for ethylene polymerization using a CP2Zr(CH3)2/
[CPh3][B(C6F5)4] catalyst system and toluene as solvent was developed, based on a pro-
posed reaction mechanism considering two active sites. A parameter estimation, involving
the fit of the polymerization rate profiles using a nonlinear least square optimization, was
carried out. A comparison between the two models revealed that the reactivation of the
deactivated sites of type 2 is a very important step, obtaining coefficients of determination
around the unit. Additionally, the chain transfer rate constants were fitted by using the
method of moments, resulting in an excellent agreement with the molecular weight experi-
mental data. Moreover, EA and A0 parameters were estimated in two series of experiments
at ratios of B3/Zr1 of 1 and 2.5, and they presented high energetic barriers for rate con-
stants corresponding to the active site 2 with the higher ratio. The model and the kinetic
parameters were validated with the experimental data, confirming that a multiple (two)
active site consideration is a possible explanation for the multimodal MWD, observed in
SEC measurements. The predictions of the total concentrations expose a higher generation
of the dead polymer of type 1 than type 2 when the temperature is higher.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-971
7/9/1/162/s1.
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Abstract: A mechanistic model is proposed to describe the emulsion polymerization processes
for the production of styrene–butadiene rubber (SBR) and acrylonitrile–butadiene rubber (NBR)
elastomers in trains of continuous stirred tank reactors (CSTRs). A single model was used to describe
both processes by choosing the proper physicochemical parameters of each system. Most of these
parameters were taken from literature sources or estimated a priori; only one parameter (the entry rate
coefficient) was used as an adjustable value to reproduce the kinetics (mainly conversion), and another
parameter (the transfer to polymer rate coefficient) was used to fit the molecular weight distribution
(MWD) experimental values from plant data. A 0-1-2 model for the number of particles and for the
moments of the MWD was used to represent with more fidelity the compartmentalization effects.
The model was based on approaches used in previous emulsion polymerization models published in
the literature, with the premise of reaching a compromise between the level of detail, complexity, and
practical value. The model outputs along the reactor train included conversion, remaining monomer
composition, instantaneous and accumulated copolymer composition, the number of latex particles
and particle diameter, polymerization rate, the average number of radicals per particle, average
molecular weights, and the number of branches per chain.

Keywords: emulsion polymerization; styrene–butadiene rubber; nitrile rubber;
mathematical modeling

1. Introduction

Two of the most important rubber products (copolymers) from the economical point of
view—styrene–butadiene rubber (SBR) and acrylonitrile–butadiene rubber or nitrile rubber (NBR)—are
produced via emulsion polymerization, mainly via the continuous cold process (5–15 ◦C) in trains of
continuous stirred tank reactors (CSTRs). Some types of styrene–butadiene copolymer rubbers can
also be produced via living anionic polymerization in solution, with a better control of the composition
microstructure along the polymer chain, but the subject of this paper is the random copolymer produced
via radical polymerization in emulsion. The world production of SBR was estimated to be around
8.3 × 106 ton/year in 2020 (based on [1]), and that of NBR was estimated to be 1.56 × 106 ton/year by
2023 [2], together representing roughly 3% of the total world polymer production (assuming a total
world production of 300 × 106 ton/year).

The main use of SBR is in tires and automotive applications, while NBR is used in seals,
gaskets, hoses, etc., where chemical resistance, higher strength, and lower gas permeability are needed.
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As mentioned above, a large portion of these copolymers is produced worldwide via continuous
cold processes that, due to the lower temperatures used, avoid undesired crosslinking during
polymerization. The processes for the production of SBR and NBR have many similarities,
basically differing in the formulation of the emulsion components fed to the process. Both processes
are performed by free-radical emulsion polymerization in a train of CSTRs at low temperatures,
and they use a redox system of initiators to maintain a flux of radicals at these low temperatures.
Additionally, they both are designed to reach maximum monomer conversions between 70 and 75% to
avoid crosslinking due to branching reactions and to limit the composition drift. Side streams of the
monomer that are consumed faster can also be included in the process to correct the composition drift
in both the SBR and the NBR processes.

Concerning the cold SBR process, early models were published by the Hamielec and MacGregor
group in the 1980s. Both steady-state (Kanetakis et al. [3]) and dynamic models (Broadhead et al. [4]
and Penlidis et al. [5]) were presented, capable of calculating the monomer conversion, the copolymer
composition, the molecular weight averages, and the long-chain branching frequency, as well as
the particle size distribution (PSD), in each reactor. In the steady-state model [3], the PSD was
calculated based on the known residence time distribution of a CSTR using a convolution integral
to estimate the PSD in reactors downstream of the train. Only micellar nucleation was included,
considering radical entry competition between micelles and already formed particles (Smith–Ewart
theory); Smith–Ewart case II kinetics were assumed with 0.5 as the average number of radicals per
particle (̃n) [6]. The molecular weight averages were calculated by using steady-state expressions
derived by applying the method of moments. The dynamic model [4,5] had similar bases to the
steady-state one, although it contains some differences in certain respects. Naturally, ordinary
differential equations (ODEs) for the components of the redox initiation system, monomers, and
converted monomers, surfactant, number of particles, and molecular weight distribution (MWD)
moments per reactor were explicitly included. The treatment of the MWD equations was made
by using the pseudo-homopolymer approach [7] (also known as the pseudo-kinetic [8] or apparent
rate constants [9] methods). The evolution of the PSD was calculated in an approximated way via
the discretization of the population by particle age (generations) and the use of several simplifying
assumptions. In this way, only one differential equation was solved for the volume growth of a particle
of the first generation, and this information was used to estimate the growth of the particles of any
other generation. Interestingly, this model included the energy balances of the reactor and the cooling
jacket, as well as an equation for a temperature controller. Smith–Ewart case II kinetics were also
used in this model during the nucleation period and at low conversions, while at higher conversions,
the extended fraction solution of the Smith–Ewart recurrence equation, proposed by Ugelstad et al. [10],
was utilized to estimate ñ. These models were used in several applications: to determine operation
policies aimed at improving the productivity of the reactor train or the quality of the SBR produced, to
manipulate the PSD, to enhance the operation stability (avoiding sustained oscillations for example),
and to design start-up procedures to minimize the quantity of the off-spec product [4,5]; the dynamic
model adapted for semibatch operation was later used to design midcourse correction policies for the
control of molecular weight and cross-linking density in semibatch SBR reactors [11].

Years later, Gugliotta et al. [12] published a model based on the Broadhead et al. model with
added detail in some respects. The main differences in Guggliota et al. model with respect to [4] were:

- The effect of impurities in the process was included.
- The PSD was modeled by using a population balance approach for the continuous distribution

N(v,t)dv, which represents the number of particles having a volume between v and v + dv at time
t, resulting in a partial differential equation (PDE). This equation was approximately solved by
discretizing the v domain into small subdomains ∆v and converting the PDE into a set of ODEs.

- The monomer partitioning among phases was calculated by using the Flory–Huggins theory [13]
extended to emulsion systems by Morton et al. [14] to include the effect of the interfacial energy
between particles and the continuous aqueous phase.
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- The possibility of considering side streams fed to reactors along the CSTR train was included.

Similarly to the Broadhead et al. model [4], the Gugliotta et al. model [12] was applied to design
policies for increasing production and transient optimization [15–17]. More recently, it was also used
for the calibration of a soft sensor for the monitoring and control of an SBR production process using
seven CSTRs in series. The model replaced actual plant data by simulating the operation of the process
in an extended variable space [18].

Zubov et al. presented a detailed dynamic model for the SBR process in a train of CSTRs based
on population balances and the method of moments for the description of the MWD, besides mass
balances for other species [19]. Several non-conventional features are used in the model. Interestingly,
they use an empirical relation for the average number of radicals in particles (̃n) as a function of
the initiator concentration; as a consequence, no radical entry or radical desorption terms are used.
Additionally, the transport of the monomer from the droplets to the particles is modeled by using
mass transfer terms, where the concentration gradients are calculated using partition coefficients for
the estimation of the equilibrium concentrations. The model is validated with industrial data for
conversion, molecular weight, and Mooney viscosity for the steady-state and transient case, and its
usefulness is illustrated by its application to generating a grade transition procedure to minimize
the production of off-spec product. More recently, Mustafina et al. developed a rather simple model
to describe the copolymer composition and other characteristics of SBR, and they used it to fit the
corresponding kinetic parameters to represent intrinsic viscosity, conversion, and molecular weight
data [20]. Apparently, the used data came from a train of CSTRs, but a batch model was implemented
to approximately represent the process. The used MWD model was too simple and did not take
branching reactions into account.

Regarding the NBR case, the apparently first mathematical models for batch and semibatch
industrial processes were published, almost simultaneously, by Dubé et al. [21] and by Vega et al. [22].
The Dubé et al. model was built to represent batch and semibatch reactors while considering redox
initiation, the thermodynamic partitioning of monomers among phases using the partition coefficients
model, and the pseudo-kinetic rate constants method for the copolymerization kinetics; ñ was calculated
by using the Ugelstad [10] expression. The model was capable of predicting conversion, the number of
particles per L of water Np, the rate of polymerization Rp, the copolymer composition, the number and
weight average molecular weights Mn and Mw (by the method of moments), the branching averages,
and the average particle diameter Dp.

The model of Vega et al. [22] was also written for batch and semibatch reactors, and it was an
extension of the previous model built by this group for the SBR process [12] (which was itself based on
the Broadhead et al. model), with some modifications to capture the mechanistic features generated
by the presence of the more water-soluble acrylonitrile (AN) monomer. The modifications of the
model included the polymerization of AN in the aqueous phase, radical desorption, and homogeneous
nucleation. However, some of these modifications were only applied to the polymerization rate but
not to the MWD calculations, making these two parts of the model somewhat inconsistent. The latter
model was further extended in [23] to describe in more detail the bivariate chain length and branching
distribution in the batch case. It was also used to simulate plant data for testing an open-loop estimator
based on calorimetric measurements to monitor NBR properties in a semibatch process [24]. Notice that
none of the previous cited works addressed continuous NBR production processes; it was only in the
works of Minari et al. [25,26] that the Vega et al. model was extended to the case of a train of CSTRs for
NBR production to study the effect of intermediate feed streams of chain transfer agents (CTAs) and
AN on the polymer quality [25] and to reduce transients during grade transitions [26]. More recently,
the model of Vega et al. was used to evaluate a closed-loop control strategy to produce the NBR of
uniform copolymer composition in a semibatch reactor [27].

Another model for NBR production in a train of CSTRs (also used for batch and semibatch
operations) was proposed by Washington et al. [28,29]. This model was based on that of Dubé et al. [21]
with many similarities: redox initiation, the partitioning of monomers described by partition coefficients,
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the use of pseudo-kinetic rate constants for the reaction kinetics, and the calculation of ñ by using the
extended fraction expression [10]. It also used an average particle size and consisted of differential
equations (dynamic model). As in the case of other models for continuous reactors, it was used to
study start-up procedures and the control of polymer properties (copolymer composition, molecular
weight, and particle size).

More recently, the Washington et al. model was used to study, in more detail, the effect of the
monomer partitioning model, the radical desorption, and the monomer soluble impurities of several
polymer properties in the batch and the CSTR train case. [30] The model was also applied to study
dynamic aspects of a train of eight CSTRs and the effect of different operation policies on the off-spec
material produced during transient operation. [31] Scott et al. also used this model to demonstrate the
application of the Bayesian experimental design technique to maximize the information that can be
experimentally obtained for an NBR process carried out in a train of CSTRs [32].

In summary, there are few models for trains of CSTRs for the production of SBR ([3,4,12,19,20]) and
NBR ([25,26,29]). Many of the models ([12,25,26]) stemmed from the same model of Broadhead et al. [4]
with some adaptations, and others ([3,29]) are not very different either in terms of assumptions
and structure.

Given the similarities of the SBR and NBR processes, it was the goal of this work to develop and
present a single model that is flexible enough to represent both processes with relatively small variations
and to demonstrate that the same mathematical structure could be applied with minor adjustments to
both processes. Some previous models have addressed only one of the two polymerization systems
at a time (not necessarily for the continuous process but for batch or semibatch modes), although,
in some cases, they used essentially the same model with adaptations. We believe that it is instructive
to treat the two processes with the same model simultaneously in order to emphasize their similar
underlying structures. Other goals of this work were to introduce improvements in some key aspects
of the models (to be specified below) and to reach a good balance between the level of detail, the ease of
implementation, and the predictive power of the model. To do this, a different model is proposed that is
intended to study the effect of the configuration of the CSTR’s train in the production (rate and quality)
of both SBR and NBR elastomers. Configuration refers to the number of reactors in the train (in the
range of 7–16), as well as the possible presence and position (reactor number) of side feed streams of
one of the monomers or CTAs in the reactor train.

The goal of the study was to compare steady-state operations; nonetheless, a dynamic model was
written in the form of ordinary differential equations (ODEs) since, in our experience, the numerical
solution of this kind of system is more robust than that of the corresponding steady-state non-linear
algebraic equation system. This selection was based on the experience of many years of our group
working on the mathematical modeling of industrial emulsion polymerization processes.

2. Mathematical Model

In this section, the different components of the used mathematical model are presented and briefly
discussed. Since some of these components were taken or adapted from existing models—only the
main features of them are provided, and their details can be found in the given references and in the
Supplementary Materials (SM).

The philosophy of the present work during the definition of the different components of the
model was to use only the level of complexity deemed necessary to have a reliable description of
each of the involved phenomena. In some cases, as in the calculation of ñ, which was based on a
0-1-2 particle model adapted from one by Vale and McKenna [33], this choice resulted in an increased
level of detail compared with previous models. Additionally, the present model uses a more detailed
calculation of the leading moments (0–2) of the MWD which, for consistency with the particle model,
were also calculated using a 0-1-2 model based on a subset of the population balance model of Saldívar
et al. [9] The model is not just a collection of existing pieces from other models, but the equations were
re-derived and/or adapted as needed. In other cases, our choice was a simpler model than those in
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other works; this was the case, for example, of the monomer partitioning model, which is quite simple
but still effective. A more detailed discussion of these differences is provided in the specific sections of
the paper.

The used kinetic scheme is given in Table 1. Notice that the medium part of the table shows,
in detail, the terminal model on which the pseudo-homopolymer approach was based (for propagation
and chain transfer to monomers and CTAs). Diffusion-controlled termination using a single coefficient
was used. The lower part of the table shows the kinetics in the pseudo-homopolymer form, which is
particularly useful for the MWD (moments) calculations. Notice that the internal and terminal double
bond reactions only occur on the butadiene units of the dead polymer, and this is reflected in the
multiplication of the corresponding rate constant by Fc

1,mo, which is the accumulated molar fraction of
butadiene in the polymer.

Table 1. Kinetics in the aqueous and particle phase.

Reaction Kinetics

Aqueous phase

Redox initiation

Iw + Yr
1

kd1
→ Rw + Yo

1 + products

Yo
1 + Y2

kd2
→ Yr

1 + products

Rw + Mw
kp
→ Pw

Pw + Mw
kp
→ Pw

PwPw
kt
→ Dw

Particle phase, detailed terminal model 1

Propagation and cross-propagation (i,j = 1,2) Pi + M j
kp,i j
→ P j

Chain transfer to monomer (i,j = 1,2) Pi + M j
ktrMij
→ P j + D

Chain transfer to chain transfer agent T (i,j = 1,2) Pi + T
ktrTi
→ Pi + D

Particle phase, molecular weight distribution (MWD) pseudo-homopolymer form 2

Propagation (r = 1, . . . ,∞) Pr + M
kp
→ Pr+1

Chain transfer to monomer (r = 1, . . . ,∞) Pr + M
ktrM
→ P1 + Dr

Chain transfer to chain transfer agent (r = 1, . . . ,∞) Pr + T
ktrT
→ P1 + Dr

Termination by combination and disproportionation
(r,q = 1, . . . ,∞) 2

Pr + Pq ktc
→ Dr+q

Pr + Pq ktd
→ Dr + Dq

Chain transfer to polymer (q,r = 1,..,∞) 3
Pq + Dr rktrp

→ Pr + Dq

Internal or terminal double bond polymerization (q,r
= 1, . . . ,∞) 3 Pq + Dr

Fc
1,morkdb
→ Pr+q

1 A pseudo-homopolymer approach with apparent rate constants is used to represent the copolymerization kinetics
based on the terminal model. 2 A single value kt = ktc + ktdwas used for the termination step, calculated as
kt =

√
kt11kt22 while assuming diffusion-controlled termination, where kt j j, j = 1, 2, are the homotermination

constants for monomers 1 and 2. 3 The transfer-to-polymer and double bond polymerization reactions are only
considered for the MWD calculations.

The symbols used in Table 1 for the aqueous phase are: Iw, initiator; Yr
1 and Yo

1, reducing agents in
the reduced and oxidized states, respectively; Y2, secondary reducing agent; Rw, primary radicals in
the aqueous phase; Pw, polymeric radicals in the aqueous phase; and Dw, the dead polymer in the
aqueous phase. For the particle phase, the nomenclature is: Pi, polymeric radicals of type i terminal
unit; M j, type j monomer; D, the dead polymer; Pr and Dr, length (r) of live and dead polymers,
respectively; M, total monomer (M = M1 + M2); and T, chain-transfer agent. Notice that Pr = Pr

1 + Pr
2,

where Pr
i are r-length polymeric radicals of type i (i = 1,2).
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The following equations are valid for any reactor in the train, except where noted.

2.1. Monomer Mass Balances

The remaining mass of monomer Mm
i (i = 1,2)

dMm
i

dt
= FinwMi, in −

Mm
i Fout

MT
− Fi,maRpVwMwi + Fri,Mi (1)

Monomer bound in the polymer chain Hm
i (i = 1,2)

dHm
i

dt
= FinwHi, in −

Hm
i Fout

MT
+ Fi,maRpVwMwi (2)

where Mwi is the molecular weight of monomer i; ws, in is the inlet mass fraction of species s entering
the reactor; Fi,ma is the mass fraction of monomer i instantaneously formed in the reactor according to
the Mayo–Lewis equation in mass form; Fin and Fout are the inlet and outlet total mass flows entering
and exiting the reactor, respectively; MT is the total mass in the reactor; Rp is the reaction rate, mol/(L s);
and Vw is the water volume in the reactor. Notice that the reaction rate is defined per liter of the
aqueous phase. Fri,Mi are side feed streams (mass flow) of monomer i to reactor ri.

The Mayo–Lewis equation in molar units is:

Fi,mo =
r1 f 2

1 + f1 f2
r1 f 2

1 + 2 f1 f2 + r2 f 2
2

(3)

where Fi,mo (i = 1,2) is the mole fraction of i-monomer units instantaneously incorporated in the
copolymer; f 1 (i = 1,2) is the mole fraction of monomer i remaining in the reaction site; and ri (i = 1,2)
comprises the reactivity ratios of the copolymer system. The two forms (molar and mass) of the
equation are related by a simple function f M that converts the molar fraction into the mass fraction:

Fi,ma = fM(Fi,mo, f1, Mwi) (4)

where Mwi is the molecular weight of monomer i (i = 1,2).
Notice that for practical reasons, mass, instead of molar units, is used for some of the balances,

since the recipes are handled on a mass basis in industrial practice.

2.2. Rate of Polymerization

The polymerization rate can be calculated with the classical expression for emulsion
polymerization:

Rp =
kpn

[
Mp

]
Np

Na
(5)

where [Mp] is the monomer concentration in particles, mol/L; n is the average number of radicals per
particle; NA is the Avogadro number, mol−1; Np is the number of particles per L of water, L−1; and kp is
the apparent rate constant for propagation, L (mol s)−1, calculated as:

kp =
2∑

i=1

2∑
j=1

pi∅ jkpi j (6)

where pi is the probability of type i radical in particle (i = 1,2) and ∅i is the mole fraction of monomer
i in particle (i = 1,2). The probabilities pi can be calculated as shown in [34].
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2.3. Population Balance Equations for Particles and Calculation of Rpand n

Defining Fn,ri as the number of particles with n radicals (n = 0,1,2) per liter of water, L−1, in
the reactor ri in the train, population balance equations (PBEs) based on those postulated by Vale
and McKenna [33] for a 0-1-2 system can be obtained. These equations are different from those of
Vale and McKenna in two aspects: they do not consider the full-size distribution (partial derivatives
with respect to size) but an average particle size instead that can increase with time and/or reactor.
Another difference is that these equations include the inflow and outflow terms not present in the
batch model of Vale and McKenna:

dVwF0,ri

dt
= −ρF0,ri + kdesF1,ri +

2k′t
υ

F2,ri + Qin,riF0,ri−1 −Qout,riF0,ri (7)

dVwF1,ri

dt
= ρF0,ri − (ρ+ kdes)F1,ri + (ρ+ 2kdes)F2,ri + ρmicMic + Qin,riF1,ri−1 −Qout,riF1,ri (8)

dVwF2,ri

dt
= ρF1,ri − (ρ+ 2kdes +

2k′t
υ

)F2,ri + Qin,riF2,ri−1 −Qout,rF2,ri (9)

where ρ, kdes, and k′t are the radical entry, radical exit, and termination rate coefficients, respectively
(see details and units below); v is the volume of an average particle, L; Mic is the micelle concentration
L−1; Qin,ri and Qout,ri are the total in and out volumetric flows to and from reactor ri, respectively;

and k′t = kt
NA

. Notice that the radical entry and exit coefficients are particle size-dependent as detailed
below. The micellar nucleation mechanism is included in Equation (8); in general, the radicals in the
aqueous phase may enter micelles or particles in a competitive way.

A dimensionless version of these equations, used for the numerical solution of the model, can be
found in the Supplementary Materials.

From the solution of Equations (7)–(9) it is possible to calculate n and Np from the following
expressions:

n =

∑2
n=0 nFn∑2
n=0 Fn

(10)

Np =
2∑

n=0

Fn (11)

2.4. Radical Entry and Exit Coefficients

The used specific expressions were taken from [9], but they were based on concepts previously
proposed and generally accepted [35–37]. See the Supplementary Materials for specific details;
Supplementary Material Equations (S1a)–(S1o).

2.5. Mass Balances of Species

In all the balance equations, wSp,in represents the mass fraction of species Sp in the reactor feed and
MSp is the molecular weight of Sp (except for MT that is total mass in the reactor). Differential equations
representing the balances are written in molar units, except where noted. They are written for
the initiator Iw, reducing agents Y1 and Y2, surfactant S, and chain transfer agent Tr, and they are
summarized below. More details on the assumptions and derivation of theses equations are included
in the Supplementary Materials.

Initiator Iw:
dIw

dt
= −kd1Yr

1 Iw/Vw + Fin
wI, in

MI
−

Iw Fout

MT
(12)

Reducing agents Y1 and Y2:
dY1

dt
=

Finwy1, in

My1
−

Y1 Fout

MT
(13)
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dY2

dt
=

FinWy2,in

My2
−

Y2Fout

MT
− kd2Yo

1Y2/Vw (14)

For further details on the use of these equations, see Supplementary Material Equations (S1a–S1r)
in the Supplementary Materials.

Surfactant S:
dS
dt

=
Finws,in

Ms
− Fout

S
MT

(15)

The surfactant balance is connected and solved simultaneously with the corresponding adsorption
equilibrium (Langmuir isotherm) described by the Supplementary Material Equations (S1u)–(S1x) in
the Supplementary Materials.

Given the total amount of surfactants by the mass balance, the partitioning of the surfactant
adsorbed in particles (Sa), and free in water (S f ) can be defined; S f is given by a quadratic equation
and includes the surfactant in solution and the surfactant in micelles. The micelle concentration is
obtained by Equation (16) or (17):

Mic =

(
S f /Vw − [S]cmc

)
NAaem

4π r2
m

if S f /Vw ≥ [S]cmc (16)

Mic = 0 if S f /Vw < [S]cmc (17)

where [S]cmc is the critical micelle concentration of the surfactant (mol L−1), aem is the surface area per
surfactant molecule, and rm is the radius of a micelle.

Chain transfer agent (Tr):

dTr

dt
=

FinwTr,in

MTr
−

FoutTr

MT
− ktrT[Tr]p

∑2
n=1 nFn

NA
Vw +

Fri,Tr

MTr
(18)

where Fr,Tr is a side feed stream (mass flow) of CTAs to reactor ri. The partitioning equilibrium of the
CTAs defines their concentration in the particles. This is based on the assumption that the component
partitions between the particles and the aqueous phase according to the partition coefficient are defined
as:

KT =
[Tr]p
[Tr]w

(19)

where [Tr]p and [Tr]w are the concentrations of CTAs in the particle and aqueous phase, respectively.
The simultaneous solution of the mass balance and the CTA partitioning is described in detail by

Supplementary Material Equations (S1y)–(S1aa) in the Supplementary Materials.
Water (in mass units):

dW
dt

= Finww1 in −
Fout W

MT
(20)

Differential mass balance equations were also derived for primary radicals Rw and polymeric
radicals Pw (aqueous phase), but the quasi-steady state approximation (QSSA) was assumed for these
species, resulting in a simple quadratic equation for Pw:

− kt P2
w/Vw − kmp4π r2 Pw

2∑
n=0

Fn − kmmam Mic Pw +
Kdes
NA

2∑
n=0

Fn + kd1 f Yr
1 Iw/Vw = 0 (21)

where kmp is an entry coefficient for radicals in particles (m/s−1); r is the radius of an average particle;
kmm is the entry coefficient for radicals in micelles; am is the total micellar surface area; and Mic (L−1) is
the micelle concentration.
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2.6. Monomer Partitioning

The modeling approach used here was relatively simple but still effective. Madhuranthakam
and Penlidis [30] concluded that the use of different models for monomer partitioning (e.g., partition
coefficients and models based on equations of state) does not make a significant difference in the case
of the more complex NBR system in which the water solubility of AN is important. For the simpler
SBR case, an equipartition approach (similar proportions of the monomers in the droplets and particle
phases) equivalent to that proposed by Dougherty [38], is used. Additionally, the approach used here
allows for the a priori estimation of key parameters of the partitioning model based on the known
physicochemical properties of the system components. The used modeling approach was based on
the simple limit conversion for saturation, xsat, used by Gardon [39] as the conversion at which the
monomer droplets disappear (end of interval 2). Up to this point, in the presence of excess monomers,
the polymer particles are saturated with monomers and maintain a nearly constant concentration
([M]p).

[M]p is calculated differently depending on the stage (interval) of the polymerization. The decision
is made based on the equivalent conversion, x, defined as:

x =
Pm

1 + Pm
2

Mm
1 + Mm

2 −M2w + Pm
1 + Pm

2
(22)

where M2w stands for the mass of monomer 2 in water. This latter quantity is nearly zero for SBR,
but it is significant for NBR due to the partial solubility of AN in water.

If x ≤ xsat (intervals 1 and 2), [M]p is calculated by the Equation (23). The details of how to arrive
to this equation and how to calculate each of the involved quantities can be found in the Supplementary
Materials Section 2, Supplementary Material Equations (S2a)–(S2c) of the Supplementary Materials.

[M]p = [M]psat =
(M1/Mw1) + (M2/Mw2)

V′p
(23)

where V′p is the volume of this hypothetical particle, which can be calculated assuming volume
additivity:

V′p =
M1

ρ1
+

M2

ρ2
+

P1

ρp1
+

P2

ρp2
(24)

where Mwi = molecular weight of monomer i and ρi and ρpi (i = 1,2) are the densities of monomer i and
homopolymer i, respectively.

If x > xsat (mass conversion x, interval 3), [M]p is calculated assuming that all the remaining
monomers, except for the possible presence of AN in the water phase (NBR case), are in the particles:

[M]p =

(
Mm

1 /Mw1
)
+

((
Mm

2 −Mm
2w

)
/Mw2

)
Vp

(25)

where:

Vp =
Mm

1

ρ1
+

Mm
2 −Mm

2w
ρ2

+
Hm

1

ρp1
+

Hm
2

ρp2
(26)

and the superindex m indicates mass units.
An approximate way of estimating the amount of AN in the water phase (M2w) in the NBR case

is based on a partition coefficient, defined as the ratio of mass concentrations of monomer 2 in the
particles and the water phase:

χAN =

[
(Mm

2

]
p[

(Mm
2

]
w

(27)
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As shown in Supplementary Materials Section 2 (see Supplementary Material Equation (S2d)),
M2w can be obtained by solving the following quadratic equation:

χAN
ρ2

M2
2w −

[
χAN

(Mm
1

ρ1
+

Mm
2

ρ2
+

Pm
1

ρp1
+

Pm
2

ρp2

)
+ Vw

]
M2w + Mm

2 Vw = 0 (28)

2.7. Total Mass Balance

Since there might be side-feed streams of monomers and/or CTAs along the train, a total mass
balance per reactor (in mass units) is necessary:

dMT,ri

dt
= Fin,ri − Fout,ri + Fri,tr + Fri,M1 + Fri,M2 (29)

where MT,ri is the total mass present in reactor ri (reactors of different volumes can be considered along
the train). Notice that in previous equations, the second subindex ri was omitted when it was clear
that the balances were written for any reactor in the train. The same convention is used for the total
mass flows entering and leaving the reactor (Fin,ri and Fout,ri, respectively). As an approximation, it is
assumed that the time derivative is zero; that is, a constant mass is maintained in each reactor. In reality,
a constant volume operation is used instead (level control); nonetheless, since the density variations
are relatively small, this approximation introduces little error during the transient calculations and
no error when the steady-state is achieved. In this way, the total output mass flow can be explicitly
calculated from Equation (29) because the other terms are known (naturally, Fin,ri = Fout,ri−1 for ri > 1).

2.8. Molecular Weight Distribution

The quantities of two different distributions, one for the live polymer and the other for the dead
polymer, are defined as follows:

Nr
n = number of length-r radicals in particles having n radicals, per L of water.

Dr
n = number of length-r inactive polymer chains radicals in particles having n radicals, per L

of water.
For the assumptions and details of the derivation of the corresponding PBEs, the reader is referred

to [9]. Though the derivations used here follow the general assumptions in [9], the model was adapted
to comply with the 0-1-2 scheme. Some of the terms in the balances represent a shift in the classification
of radicals in the presence of a given kinetic or physicochemical event.

A general balance for the live polymer r = 1, 2, 3 . . . and n = 1, 2, 3 . . . , in any reactor, where the
identification of the reactor number (ri) is kept only for the inlet and outlet mass flows, is:

d Vw Nr
n

dt = kpNr−1
n [M]pVw − kpNr

n[M]pVw − ktrMNr
n[M]pVw+ kdes n Nr

n+1
−kdes Nr

n(n− 1) −KtrTNr
n[Tr]pVw+ρNo δ (n = 1) δ (r = 1)

+ ρmic Mic δ(n = 1)δ(r = 1) − kdes Nnδ (r = 1)δ(n = 1)+ρ Nr
n−1

− ρNr
n/n + ktrTNn[Tr]p Vwδ(r = 1)+ktrMNn[M]pVwδ(r = 1)

+ ktVw
2NAv

[
n(n + 1) Nr

n+2 − n(n− 1)Nr
n

]
+

(
ρNr

2
2

)
δ (n = 1)

+kdbF1
[
−

(∑
∞

j=1 jD j
n

)
Nr

n +
∑r

j=1 jD j
nNr− j

n

]
nVw

NnNAv +
[
−ktrp

(∑
∞

j=1 jD j
n

)
Nr

n

+ktrprDr
n
∑
∞

j=1 N j
n

]
nVw

NnNAv + Fin,riw
f
wNr, f

n /ρw −
Nr

nVwFout,ri
MT

(30)
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where δ ( j = j0) represents the Kronecker delta function, which is 1 when a given integer variable
j = j0 and is 0 elsewhere. For a dead polymer, the balance is, in principle, valid for r = 1, 2, 3 . . . and
= 0, 1, 2, 3 . . .; the resulting PBE is:

dVwDr
n

dt = ρ
(
Dr

n−1 −Dr
n

)
+ kdes(n + 1)Dr

n+1 − kdesnDr
n + VwktrM[M]pNr

n

+VwktrT[Tr]pNr
n +

Vw
2NAv kt(n + 2)(n + 1)Dr

n+2 −
Vw

2NAv kt n(n− 1)Dr
n+

ktdVw
2NAv (n + 1)

Nr
n+2 +

ktcVw
2NAv

(n+1)
Nn+2

r−1∑
j=1

N j
n+2Nr− j

n+2

+

−ktrprDr
n

∞∑
j=1

N j
n + ktrpNr

n

∞∑
j=1

jD j
n

 nVw
NnNAv

−kdbF1rDr
n

 ∞∑
j=1

N j
n

 nVw
NnNAv + Fin,riw

f
wDr, f

n /ρw −
Dr

nVwFout,ri
MT

(31)

where w f
w is the mass fraction of water at the inlet and Pr, f

n and Dr, f
n are the values of the distribution in

the inlet stream for the live and dead polymers, respectively.
Since a 0-1-2 model was to be used, Equation (30) was applied only to n = 1,2, while Equation

(31) was applied to n = 0,1,2. Then, the method of moments was applied to derive equations for the
following moments:

µK,n =
∞∑

r=1

rK n = 1, 2, K = 0, 1, 2 (32)

λK,n =
∞∑

r=1

rKDr
n n = 0, 1, 2, K = 0, 1, 2 (33)

where µK,n and λK,n are the K-th moments of the live and dead polymers, respectively, in particles
having n radicals. Only the first three moments (0, 1, and 2) of both populations are needed to calculate
the number- and weight-average molecular weights. The final equations for these moments, six for
the live polymer (Supplementary Material Equations (S3d)–(S3i)) and nine for the dead polymer
(Supplementary Material Equations (S3j)–(S3r)), are provided in the Supplementary Materials, both in
their original and dimensionless versions. The modeling approach followed here involved much more
detail than previous modeling efforts since a full set of moments (0–2) had to be calculated for particles
with 0, 1, and 2 radicals and then added together, taking compartmentalization effects into account
more faithfully.

2.9. Number of Branches

The number of branches, B, per L of water in any reactor, can be estimated simply by the following
ODE:

dBVw

dt
=

Finw f
wB f

ρw
−

FoutVwB
MT

+
ktrp + kdb

NAVp

2∑
n=1

nλ1,n Vw (34)

In steady-state, this can be written as:

0 =
FinB f

MT
−

FoutB
MT

+
ktrp + kdb

NAVp

2∑
n=1

nλ1,n (35)

or, equivalently:

B =
FinB f

Fout
+

MT

Fout

ktrp + kdb

NAVp

2∑
n=1

nλ1,n (36)
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2.10. Strategy of Solution

The model described in the previous section resulted in a first set of 13 ODEs per reactor (ri)
associated to the states M1, M2, H1, H2, S, W, Tr, Iw, Y1, Y2, F0,ri, F1,ri, and F2,ri, as well as 15 additional
ODEs per reactor for the moments of live (6) and dead polymers (9) (Supplementary Material Equations
(S2d)–(S2r)). Note, however, that the equations for the live polymer moments µ0,1 and µ0,2 did not
need to be solved, since equivalent information could be obtained from the solution of Equations
(8) and (9) by realizing that µ0, 1 ≡ F1,ri and µ0, 2 ≡ 2F2,ri. Though the number of branches B could
be dynamically calculated using Equation (34), it was decided to calculate its value only at the final
steady-state by using Equation (36). In summary, the model resulted in a set of 26 ODEs per reactor.
A summary of the ODEs and the most important auxiliary equations, which are the set of working
equations implemented in the solution code, is included in Table 2.

To reduce the stiffness of the ODE system, the QSSA was applied to the remaining 4 live polymer
moments. Simple explicit algebraic expressions were obtained for these variables, reducing the effective
number of ODEs per reactor to 22.

Given the relative complexity of the equations (especially those related to the MWD) and to
facilitate the programming and debugging steps of the implementation of the numerical solution of
the ODEs, this task was implemented in two stages. In the first stage (computer program), only the
first 13 ODEs (for each reactor) were integrated by using a given set of initial conditions in all the
reactors in the chain until the steady-state was reached. The set of initial conditions was designed
to reach the steady-state fast; linear profiles of the species along the reactor train, according to the
approximate profiles expected at the steady-state, were used as the initial conditions. The evolution
of the states was recorded at regular time intervals in a file, as illustrated in Figure 1. The variables
in the first set of ODEs are independent of the MWD, and, therefore, the corresponding equations
could be solved first. Once the solution of this set was obtained, the set of ODEs corresponding to the
MWD was numerically solved in a dynamic way in a second computer program by using the dynamic
information of the states obtained from the previous integration stage. To obtain more accuracy in
the second stage, linear interpolation was used as needed to obtain values of the variables in the first
set at integration times between the recorded time intervals (every ~20 s). The numerical routine
DDASSL (Differential-Algebraic System Solver) [40] was used in the two stages (programs) for the
integration of the equations, which were coded in Fortran. DDASSL is capable of solving either a
system of differential-algebraic equations or a system of pure ordinary differential equations, and,
since the present system is numerically a system of ODEs (all the coupled algebraic equations are
explicit), any ODE integrator for stiff equations could have been used. In this case, all the variables
were declared as double-precision in Fortran, and the used numerical relative tolerance was 10−7–10−6.
These numerical parameters allowed for safe and robust convergence in all cases. The execution of
each stage took ~1–2 s from time zero to the achievement of the steady-state in a standard laptop,
even in the case of simulations for the maximum number of implemented reactors (16 in a train).
The simulated time needed to achieve the steady-state was around 2–3 times the overall residence time
of the reaction in the reactor train, which is usually close to 5 h. The implemented solution strategy
turned out to be efficient, robust, and relatively easy to debug.
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Table 2. Working equations for implementation in the solution code.

Variable Equation(s) Number of Equations

Ordinary differential equations (ODEs) (mass or population balance equations)

Monomers, Mi 1 2

Monomer bound in polymer, Hi 2 2

Initiator, Iw 12 1

Reducing agent 1, Y1 13 1

Reducing agent 2, Y2 14 1

Surfactant, S 15 1

Chain transfer agent, Tr 18 1

Water, W 20 1

Number of particles con n radicals,
Fn

7–9 3

Live polymer moments

Supplementary Material
Equations (S3f)–(S3i) with
extensions Supplementary

Material Equation (S3u),
Supplementary Material Equation

(S3v), Supplementary Material
Equation (S3x), and

Supplementary Material Equation
(S3y)

4

Dead polymer moments

Supplementary Material
Equations (S3j)–(S3r) with
extensions Supplementary

Material Equations (S3aa)–(S3af)

9

TOTAL ODEs 26

Main auxiliary (algebraic) equations

Radicals in the aqueous phase, Pw 21 1

Number of micelles per L of water,
Mic 16 or 17 1

Entry coefficient of radicals to
particles, ρ

Supplementary Material Equation
(S1a) 1

Entry coefficient of radicals to
micelles, ρmic

Supplementary Material Equation
(S1b) 1

Desorption coefficient, kdes
Supplementary Material Equation

(S1c) 1

Chain transfer agent (CTA)
concentration in particles, [Tr]p

Supplementary Material Equation
(S1aa) 1

Monomer concentration in
particles, [M]p

23 or 25 1

Total mass, MT 29 1

Number of branches per chain, B 36 1

Closure expression for 3rd
moments

Supplementary Material Equation
(S3ag) 1

Total number of algebraic equations 10
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Figure 1. Data flow and computer programs for the implementation of the numerical solution of the
mathematical model. Each stage (darker blocks) represents a computer program that is run separately
and sequentially. See the text for more details.

3. Results

3.1. Parameter Values

The first problem to solve for the practical use of the developed computer programs was the
selection of the physicochemical parameters of the simulated systems (SBR and NBR). Many of them
were found in literature sources, but in several cases, the information was scarce or nonexistent. In the
latter cases, most of the parameters were estimated a priori based on reasonable assumptions or
indirect information; for example, the kinetic constants of the redox initiation system were estimated a
priori based on data on the concentration of initiator at the last reactor exit. Notice though that these
should not be considered adjustable parameters, since they were not fitted after comparison with the
experimental data corresponding to the model outputs but estimated before the simulations were
performed. A possible concern with this approach is how significant is the effect of these parameters
on the final calculations and, therefore, if the error introduced with these estimations is significant.
To answer this, the discussion can be better organized by classifying the prior-estimated parameters
into three categories that are discussed next:

- Kinetic parameters (kd1, kd1, f , CM1 , CM2 , CT1 , CT2): These were based on independent kinetic
data (e.g., the kinetic constants of the redox initiation system, as discussed above) or assumed
similar to values published for chemically similar systems; therefore, it is expected that little error
could be introduced through these parameters.

- Surfactant-related parameters (rm, aem): These were also estimated by assuming similar values to
those of chemically similar systems, which vary within relatively narrow ranges, so no significant
errors are expected associated with these estimations.

- Desorption-related coefficients (DwT, DpT, md, mdT ): These parameters enter into the expressions
of the desorption coefficient (see Supplementary Material Equations (S1h)–(S1i)) and do not have
strong influence on the final responses, according to our experience.

- Partition coefficients (KT, χAN): These parameters were inferred from known values of the
solubilities of the respective components in water and organic media, so it is expected that
the estimations used were not far from the real values. Indirect evidence of the adequacy of
these estimations came from the behavior observed in the model for responses affected by these
parameters, such as the copolymer composition (NBR case) and the molecular weights, which were
close to experimental values.

Essentially, only one parameter was left as an adjustable value (entry rate coefficients to micelles
and particles which were assumed equal, kmm = kmp) to fit the kinetic data (mainly conversion), and
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a second parameter (transfer to polymer rate coefficient ktrp) was used to fit the MWD dispersity.
This was justified since the value of the last parameter is usually model-dependent, as it is quite
difficult to estimate it from independent experiments; see, for example, [28]. Since both the ktrp and
the kdb affect the MWD dispersity and the number of branches B but it is practically impossible to
discern their individual values based solely on the experimental values of the dispersity and B, it was
decided to arbitrarily set kdb = 0 and to fit only the value of ktrp, which should then be considered as
an effective value. In principle, it should be possible to measure by 13C NMR techniques the number
of trifunctional and tetrafunctional branches, mainly associated with transfer to polymer (one tertiary
carbon) and internal double bond (two tertiary carbons) reactions, respectively, and from these values
to independently obtain a rough estimate of both kinetic coefficients; however, this fell out of the
scope of the present work. Regarding propagation and termination coefficients, it is well-known that
the most reliable values for these parameters are those obtained by pulse laser polymerization (PLP)
(when available), and there have been some reported for these coefficients for styrene and AN (see for
example [41,42] for propagation coefficients); however, it was also interesting to compare the model
results with kinetic parameters that had been used before by other groups working with emulsion
systems, in particular for styrene polymerization, [43] or specifically for NBR polymerization, [24,28],
even though they were not determined by PLP. Both types of parameters were tested in the present
model; however, for comparison with previous work, the values shown in the simulations were
not necessarily obtained with PLP-determined parameters (see details in Table 3). Nonetheless, the
sensitivity of the model outputs to the used parameter type (determination method) was quite low.
For example, for the SBR system, by changing the value of the propagation coefficient kp,22 for styrene
from the non-PLP parameter value (151 L mol−1 s−1 at 10 ◦C) [43] to the PLP parameter value (43 L
mol−1 s−1 at 10 ◦C) [41] for simulated conditions very similar to those in Table 4, there were only minor
changes in the final conversion in a 10-reactor train (from 0.740 to 0.732, ~1%) and in the number of
particles (from 2.74 × 1018 to 2.76 × 1018 L−1, less than 0.5%), as well as even smaller changes in all
the other outputs. This low sensitivity can be explained in part due to the relatively low amount of
styrene used in the SBR formulation (~17% on a molar basis), but other mechanistic features of this
kind of system could also play a role. For the NBR system, a similar situation occurs. A change of the
propagation coefficient value kp,22 for AN from the non-PLP parameter (6630 L mol−1 s−1 at 10 ◦C) [24]
to the PLP parameter value (2604 L mol−1 s−1 at 10 ◦C) [42] for an initial monomer feed of f 1 = 0.68 (wt.
basis (without additional side stream of AN)), results in changes smaller than 0.2% in all the model
outputs. Unfortunately, for butadiene, the available PLP-determined expression for kp,11 [44] is not
applicable in the temperature range of interest for these processes; the same is true for the termination
coefficient for butadiene, kt,11, but in this case, it was decided to extrapolate the Arrhenius expression
in [45] out of its valid temperature range because the activation energy and, therefore, the temperature
effect is much smaller for the termination than for the propagation step. Table 3 contains the values or
range of values used in the simulations. For proprietary reasons, some of the details of the formulation
and specific parameters used are not disclosed.
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Table 3. Parameter values tested or used in the simulations for the styrene–butadiene rubber (SBR) and
acrylonitrile–butadiene rubber (NBR) systems.

Parameter Value Units Source/Comments

SBR System: monomer 1 butadiene, monomer 2 styrene

r1 1.4–1.58 1.4 from [46] (@ 50 C)

r2 0.54–0.58 0.58 from [46] (@ 50 C)
1E, kp,11 8540 cal mol−1 [47]
1A, kp,11 1.12 × 108 L mol−1 s−1 [47]
2E, kp,22 6220 cal mol−1 [46]
2A, kp,22 4.50 × 106 L mol−1 s−1 [46]

E, kp,22 7770 cal mol−1
[41] Pulse laser
polymerization

(PLP)-determined

A, kp,22 4.27 × 107 L mol−1 s−1 [41] PLP-determined

kd1 100–250 L mol−1 s−1 Estimated

kd2 50–200 L mol−1 s−1 Estimated

kt,11 @ 10 C 9.16 × 108 L mol−1 s−1 [45] PLP-determined

kt,22 @ 10 C 9.2 × 106 L mol−1 s−1 [46]

CM1 9 × 10−5 - Estimated from [46]

CM2 9 × 10−5 - Assumed equal to CM1

CT1 2 - Estimated

CT2 2 - Estimated

rm 5 × 10−9 m Estimated

[S]cmc 9.8 × 10−4 mol L−1 [48]

aem 2.2 × 10−19 m2 Estimated

b 2000 L mol−1 [9]

Γ∞ 3.5 × 10−6 mol m−2 [9]

xsat 0.55 - Estimated

f 0.5 - Estimated

kmm This work

kmp This work

Dw 3.55 × 10−15 m2 s−1 [49]

Dp 3.55 × 10−15 m2 s−1 [49]

DwT 2 × 10−15 m2 s−1 Estimated

DpT 2 × 10−15 m2 s−1 Estimated

md 20 Estimated

mdT 100 Estimated

KT 200 Estimated

ktrp 0.005–0.05 L mol−1 s−1 This work

ρ1 618 g L−1 Estimated from [50]

ρ2 906 g L−1 [49]

ρp1 910 g L−1

Estimated from MSDS
Sigma Aldrich St. Louis
MOpolybutadiene Mw =

200,000

ρp2 1040 g L−1 [46]
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Table 3. Cont.

Parameter Value Units Source/Comments

Density surfactant 918 g L−1 Estimated

NBR System: monomer 1 butadiene, monomer 2 acrylonitrile
3NBR System: monomer 1 butadiene, monomer 2 acrylonitrile 3

r1 0.30 [51]

r2 0.04 [51]
2kp,22 6633 L mol−1 s−1 [24]

E, kp,22 3690 cal mol−1 [42] PLP-determined

A, kp,22 1.83 × 106 L mol−1 s−1 [42] PLP-determined

kt,22 @ 10 C 3.4 × 107 L mol−1 s−1 [28]

[S]cmc 6.5 × 10−4 mol L−1 [48]

aem 3.8 × 10−19 m2 Estimated

md 10 Estimated

ρ2 822 g L−1 [28] @ 10 C

ρp2 1167 g L−1 [28] @ 10 C

χAN 3.5 Estimated
1 In all kinetic constants kx where an Arrhenius expression was available, the used notation is: kx = A exp

(
−

E
RT

)
with R = 1.987 cal mol−1 K−1 and the temperature T in K. 2 Values used in all the simulations in figures. 3 Only the
used values that are different from those of the SBR system are listed.

Table 4. Typical recipe in parts per hundred monomer (pphm). Approximately the medium value of
the range for each component was used in the simulations.

Component Parts per Hundred Monomer (pphm)

Butadiene (M1) 72
Styrene (M2) 28

Initiator 0.1–0.2
Reducing agent 1 1 0.02–0.05
Reducing agent 2 2 0.04–0.10

Chain transfer agent 0.10–0.17
Surfactant 3.0–5.0

Caustic potash 0.5–0.7
Electrolyte (sodium carbonate, potassium chloride) 0.2–0.4

Reactor No R1–R5 R6 R7 R8 R9–R10

Temperature baseT (Tb) Tb + 10 C Tb + 7 C Tb + 6 C Tb + 2 C
1 Based on ferrous sulfate. 2 Based on sodium formaldehyde sulfoxylate.

3.2. Model Validation

Figure 2 shows a comparison of the model predictions with plant data for conversion
(18 experimental points) in the SBR case for a 10-reactor train. The steady-state operation of each
reactor (except for reactor 2 (R2) in the train) was sampled at two different times (data labeled as
experiments 1 and 2); slight temperature variations (± 1 C) were recorded for the temperatures of the
reactors at these different times, except for reactor 10, in which the temperature difference was +3 C for
experiment 2. Details of the used temperature profile, as well as the formulation data used in the plant,
are provided in Table 4. A similar formulation has been published before for the NBR case [29,32].
The agreement between model and experiment was quite reasonable using a single value of kmm = kmp.
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Figure 2. Comparison of plant conversion data with model predictions for two operating conditions.
The two simulated operating conditions are indicated as Model 1 and Model 2, See the conditions in
Table 4.

Figure 3 shows the model predictions with a few experimental data from the plant available
for the number average molecular weight Mn, the MWD dispersity, and the accumulated
copolymer composition F1. The copolymer composition was measured by refractive index
(ASTM D5775-95(2019)), while Mn and the MWD dispersity were measured by size exclusion
chromatography (estimating absolute values from those relative to a polystyrene standard).
The reactivity ratios were slightly adjusted (~10%) with respect to those reported in the open
literature to get a better agreement with the copolymer composition data (Table 3), but this was justified
since the literature data were obtained at a different temperature. The agreement of the model with
the experimental data was reasonable but unfortunately limited to the few available experimental
data points.

Figures 4–6 show the effect of variation of surfactant on the most important outputs and process
parameters with respect to the base case, which corresponded to the conditions of Experiment 1
and included a side stream of CTAs in R5. The predicted effects were all expected and easy to
explain. As the surfactant increased with respect to the base value, more particles were produced
(Figure 5A) and the reaction rate was higher (Figure 5C), as was the conversion (Figure 4A). At a
higher conversion, the composition drift increased, as shown in Figure 4B–D. A higher number of
particles resulted in smaller particle diameters (Figure 5D), although the effect is barely perceptible in
the plot. Finally, higher reaction rates resulted in higher molecular weights and dispersities. The jump
observed in Rp in R6 was due to the abrupt increase in temperature from R5 to R6 (+10 C). Figure 5B
shows the value of the average number of radicals per particle (̃n) according to the model. It must
be highlighted that some of the previous models ([3] and partially in [4,5]) assumed a constant value
of ñ = 0.5 (Smith–Ewart case II kinetics), but, as seen in the figure, this may have deviated from the
presumably true value by 20–30%, thus having a direct impact on the estimation of the polymerization
rate (see Equation (5)).

148



Processes 2020, 8, 1508

Figure 3. Comparison of model prediction with plant experimental data for conversion (A), number
average molecular weight instantaneous (Mn) (B), MWD dispersity (C), and accumulated copolymer
composition F1 (D). The parameter values were those in Table 3, and the reaction conditions were
similar to those in Table 4.
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Figure 4. Effect of variation of surfactant (from −45% to +45%) on conversion (A), remaining
monomer feed composition f 1 (B), instantaneous copolymer composition (F1,inst) (C), and accumulated
copolymer composition F1 (D) along the reactor train with respect to the base case in SBR production.
All compositions are weight fractions.
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Figure 5. Effect of variation of surfactant (from −45% to +45%) on number of particles Np (A),
average number of radicals ñ (B), reaction rate Rp (C), and particle diameter Dp (D) along the reactor
train with respect to the base case in SBR production.

Figure 6 shows how an increase in surfactant concentration also caused an increase in the average
molecular weight (Figure 6A,B). This was due to an increased number of particles that delayed the
entry of a second radical to the particle (more competition for radicals), extending its life and, therefore,
its molecular weight. The increased competition for radicals also resulted in an increased dispersion
in the probability of capturing a second radical, leading to increased MWD dispersity (Figure 6C).
Notice that this explanation has also been put forward by other researchers, albeit in the frame of
miniemulsion polymerization. [52,53]
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Figure 6. Effect of variation of surfactant (from −45% to +45%) on the number-average molecular
weight Mn (A), weight-average molecular weight Mw (B), and MWD dispersity (C) along the reactor
train with respect to the base case in SBR production.

Figure 7 shows the evolution of the number of particles with zero, one, and two radicals for the
simulated SBR base case. At the first reactor, due to the relative abundance of initiator radicals, the
number of particles with one radical (F1) was higher than that with zero radicals (F0); however, down
the train, this situation was reversed as the initiator was depleted. From the plots, it is also clear that the
number of particles with two radicals (F2) was negligible in all the reactors, pointing to the conclusion
that a 0-1 model should suffice to represent these systems. Notice that this behavior does not mean
that an average value of ñ = 0.5 would provide a good representation of the system as assumed in
early models; it rather means that ñ < 0.5. However, the whole situation could change if a gel effect
was included in the model.
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Figure 7. Number of particles with zero (F_0), one (F_1), and two (F_2) radicals per L of water at each
reactor for the SBR base case. (A) Linear scale; (B) log scale.

Figure 8 shows the effect of the variation of the amount of CTAs on conversion, average molecular
weights, and MWD dispersity. The effect was almost negligible on the conversion since the desorption
of CTAs was not significant; however, the effect on the molecular weight averages and dispersity was
as expected, with large increases in these quantities as the amount of CTAs decreased. The plot for a
45% decrease of CTAs is not shown since the calculation diverged for the last reactor as the system
reached the gelation point (the second moment of the MWD tended to infinity).

Figure 8. Effect of variation of chain transfer agents (CTAs) (from −30% to +45%) on the conversion
(A), number-average molecular weight Mn (B), weight-average molecular weight Mw (C), and MWD
dispersity (D) along the reactor train with respect to the base case in SBR production.

Finally, Figure 9 shows the effect of the side stream of CTAs on the MWD. As mentioned above,
in the base case, a (correction) side stream of CTAs was fed to R5. Figure 9 compares the behavior of the
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train with and without the intermediate CTA feed. As previously discussed, the effect was negligible
for the progress of the conversion along the train (Figure 9A), but the final Mn and the dispersity
increased from ~70,000 to ~90,000 and from ~7 to ~9, respectively, when the CTA side stream was
suppressed. Similarly, the final number of branches increased from ~1 to ~1.2 in the absence of the side
stream. Clearly, the intermediate CTA stream avoided an excessive increase in the molecular weight
and the eventual formation of gel in the last reactors of the train that operate at high conversions.

Figure 9. Effect of suppressing the side stream of CTAs of the base case on the conversion
(A), number-average molecular weight Mn (B), MWD dispersity (C), and number of branches per chain
(D) along the reactor train with respect to the base case (corrected) in SBR production.

The effects of the changes in the redox initiator system were milder than those found for the
surfactant and CTAs and are shown in the Supplementary Materials (Figure S1).

Similar behavior was found for the NBR system upon changes in the surfactant, CTA, and initiator.
The effects of changes in the surfactant for an NBR system are shown in Figures 10–12 for the same
important outputs and process parameters shown for the SBR system in Figures 4–6. The variations of
the surfactant were made with respect to a base case, which corresponded to a composition feed of
f 1 = 0.68 (wt. basis) and weight feed ratios of 1.25/0.082/0.35/100 for S/Iw/CTAs/monomers. The base
case also included a side stream of an additional 20% flow rate of CTAs at R6. The used temperature
was 10 ◦C in all reactors except in R1 (12 ◦C) and R10 (15 ◦C). The effects were very similar to those
found for the SBR system, with a few exceptions. In Figure 10, the butadiene composition of the
remaining monomer f 1, as well as those of the copolymer (accumulated and instantaneous (F1 and
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F1,inst, respectively)), increased instead of decreasing like in the SBR case. This was expected given
the differences in the reactivity ratios between the two systems. In this region of the monomer feed
composition (above the azeotropic point for NBR) in the NBR case, acrylonitrile was consumed
faster than butadiene (see the Mayo–Lewis plot for this system in Figure S2), and the composition of
the remaining monomer therefore increased in butadiene with conversion, also leading to a richer
butadiene composition in the copolymer.

Figure 10. Effect of variation of surfactant (from −45% to +45%) on conversion (A), remaining monomer
feed composition f 1 (B), instantaneous copolymer composition (F1,inst) (C), and accumulated copolymer
composition F1 (D) along the reactor train with respect to the base case in NBR production.
All compositions are weight fractions.

155



Processes 2020, 8, 1508

Figure 11. Effect of variation of surfactant (from −45% to +45%) on number of particles Np

(A), average number of radicals ñ (B), reaction rate Rp (C), and particle diameter Dp (D) along
the reactor train with respect to the base case in NBR production.
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Figure 12. Effect of variation of surfactant (from −45% to +45%) on the number-average molecular
weight Mn (A), weight-average molecular weight Mw (B), and MWD dispersity (C) along the reactor
train with respect to the base case in NBR production.

The effects of the surfactant changes on Np, Rp, ñ, and Dp shown in Figure 11 for the NBR system
were qualitatively very similar to those observed and already discussed for the SBR case (Figure 5).
The only minor difference was that the effects were smaller for ñ in the NBR than in the SBR case.
Another difference is that in the NBR case, there was not a jump in the reaction rate as in the SBR
case; however, this was simply because in the former case, there was not a jump in an intermediate
reactor temperature as in the latter. Figure 12 shows similar effects of the surfactant concentration for
the NBR system compared to those in the SBR system (Figure 6). A difference was that in the NBR
case, the molecular weights reached a peak in R5 to decrease in R6 due to the side stream of CTAs.
This effect was less important in the SBR base case, but in that system, the higher temperatures in the
last reactors also significantly contributed to higher molecular weights. Additionally, the molecular
weights and dispersities were lower for NBR compared to those exhibited by the SBR system.

The effects of changes in the CTA feed with respect to the NBR base case are shown in Figure 13,
which is comparable to Figure 8 for the SBR system. Again, the behavior of both systems was
qualitatively similar with the only exception of the peak exhibited by the molecular weights in R5
for the NBR case due to the side stream of CTAs in R6, as in Figure 12, and the different temperature
profiles used for the SBR and the NBR cases.
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Figure 13. Effect of variation of CTAs (from −45% to +45%) on the conversion (A), number-average
molecular weight Mn (B), weight-average molecular weight Mw (C), and MWD dispersity (D) along
the reactor train with respect to the base case in NBR production.

More interesting behavior for the NBR system was related to the drift in copolymer composition
along the train. Given the reactivity ratios of this system (0.30 and 0.04), the system exhibited an
azeotropic composition at f 1,az = F1,az = 0.578 (molar basis, 0.582 weight basis) (see the F1 vs. f 1

Mayo–Lewis curve in the Supplementary Materials, Figure S2) Therefore, composition drift depends
on what side of the azeotrope the composition of the feed is located. If the feed composition is above
f 1,az, as in most commercial grades of NBR, without correction, the instantaneous product composition
will initially deviate towards copolymers with a lower Bd composition than the feed (R1); however,
as the reaction mixture proceeds along the reactor train, the Bd-enriched environment will tend to
increase the Bd content in the copolymer. This can be seen in Figure 14 for a product grade in which f 1

in the feed was 0.68 (wt. basis). Since composition drift may lead to a product with heterogeneous
composition or a product deviated from the target average composition, it is common to introduce a
side feed stream of AN in an intermediate reactor of the train to “correct” or attenuate the composition
drift. Figure 10 also shows the composition profile when an additional AN side stream (20% of the
initial feed) was fed to reactor R7. Without the correction, the final F1 was above 0.66; on the other
hand, with the side feed stream at R7, the final F1 was slightly below 0.65. A second example is shown
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in Figure 15; in this case, the composition of the feed was f 1 = 0.5 on a wt. basis, a composition which
was located on the other side of the azeotrope (see the F1 vs. f 1 curve in the Supplementary Materials).
The behavior of this system was the opposite of that in the previous example, exhibiting a composition
drift that initially produced copolymers with a higher Bd composition than the feed (R1, F1 ~0.58) and
a decreasing Bd content in the copolymer along the reactor train to end up with an F1 slightly above
0.56, although the instantaneous F1 fell below 0.54 at R10. Figure 15 also shows how this drift could be
attenuated by feeding a side stream of Bd (20% of the initial feed). This correction worked very well,
resulting in a final average composition near the target (F1 ~0.58) while avoiding large deviations in
the instantaneous composition produced in each reactor (better composition homogeneity).

Figure 14. Effect of the operation of the reactor train for NBR production with (corrected) and
without a side stream of additional AN in R7 (20% with respect to the AN feed in R1) on conversion
(A) and instantaneous butadiene copolymer composition (F1,inst) and accumulated butadiene copolymer
composition (F1) (B). The initial monomer feed was f 1 = 0.68 (wt. basis).

Figure 15. Effect of the operation of the reactor train for NBR production with (corrected) and
without a side stream of additional Bd in R7 (20% with respect to the Bd feed in R1) on conversion
(A) and instantaneous butadiene copolymer composition (F1,inst) and accumulated butadiene copolymer
composition (F1) (B). The initial monomer feed is f 1 = 0.5 (wt. basis).
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4. Conclusions

A single mechanistic model was built and used to describe the production of both SBR and NBR
elastomers in trains of emulsion polymerization CSTRs. The aim was to balance the level of complexity
of the model with its capability of describing the effects observed at the plant on the process parameters
in a quantitative way and the product quality upon variable changes. Some novel aspects of this model
compared to previous models are summarized below, along with additional comments:

- The radical compartmentalization was considered in more detail, both in the particle kinetics
description and in the calculation of the moments of the MWD, and for the first time, a 0-1-2
model was used to describe these two important aspects in these processes. It was found that at
least a 0-1 model should be used for an accurate description of the compartmentalization effects,
especially for the first reactors in the train. A similar conclusion was recently put forward by
Marien et al. [52] using stochastic simulation, although for a general miniemulsion system.

- The monomer partitioning model was as simple as possible, and its parameters could be estimated
a priori based on published physicochemical data. As mentioned by Madhuranthakam and
Penlidis, [30] the use of more sophisticated thermodynamic models for monomer partitioning
seems to be unnecessary for this kind of system.

- A single modeling framework was presented in a unified form for the SBR and NBR systems.
Though previous models have been applied with adaptations to both systems in some series of
papers, it is believed that by presenting them together, it is easier to appreciate the similarities
and differences in both systems.

The model is presently used in the plant to design changes of configurations of the reactor train,
such as the number of reactors in the train (up to 16 reactors in the existing facility), the reactor
volume, the location and flows of side streams of CTAs and monomers, and grade recipes, among other
variables, to maximize the plant operation versatility maintaining high productivity and product
quality. The model is quite flexible, and it has been implemented with the help of a friendly graphical
interphase. Current work involves the generation of product quality correlations that link model
outputs, e.g., Mn and Mw, and number of branches, with product performance parameters, such as
Mooney viscosity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/11/1508/s1,
File with figures and additional equations.
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Abstract: The radical homopolymerization kinetics of 3-(methacryloylaminopropyl)
trimethylammonium chloride (MAPTAC) and its batch copolymerization with nonionized
acrylic acid (AA) in aqueous solution are investigated and modeled. The drift in monomer
composition is measured during copolymerization by in situ NMR over a range of initial AA molar
fractions and monomer weight fractions up to 0.35 at 50 ◦C. The copolymer becomes enriched
in MAPTAC for monomer mixtures containing up to 60 mol% MAPTAC, but is enriched in AA
for MAPTAC-rich mixtures; this azeotropic behavior is dependent on initial monomer content,
as electrostatic interactions from the cationic charges influence the system reactivity ratios. Models
for MAPTAC homopolymerization and AA-MAPTAC copolymerization are developed to represent
the rates of monomer conversion and comonomer composition drifts over the complete range of
experimental conditions.

Keywords: aqueous phase polymerization; polyelectrolytes; radical polymerization; modeling
and simulation

1. Introduction

Recent investigations have led to an improved understanding of the radical aqueous-phase
polymerization kinetics of nonionized and ionizable water-soluble monomers. These water-soluble
monomers are utilized to synthesize polyelectrolytes with tailor-made properties for a wide range of
consumer and industrial applications such as flocculants in wastewater treatments, and personal care
and pharmaceutical products [1–5]. However, monomer-solvent interactions during polymerization
in aqueous phase result in complexities not encountered in organic phase, with the rate coefficients
dependent on monomer concentration, ionic strength, and pH. Application of specialized techniques
such as pulsed laser polymerization (PLP) used in combination with size exclusion chromatography
(SEC), near infrared (NIR) spectroscopy, and electron paramagnetic resonance (EPR) spectroscopy has
resulted in tremendous progress in understanding the polymerization kinetics of these water-soluble
monomers [6,7].

PLP investigations have revealed that both the propagation (kp) and termination (kt) rate coefficients
of water-soluble monomers such as methacrylic acid (MAA) [8–11] and acrylic acid (AA) [12–15]
decrease with increasing monomer content in aqueous solution when the monomer is in its nonionized
form, effects that have been captured in mechanistic models formulated to represent their batch and
semi-batch radical homopolymerization under natural pH conditions [16–18]. Both rate coefficients
decrease by orders of magnitude as pH is increased to ionize the monomer, due to the influence
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of electrostatic repulsion on propagation between a charged monomer and charged radical species
and on the termination between two charged radical species [10,13,19,20]. The net effect on AA
polymerization is a significant decrease in the rate of monomer conversion with increasing pH; once
the monomer is fully ionized, however, addition of excess salt leads to a recovery in polymerization
rate [21]. This complex relationship between degree of ionization and ionic strength (through addition
of salt) also greatly influences the copolymerization behavior of AA with a nonionized monomer such
as acrylamide [22–25].

Similar studies of the kinetic behavior of fully ionized monomers are limited. A recent PLP-SEC
investigation revealed that kp of the permanently-charged cationic monomer 2-(methacryloyloxyethyl)
trimethylammonium chloride (TMAEMC) [26] increases with increasing monomer content in
aqueous solution, the opposite trend to what was observed for nonionized water-soluble monomers.
This behavior was attributed to increased screening of charges on the monomer and radical structures as
the concentration of counterions in solution increases. The relative influence of the charge screening on
propagation and termination differs, and is influenced by various factors including the distance between
the reacting radical and the location of the cationic charge. Thus, the rate of monomer conversion
for TMAEMC homopolymerization was found to decrease with increased monomer content despite
the increased kp, indicating that counterion concentration has a stronger influence on the termination
of charged macroradicals than propagation [27]. Polymerization rate of the permanently-charged
TMAEMC remained unchanged with solution pH, demonstrating that the kinetics do not have the
pH dependence found for ionizable monomers (AA and MAA). Using these observations to develop
correlations for kp and kt as a function of solution composition, a mechanistic model for TMAEMC
radical homopolymerization was developed to represent polymerization rates as well as polymer molar
mass distributions (MMD) produced under a range of batch and semi-batch operating conditions [27].

Polyelectrolyte charge density and hence application properties are controlled by radical
copolymerization of cationic monomers with neutral monomers such as acrylamide or ionizable
monomers such as AA. While the number of studies is limited, it has been shown that the relative
consumption rates of the two monomers are dependent on the initial amount of cationic monomer
in the system [28–30]. Capturing these influences in mechanistic models developed to represent the
polymerization system can aid selection of appropriate synthesis conditions to control the copolymer
composition. Thus, the comonomer composition drifts for TMAEMC copolymerized with nonionized
AA were measured using an in situ NMR technique over a range of initial compositions and
monomer loadings to develop a description of how the system reactivity ratios varied as a function of
aqueous solution conditions [29]. The analysis indicated that copolymer composition could be well
represented using the standard model of terminal copolymerization kinetics, as long as the influence
of charge-screening on TMAEMC kp and kt values was properly accounted for. This insight was used
to develop an AA-TMAEMC copolymerization model that also included the influence of AA based
midchain radicals formed through intramolecular chain transfer on reaction rates [29].

In this work, we examine whether the insights gained from the study of AA-TMAEMC
copolymerization extend to similar systems. MAPTAC is an amide-based cationic monomer with
a methacrylate structure similar to TMAEMC; in addition to the different functionality, the spacing
between the monomer double bond and the cationic charge is increased by one CH2 unit, as shown
in Scheme 1. Given their similar structure, one would expect similarities in the influence of
electrostatic interactions on the rate coefficients for these two cationic monomers and subsequently
their (co)polymerization kinetics. Indeed, the recent PLP-SEC investigation revealed that increased
counterion concentration (CCl

−), achieved by either increasing the initial monomer concentration or
adding NaCl, increases the value of kp for both TMAEMC and MAPTAC [26]. As shown in Figure 1,
the kp values for MAPTAC are lower than those of TMAEMC, in agreement with other comparisons
of kp values for ester vs amide-based monomers polymerized in aqueous phase [31,32]. In addition,
the dependence of MAPTAC kp on CCl

− is not as strong as that observed for TMAEMC across the entire
concentration range studied, equivalent to varying the initial weight fraction of monomer in aqueous
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solution (wmon,0) between 0.05 and 0.40. This difference may be explained by reduced electrostatic
effects resulting from the increased distance of the charged moiety from the reactive double bond in
MAPTAC compared to TMAEMC (7 bond length vs 6 bond length) [33].
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Scheme 1. Structures of the cationic monomers: (a) 2-(methacryloyloxyethyl)trimethylammonium
chloride (TMAEMC); (b) 3-(methacryloylaminopropyl)trimethylammonium chloride (MAPTAC).
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Figure 1. The dependence of kp on counterion concentration (CCl
−) in aqueous solution for TMAEMC

(—) and MAPTAC (- - -) at 50 ◦C, as generated using representations developed for TMAEMC [27] and
MAPTAC (this work) based on PLP-SEC experimentation [26].

Under continuous initiation, a decreased rate of monomer conversion was found for both
monomers when the initial monomer content was increased, with MAPTAC batch homopolymerization
occurring at a lowered rate compared to TMAEMC [26]. In the present study we extend the comparison
to copolymerization, applying the in situ NMR technique to investigate the influence of initial
monomer composition, total monomer content (wmon,0 between 0.05 and 0.40) and added salt (NaCl)
on the copolymerization of AA-MAPTAC. The results are compared and contrasted to the recent
AA-TMAEMC study conducted under a similar range of conditions [29] to provide insights on the
influence of the cationic monomer structure on reactivity, and to determine whether the modeling
strategy developed previously for TMAEMC homo- and copolymerization can also be used represent
MAPTAC homopolymerization and its copolymerization with AA.

2. Materials and Methods

All in situ NMR experiments were carried out in deuterium oxide (D2O, 99.9%, Cambridge Isotope
Laboratories Inc., Montreal, QC, Canada) as solvent, while samples for physical measurements were
prepared in deionized water. Other materials used as received from Sigma Aldrich (Oakville,
ON, Canada) include: 3-(methacryloylaminopropyl)trimethylammonium chloride (MAPTAC,
50 wt% solution in H2O), acrylic acid (AA, 99%), propionic acid (PA, ≥99.5%), sodium chloride
BioXtra (NaCl, ≥99.5%, AT), sodium hydroxide reagent grade (NaOH, ≥98%, anhydrous pellets),
2,2-azobis(2-methylpropionamidine) dihydrochloride (V-50, 97%). Hydrochloric acid (HCl, reagent,
ACS-PUR, Fisherbrand, Mississauga, ON, Canada) was used for adjusting solution pH. Solution

167



Processes 2020, 8, 1352

preparation for bench-scale and in situ batch polymerizations as well as the subsequent data analyses
were carried out using the methods developed for the TMAEMC and AA-TMAEMC studies [27,29].

Figure 2 shows the NMR spectrum at 50 ◦C for an equimolar mixture of AA and MAPTAC
(f MAPTAC,0 = 0.5) with a monomer weight fraction (wmon,0) of 0.05, and 0.80 wt% V-50 initiator in
solution. The decrease in intensities of peaks from AA and MAPTAC terminal double bond protons
relative to the HOD peak (4.71 ppm) was followed over time and used to calculate monomer conversion
profiles and the change in the MAPTAC molar fraction, as detailed in Supporting Information. Repeat
experiments carried out for AA-MAPTAC copolymerization under selected conditions showed good
reproducibility, as shown in Figure S1.
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Figure 2. 1H NMR peaks assignments for AA-MAPTAC comonomer mixture with f MAPTAC,0 = 0.5,
wmon,0 = 0.05 and 0.80 wt% initiator in D2O at 50 ◦C (1st scan). Peak x was identified as arising
from V-50 initiator. Inset shows the separation of the double bond peaks used to track the relative
consumption of the two monomers during reaction.

Polymer samples used for physical characterization were synthesized under the same reaction
conditions with the in situ NMR method using a mixed 20 mL lab reactor, as the previous TMAEMC
homopolymerization study revealed good agreement in polymer properties and reaction rates between
the two techniques [27]. An Orion™ Versa Star Pro™ pH/ISE/Conductivity/Dissolved Oxygen
Multiparameter Benchtop Meter was used to measure pH, and a calibrated Cannon–Fenske viscometer
was utilized to obtain the dynamic viscosity of the samples.

3. Experimental Results

While there are a few investigations of the copolymerization of acrylamide with MAPTAC [5,34],
no study on the copolymerization of nonionized AA with MAPTAC could be found. Thus, this section
provides first results for AA-MAPTAC copolymerization, comparing them to the recent AA-TMAEMC
copolymerization study [29]. Addition of AA to the MAPTAC system greatly lowers system pH to ~2
such that AA remains in its nonionized form, as it also was for copolymerization with TMAEMC [29].
Batch copolymerization experiments with wmon,0 of 0.10 and initial MAPTAC molar fractions (f MAPTAC,0)
varied between 0.3 and 0.9 were investigated at 50 ◦C and 0.80 wt% V-50 in D2O using in situ NMR
to measure polymerization rates and copolymer composition. As shown by the conversion profiles
in Figure 3a, the rate of polymerization systematically decreases with an increase in initial MAPTAC
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fraction up to 90% mol. The polymerization rate at f MAPTAC,0 = 0.9 matches that of MAPTAC
homopolymerization, despite the significant difference in solution pH, 2.8 for f MAPTAC,0 = 0.9 and 6.7
for MAPTAC homopolymerization, respectively. Figure 3b plots the change in f MAPTAC, the molar
fraction of MAPTAC remaining in the comonomer solution, as a function of conversion. MAPTAC
is preferentially incorporated into the copolymer (as indicated by the decrease in f MAPTAC) for the
experiments conducted with f MAPTAC,0 = 0.3 and 0.5, but there is a preferential incorporation of AA
into the copolymer with f MAPTAC,0 = 0.7 and 0.9. Initial rates could not be captured by the in situ NMR
technique at the higher V-50 level used for AA-MAPTAC copolymerization with f MAPTAC,0 = 0.10.
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Figure 3. Overall monomer conversion profiles for (a) AA-MAPTAC and (c) AA-TMAEMC, and
composition drift of (b) MAPTAC and (d) TMAEMC mole fraction when copolymerized with AA at
50 ◦C with 0.80 (for MAPTAC) and 0.40 wt% (for TMAEMC) V-50, wmon,0 = 0.10 and different initial
monomer compositions (f MAPTAC,0/TMAEMC,0 = 0.1(�), 0.3(∆), 0.5(×), 0.7(+), 0.9(♦), 1(•)).

It is informative to compare these results to those obtained for TMAEMC copolymerized with AA
at identical conditions, although with a lowered V-50 level; the corresponding conversion profiles are
shown in Figure 3c, and TMAEMC composition drift in Figure 3d. The influence of TMAEMC content
on the conversion rates is minimal for AA-TMAEMC copolymerization, except for the slightly higher
rate observed with f TMAEMC,0 = 0.10. In contrast, addition of AA at any level significantly increases
the rate of monomer conversion for AA-MAPTAC compared to MAPTAC homopolymerization.
The azeotropic behavior (i.e., minimal drift in comonomer composition) occurs at a lowered MAPTAC
molar fraction (between 0.5 and 0.7) compared to that observed for TMAEMC at f TMAEMC,0 = 0.90
as initial monomer concentration was decreased from 10 to 5 wt% [29]. The relative reactivity of
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MAPTAC was also reduced from that of TMAEMC when copolymerized with acrylamide [5,34,35],
a result consistent with MAPTAC’s lowered homopolymerization rate and kp values (Figure 1), and its
copolymerization with AA in this study relative to AA-TMAEMC.

Both the counterion concentration (CCl
−) and the charge density of the cationic polyelectrolyte

formed during polymerization depends on initial MAPTAC molar fraction and total monomer
concentration [36]. Thus, AA-MAPTAC copolymerizations were also carried out at wmon,0 levels of
0.05, 0.20 and 0.40 to study the combined influence of initial monomer composition and total monomer
concentration (both affecting CCl

−) on rates of polymerization and comonomer composition drifts.
The polymerization rates are grouped according to wmon,0 in Figure S2 and f MAPTAC,0 in Figure 4,
which also includes a plot of the comonomer composition drifts for the complete set of experiments.
Figure S2 demonstrates that there is a decrease in the polymerization rate with increased MAPTAC
fraction at all monomer contents, as seen for wmon,0 = 0.10 in Figure 3a. The decrease in polymerization
rate with increasing wmon,0 from 0.05 to 0.40 is more pronounced as f MAPTAC,0 increases from 0.3
(Figure 4a) to 0.9 (Figure 4c), with the relative decrease smaller for all comonomer compositions than
observed for MAPTAC homopolymerization [26].
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Figure 4. Overall monomer conversion profiles for AA-MAPTAC copolymerization with f MAPTAC,0 of
(a) 0.3 (b) 0.5 and (c) 0.9 at 50 ◦C and 0.80 wt% V-50 with varying wmon,0 of 0.05(♦), 0.10(�), 0.20(∆),
0.40(•). The corresponding changes in comonomer composition are shown in (d) as a function of overall
monomer conversion.
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The drift in f TMAEMC for AA-TMAEMC copolymerization was observed to be more pronounced as
wmon,0 increased from 0.05 to 0.40 [29], and the same is found for the AA-MAPTAC system, as seen for
f MAPTAC in Figure 4d. However, the influence of wmon,0 is weaker for the MAPTAC copolymerization
system, with little difference seen between the curves for wmon,0 at 0.20 and 0.40. There is no observable
composition drift with f MAPTAC,0 = 0.5 and wmon,0 = 0.05, indicating that these conditions lead to
an azeotropic copolymerization. The difference in azeotropic behavior of MAPTAC (Figure 3b) and
TMAEMC (Figure 3d and [29]) is likely related to the lowered kp of MAPTAC relative to TMAEMC,
as well as its lowered sensitivity to CCl

− (Figure 1), as will be further illustrated in the modeling section
of this study.

AA-MAPTAC copolymerizations were also carried out with 1.0 mol·L−1 added NaCl and wmon,0

of 0.10 at f MAPTAC,0 = 0.3, 0.5 and 0.9, to explore how manipulating CCl
− by addition of NaCl affects

copolymerization kinetics. Figure 5a–c demonstrates that there is a consistent slight decrease in
conversion rates with added NaCl. As shown in Figure 5d, addition of NaCl increases the relative rate
of incorporation of MAPTAC into the copolymer (i.e. lowers f MAPTAC compared to the cases without
salt), although to a lesser extent compared to AA-TMAEMC copolymerization [29].
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Figure 5. Overall monomer conversion profiles for AA-MAPTAC copolymerization with f MAPTAC,0 of
(a) 0.3 (b) 0.5 and (c) 0.9 at 50 ◦C, 0.80 wt% V-50, and wmon.0 = 0.10 without NaCl (open symbols) and
with 1.0 mol·L−1 NaCl (closed symbols). The corresponding comonomer composition drifts are shown
in (d) as a function of overall monomer conversion.

As shown in Figure S3a, the pH of MAPTAC monomer in aqueous solution is close to 7 and
relatively independent of wmon, while the values are below 3 for AA-MAPTAC comonomer mixtures
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and decrease with increasing AA content; the pH of the comonomer mixture also decreases with
an increase in wmon,0, as shown in Figure S3b. This suggests that polymerization rate is controlled
by the influence of CCl

− on MAPTAC reactivity, as the AA remains in nonionized form under all
reaction conditions; the same conclusion was reached for the AA-TMAEMC system [29]. To further
study the specific influence of AA on kinetics, conversion profiles were compared for experiments that
substituted propionic acid (PA) as a non-reactive version of AA while maintaining the total MAPTAC
and acid weight fraction at 0.10; the copolymerization of MAPTAC with AA at f AA,0 = 0.7 and 0.5
was compared to MAPTAC homopolymerization with PA molar fraction of 0.7 and 0.5 (replacing AA
monomer), and also MAPTAC homopolymerization at the natural pH. The faster reaction rate of the
copolymerization reaction relative to the homopolymerization cases (with and without PA) shown in
Figure S4 highlights that it is the relative reactivity of the comonomer that influences copolymerization
rate under the nonionized conditions of AA, not the decreased pH of the solution.

4. Model Development

With a better understanding of the influence of the reaction environment on kinetics, the approach
to represent the copolymerization behavior of cationic monomers can be generalized. To this end,
the modeling framework previously implemented in the mechanistic modeling package Predici®

(version 11) for TMAEMC homopolymerization [27,37] and AA-TMAEMC copolymerization [29] is
used here for the MAPTAC systems, with adjustments to account for weaker influence of counterion
concentration on the kinetic rate coefficients. The mechanisms included are initiation, propagation
(terminal model for copolymerization), termination (geometric mean for copolymer cross-termination),
transfer to monomer and reactions associated with AA backbiting, as summarized in Table 1. The
influence of CCl

− on MAPTAC propagation and termination rate coefficients are established using a
combination of the current experimental results and kp values obtained from PLP-SEC studies [26].
Other treatments of rate coefficients are the same as implemented for MAPTAC and AA [16]
homopolymerization models, as summarized in Table 2. The value of the AA homotermination rate
coefficient is expressed as a function of the initial monomer/solvent viscosity. Viscosity measurements
of AA-MAPTAC mixtures carried out at the same overall monomer contents (wmon,0 = 0.025, 0.05 and
0.10) were constant over the range of comonomer compositions (Figure S5). Thus, there was no need
to adjust the treatment of the AA kt value to account for the effect of MAPTAC on solution viscosity of
the comonomer mixture in water. As also seen in the studies on TMAEMC homopolymerization and
AA-TMAEMC copolymerization, the viscosity of pMAPTAC solution is significantly higher than that
of the monomer solutions (Figure S6); although the viscosity of the systems increases substantially
during polymerization, the increase does not influence termination kinetics which are dominated by
electrostatic interactions [27,29].

Table 1. Reaction steps included in the AA-MAPTAC copolymerization model.

Initiation

I
ki
→ 2 f I∗

I∗ + MAPTAC
kMAPTAC

p
→ PMAPTAC

1 ; I∗ + AA
kAA

p
→ PAA

1

Chain Propagation

PMAPTAC
n + MAPTAC

kMAPTAC
p
→ PMAPTAC

n+1

PAA
n + AA

kAA
p
→ PAA

n+1

PMAPTAC
n + AA

kMAPTAC·AA
p
→ PAA

n+1

PAA
n + MAPTAC

kAA·MAPTAC
p
→ PMAPTAC

n+1
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Table 1. Cont.

Transfer to Monomer

PMAPTAC
n + MAPTAC

kMAPTAC
tr
→ Dn + PMAPTAC

1

PAA
n + AA

kAA
tr
→ Dn + PAA

1

PAA
n + MAPTAC

kAA·MAPTAC
tr
→ Dn + PMAPTAC

1

PMAPTAC
n + AA

kMAPTAC·AA
tr
→ Dn + PAA

1

Termination SPR-SPR

PMAPTAC
n + PMAPTAC

m
(1−αMAPTAC

ss )kMAPTAC
t,ss

→ Dn+m/
αMAPTAC

ss kMAPTAC
t,ss
→ Dn + Dm

PAA
n + PAA

m
(1−αAA

ss )kAA
t,ss

→ Dn+m/
αAA

ss kAA
t,ss
→ Dn + Dm

PAA
n + PMAPTAC

m
(1−αAA·MAPTAC

ss )kAA·MAPTAC
t,ss

→ Dn+m/
αAA·MAPTAC

ss kAA·MAPTAC
t,ss
→ Dn + Dm

Reactions Related to Backbiting

Backbiting

PAA
n

FAAkbb
→ QAA

n

Addition to MCR

QAA
n + AA

kAA·AA
p,tert
→ PAA

n+1

QAA
n + MAPTAC

kAA·MAPTAC
p,tert
→ PMAPTAC

n+1

Cross Termination MCR-SPR

PMAPTAC
n + QAA

m
(1−αMAPTAC·AA

st )kMAPTAC·AA
t,st

→ Dn+m/
αMAPTAC·AA

st kMAPTAC·AA
t,st
→ Dn + Dm

PAA
n + QAA

m
(1−αAA·AA

st )kAA·AA
t,st

→ Dn+m/
αAA·AA

st kAA·AA
t,st
→ Dn + Dm

Termination MCR-MCR

QAA
n + QAA

m
(1−αAA

tt )kAA
t,tt

→ Dn+m/
αAA

tt kAA
t,tt
→ Dn + Dm

* Termination occurs by combination to yield product chains of length n + m, or by disproportionation. α and
(1 − α) represent the fraction of termination by disproportionation and combination respectively, with subscripts
introduced for secondary propagating radicals (s) and midchain radicals (t).

Table 2. Rate coefficients and expressions used in AA-MAPTAC copolymerization model.

Rate Expression Reference

Initiation
kd
(
s−1
)
= 9.24× 1014 exp

(
−

124
RT

kJ
mol

)
[38]

f = 0.8

Chain propagation

kMAPTAC
p

(
L

mol.s

)
= kMAPTAC

p,0 (1.0 + 0.5CCl− )
[26]

kMAPTAC
p,0

(
L

mol.s

)
= 4.23·105 exp

(
−

1924
T K
)

kAA
p

(
L

mol.s

)
= kAA

p0 (0.11 + (1− 0.11) exp(−3.0wm′))
[16]

kAA
p0

(
L

mol.s

)
= 3.2·107 exp

(
−

1564
T

)
rAA = 0.36, rMAPTAC = a(1.0 + CCl− ) where a = 0.46 this work

kMAPTAC.AA
P

(
L

mol.s

)
=

kMAPTAC
p,0

0.46 ; kAA.MAPTAC
P

(
L

mol.s

)
=

kAA
p

0.36
this work

173



Processes 2020, 8, 1352

Table 2. Cont.

Rate Expression Reference

Transfer/Cross-transfer to Monomer

kMAPTAC
tr

(
L

mol.s

)
= 2.89·10−6

This work

kAA
tr

(
L

mol.s

)
= 7.5·10−5kAA

p [16]

kAA·MAPTAC
tr

(
L

mol.s

)
= kMAPTAC

tr
kAA

p

rAA·kMAPTAC
p This work

kMAPTAC·AA
tr

(
L

mol.s

)
= kAA

tr
kMAPTAC

p

rMAPTAC·kAA
p This work

= CAA
tr

kMAPTAC
p,0

rMAPTAC

Termination SPR-SPR:

kMAPTAC
t,ss (1, 1)

(
L

mol·s

)
= 4.8·108 exp

(
−

998
T K
)
(0.19 + 1.37CCl− )

where αs = 0.62; αl = 0.18; ic = 45 [27,39]
kAA

t,ss (1, 1)
(

L
mol·s

)
= 9.78·1011 exp

(
−

1858
T K
)
viscositycorr [39,40]

viscositycorr = 1.56− 1.77wmon,o − 1.2wmon,o
2 + 2.43wmon,o

3
[16]

where αs = 0.6; αl = 0.16; ic = 30 [16]

〈kAA.MAPTAC
t,ss 〉

(
L

mol·s

)
= Φ·

(
〈kAA

t,ss 〉·〈k
MAPTAC
t,ss 〉

)1/2
This work

αMAPTAC
ss = 0.8; αAA

ss = 0.05; αAA.MAPTAC
ss = 0.4 [16,39]

Backbiting

kAA
bb

(
s−1
)
= Finst

AA9.94·108 exp
(
−

4576
T K
)

[16]

Addition to MCR

kAA
p,tert

(
L

mol·s

)
= 0.755 exp

(
−

2464
T K
)
kAA

p [16]

Cross Termination MCR-SPR

〈kAA.AA
t,st 〉

(
L

mol·s

)
= 0.3 〈kAA

t,ss 〉 [16,23]

〈kMAPTAC.AA
t,st 〉

(
L

mol·s

)
= 0.3 〈kAA.MAPTAC

t,ss 〉 This work

αMAPTAC.AA
st = 0.8;αAA.AA

st = 0.4 This work, [16]

Termination MCR-MCR

〈kMAPTAC.AA
t,st 〉

(
L

mol·s

)
= 0.3 〈kAA.MAPTAC

t,ss 〉

[16,23]
αAA

tt = 0.8

Density

ρAA
(
g·mL−1

)
= 1.0731− 1.0826× 10−3T

(
◦C−1

)
− 7.2379× 10−7T

(
◦C−2

)
[16]

ρH2O
(
g·mL−1

)
= 0.9999− 2.3109× 10−5T

(
◦C−1

)
− 5.4481× 10−6T

(
◦C−2

)
[16]

ρMAPTAC
(
g·mL−1

)
= 0.9806− 4.5523× 10−4T

(
◦C−1

)
+ 1.1040× 10−7T

(
◦C−2

)
[26]

wm
′ refers to AA + MAPTAC monomer content on a polymer free basis.

The systematic decrease of rate of conversion (and thus kp/<kt>
0.5) observed with increased

MAPTAC content [26], also observed in TMAEMC homopolymerization [27], implies that <kt>

increases more strongly with CCl
− in the system than kp. As there are no independent studies of

MAPTAC termination kinetics, it is assumed that kMAPTAC
t follows the same functional form as used to

represent kTMAEMC
t , both in terms of temperature and chain-length dependencies [27,39] as well as

the dependence on CCl
−. The parameters for the latter relationship were determined by fitting the

conversion profiles of the MAPTAC homopolymerizations measured at 50 ◦C [26] to the empirical
relation kt(1, 1) = a+ bCCl− + cC2

Cl−
using the parameter estimation capabilities of Predici. As shown in

174



Processes 2020, 8, 1352

Figure 6, and in contrast to the TMAEMC homopolymerization system, the increase in kt(1,1) values is
linear with total CCl

− in solution. The best-fit values obtained for the kt(1,1) parameters are 0.19 ± 0.04,
1.37 ± 0.13, and 0.002 ± 0.08 for a, b and c, respectively; thus, the quadratic term was not used in the
kt(1,1) representation. These values indicate a higher termination of charged MAPTAC macroradicals
at lower monomer contents compared to TMAEMC up to wmon,0 of 0.20 with the opposite observed at
higher monomer contents. Figure 7 shows that the representation of the MAPTAC homopolymerization
conversion profiles obtained for wmon,0 between 0.05 and 0.35 at 50 ◦C with 0.80 wt% V-50 is excellent
over the full range of polymerizations.
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Figure 6. Estimated variation of kt(1,1) as a function of counterion concentration from fits to TMAEMC
(�) [27] and MAPTAC (�) [26] homopolymerizations carried out at 50 ◦C and varying initial monomer
content in aqueous solution.

Processes 2020, 8, x FOR PEER REVIEW 11 of 18 

 

The systematic decrease of rate of conversion (and thus kp/<kt>0.5) observed with increased 
MAPTAC content [26], also observed in TMAEMC homopolymerization [27], implies that <kt> 
increases more strongly with CCl− in the system than kp. As there are no independent studies of 
MAPTAC termination kinetics, it is assumed that ktMAPTAC follows the same functional form as used 
to represent ktTMAEMC, both in terms of temperature and chain-length dependencies [27,39] as well as 
the dependence on CCl−. The parameters for the latter relationship were determined by fitting the 
conversion profiles of the MAPTAC homopolymerizations measured at 50 °C [26] to the empirical 
relation (1,1) = + +  using the parameter estimation capabilities of Predici. As shown 
in Figure 6, and in contrast to the TMAEMC homopolymerization system, the increase in kt(1,1) 
values is linear with total CCl− in solution. The best-fit values obtained for the kt(1,1) parameters are 
0.19 ± 0.04, 1.37 ± 0.13, and 0.002 ± 0.08 for a, b and c, respectively; thus, the quadratic term was not 
used in the kt(1,1) representation. These values indicate a higher termination of charged MAPTAC 
macroradicals at lower monomer contents compared to TMAEMC up to wmon,0 of 0.20 with the 
opposite observed at higher monomer contents. Figure 7 shows that the representation of the 
MAPTAC homopolymerization conversion profiles obtained for wmon,0 between 0.05 and 0.35 at 50 °C 
with 0.80 wt% V-50 is excellent over the full range of polymerizations. 

 
Figure 6. Estimated variation of kt(1,1) as a function of counterion concentration from fits to TMAEMC 
(♦) [27] and MAPTAC () [26] homopolymerizations carried out at 50 °C and varying initial monomer 
content in aqueous solution.  

 
Figure 7. Comparison of experimental (symbol) and simulated (lines) batch conversion profiles 
collected at varying wmon,0 of 0.05 (◊), 0.10 (□), 0.20 (Δ) and 0.35 (×) at 50 °C with 0.80 wt% V-50 in 

0.0E+00

1.5E+07

3.0E+07

4.5E+07

6.0E+07

7.5E+07

9.0E+07

0.0 0.5 1.0 1.5 2.0

k t
(1

,1
) (

L·
m

ol
−1

·s−1
)

CCl- (mol·L−1)

0.0

0.2

0.4

0.6

0.8

1.0

0 1000 2000 3000 4000 5000

Co
nv

er
sio

n

Time (s)

Figure 7. Comparison of experimental (symbol) and simulated (lines) batch conversion profiles
collected at varying wmon,0 of 0.05 (♦), 0.10 (�), 0.20 (∆) and 0.35 (×) at 50 ◦C with 0.80 wt% V-50 in
aqueous solution. Experimental results taken from [26], with simulations generated using the model
summarized in Tables 1 and 2.

The rate coefficients used to represent AA [16] and MAPTAC homopolymerization are combined
for the representation of AA-MAPTAC copolymerization following the approach used to develop the
model of AA-TMAEMC copolymerization [29]. The model includes the backbiting mechanisms that
result from presence of AA monomer and radicals in the copolymerization system. The previous study
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by Wittenberg et al. [16] provides the rate coefficients for AA backbiting and the subsequent reactions
involving the midchain radicals. Parameter estimation in Predici is used to estimate kcross

t from the
copolymer conversion profiles after first fitting the comonomer composition drifts to determine the
system reactivity ratios.

4.1. Estimation of Reactivity Ratios from Comonomer Composition Drifts

As the pH of the system indicates that AA does not ionize under polymerization conditions, it can
be assumed that only the addition of MAPTAC to a radical with a MAPTAC terminal unit is influenced
by electrostatic effects. Thus, rAA is assumed to be constant, while rMAPTAC varies with CCl

− following
the same functional form as kMAPTAC

p :

rMAPTAC = a·(1 + 0.5 CCl
−) (1)

The experimental comonomer composition drifts obtained over a range of wmon,0 and f MAPTAC,0

levels (Figures 3b and 4d) are used to estimate reactivity ratios assuming terminal model kinetics,
with the instantaneous copolymer composition given by:

FMAPTAC =
rMAPTAC f 2

MAPTAC + fMAPTAC fAA

rMAPTAC f 2
MAPTAC + 2 fMAPTAC fAA + rAA f 2

AA

(2)

The molar fraction of MAPTAC in the comonomer mixture is f MAPTAC = [MAPTAC]/([MAPTAC] +

[AA]), and reactivity ratios are defined by rMAPTAC = kMAPTAC
p /kMAPTAC.AA

p and rAA = kAA
p /kAA.MAPTAC

p .
These parameters were estimated by the model to fit the change in comonomer composition with
conversion using the direct numerical integration (DNI) method [41]:

d fMAPTAC

dx
=

fMAPTAC − FMAPTAC

1− x
(3)

with initial condition f MAPTAC = f MAPTAC,0 at x = 0. This technique has been previously used for the
estimation of reactivity ratios for copolymerization of AA with both non-ionized AM [42] and cationic
TMAEMC [29] monomers from experimental results obtained by the in situ NMR technique across a
wide range of initial conditions. The only additional modification for charged systems is to express the
reactivity ratio of the cationic component as a function of monomer content according to Equation (1).
Estimation using the experimental results shown in Figures 3b and 4d results in estimated values of
rAA = 0.36 ± 0.006 and a = 0.46 ± 0.006, with the fit compared to the experimental data in Figure 8.
The faster relative incorporation of MAPTAC into the copolymer at higher wmon,0 (and thus CCl

−) is
well captured by the model. Furthermore, excellent representations are obtained (without additional
fitting) for the increased relative consumption of MAPTAC with added NaCl (Figure 8c) as well as the
azeotropic behavior beyond f MAPTAC,0 = 0.5. Therefore, the effects of initial monomer concentration
and added NaCl on the MAPTAC composition drifts are accurately captured using the same functional
representation that was developed for AA-TMAEMC copolymerization.
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Figure 8. Comparison of batch comonomer composition drifts for AA-MAPTAC copolymerizations
at 50 ◦C and 0.80 wt% V-50 at different initial monomer compositions with (a) wmon,0 = 0.10;
(b) wmon,0 = 0.05(♦), 0.10(�), 0.20(∆) and 0.40(×) at different initial monomer compositions; and
(c) for wmon,0 = 0.10 without (open symbols) and with 1.0 mol·L−1 NaCl (closed symbols). Lines are
model representations of the composition drift developed using Equations (1)–(3), with parameters
summarized in Table 2.

4.2. Model Fit of Conversion Profiles

Using the Predici software, the set of reaction mechanisms and rate coefficients listed in Tables 1
and 2 are combined with the expressions and values obtained for reactivity ratio estimations to develop
a full kinetic model to simulate the conversion profiles obtained experimentally using the assumptions
made to model AA-TMAEMC copolymerization [29]. It is informative to examine the terminal model
propagation kinetics that leads to the following expression for the composition-averaged kcop

p :

kcop
p =

rMAPTAC f 2
MAPTAC + 2 fMAPTAC fAA + rAA f 2

AA

rMAPTAC fMAPTAC/kMAPTAC
p + rAA fAA/kAA

p
(4)

kMAPTAC
p is two orders of magnitude lower than kAA

p , and thus controls the averaged rate coefficient,
as shown by the plot of log kcop

p against f MAPTAC in Figure 9. The kcop
p values for MAPTAC gradually
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decrease as f MAPTAC increases in the system, consistent with experimental results and in contrast to
the sharper decrease seen upon addition of TMAEMC to AA, with little change between f TMAEMC,0

of 0.1 and 1.0. Also, the terminal model treatment captures the lower influence of CCl
− in MAPTAC

compared to TMAEMC as seen in the smaller difference in the curves generated with wmon of 0.10
and 0.40.
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Figure 9. Comparison of log kcop
p calculated at 50 ◦C as a function of MAPTAC/TMAEMC molar fraction

at wmon,0 = 0.10 (—) and 0.40 (- - -) for MAPTAC and wmon,0 = 0.10 (+) and 0.40 (×) for TMAEMC.

Various approaches to represent cross-termination of the TMAEMC and AA copolymerization
system were investigated in the previous investigation [29], an important task due to the more than
two order of magnitude difference between the termination rate coefficients for homopolymerization
of AA and that of the charged cationic (either TMAEMC or MAPTAC) system. The best representation
of the AA-TMAEMC conversion profiles was obtained using the geometric mean treatment [29],
an assumption also used here to model AA-MAPTAC copolymerization:

〈kAA.MAPTAC
t,ss 〉 = Φ·

(
〈kAA

t,ss 〉·〈k
MAPTAC
t 〉

)1/2
(5)

The complete set of copolymerization experiments run across different conditions (monomer
concentration and composition) were used to perform parameter estimation of the single fitting
parameter, with the best fit Φ value of 2.9 ± 0.2 obtained. The resulting representation of the conversion
profiles is shown in Figure 10 grouped according to wmon,0. Except for slight underpredictions of
conversion rates for wmon,0 = 0.05 (Figure 10a, f MAPTAC,0 = 0.3 and 0.5), the effects of both wmon,0

and f MAPTAC,0 on conversion rates are well captured by the model. A similar underprediction of
conversion rates at low f TMAEMC,0 and low monomer concentrations was found in the AA-TMAEMC
copolymerization study and was attributed to overprediction of the influence of AA backbiting on
rate [29]. Despite this minor issue, the model, using the same assumptions and functional forms as
developed for AA-TMAEMC, is able to describe the AA-MAPTAC copolymerization system over a wide
range of monomer contents and the complete range of comonomer compositions, including MAPTAC
homopolymerization (Figure 7).
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Figure 10. Simulated conversion profiles (lines) compared to experimental results (points) for f MAPTAC,0

= 0.3(♦), 0.5(�), 0.7(∆) and 0.9(•) at 50 ◦C and 0.80 wt% V-50 with wmon,0 of (a) 0.05, (b) 0.10, (c) 0.20
and (d) 0.40. Profiles are calculated using the model summarized in Tables 1 and 2, with the copolymer
termination rate coefficient calculated using the geometric mean method (best fit Φ values = 2.9).

5. Conclusions

An extensive investigation of the synthesis of polyelectrolytes from the aqueous-phase
copolymerization of the cationic monomer MAPTAC with nonionized AA was conducted, to broaden
and generalize the knowledge of copolymerization kinetics of cationic monomers. The rates of
polymerization and relative consumption rates of AA and MAPTAC as a function of conversion were
measured across varying initial monomer contents (wmon,0 = 0.05 − 0.35) and initial comonomer
compositions, with some experiments conducted with added salt to manipulate counterion
concentration. Functional representations of MAPTAC propagation and termination rate coefficients
were formulated to capture the effect of charge screening on the rate coefficients, extended to also
represent the influence of CCl

− on comonomer composition drifts. As found for the TMAEMC system,
an increase in wmon,0 resulted in increased relative incorporation of MAPTAC into the copolymer,
indicative of reduced electrostatic repulsion. The correctness of this interpretation is verified by
the ability of the representation to also capture the influence of adding NaCl on the comonomer
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composition drift. Compared to TMAEMC, the influence of CCl
− on MAPTAC copolymer composition

was not as strong, in agreement to the PLP-SEC study of homopropagation kinetics.
A comparison to the AA-TMAEMC system demonstrates that the same generalized model

structure can be used to represent copolymerizations of AA with both cationic monomers,
despite the amide vs ester functionality. The terminal model of propagation was combined with a
treatment of AA intramolecular chain transfer to develop a complete mechanistic representation of
AA-MAPTAC copolymerization. Monomer conversions profiles were well represented by combining
homopolymerization models combined with the geometric mean treatment of cross-termination.
However, further experiments are required to test the ability of the model to represent conversion
and copolymer composition profiles, as well as copolymer molecular weights, over a range of
operating temperature.

Supplementary Materials: Additional results documenting experimental reproducibility (Figure S1), solution pH
(Figure S3), additional copolymerization conversion profiles (Figures S2 and S4) and solution viscosity (Figures S5
and S6) are available online at http://www.mdpi.com/2227-9717/8/11/1352/s1.
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32. Lacík, I.; Sobolčiak, P.; Stach, M.; Chorvát, D.; Kasák, P. Propagation rate coefficient for sulfobetaine monomers
by PLP−SEC. Polymer 2016, 87, 38–49. [CrossRef]

33. Dobrynin, A.V.; Rubinstein, M. Theory of polyelectrolytes in solutions and at surfaces. Prog. Polym. Sci.
2005, 30, 1049–1118. [CrossRef]

181



Processes 2020, 8, 1352

34. Tanaka, H. Copolymerization of cationic monomers with acrylamide in an aqueous solution. J. Polym. Sci.
Part A Polym. Chem. 1986, 24, 29–36. [CrossRef]

35. Hunkeler, D.; Hamielec, A.E.; Baade, W. The polymerization of quaternary ammonium cationic monomers
with acrylamide. Adv. Chem. Ser. 1989, 223, 175–192.

36. McCormick, C.L.; Lowe, A.B.; Ayres, N. Water-soluble polymers. In Kirk-Othmer Encyclopedia of Chemical
Technology, 5th ed.; Kroschwitz, J., Ed.; Wiley-Interscience: New York, NY, USA, 2001; Volume 20, pp. 435–504.

37. Drawe, P.; Kattner, H.; Buback, M. Kinetics and modeling of the radical polymerization of trimethylaminoethyl
methacrylate chloride in aqueous solution. Macromol. Chem. Phys. 2016, 217, 2755–2764. [CrossRef]

38. Wako Speciality Chemicals Home Page. Available online: https://www.wakospecialtychemicals.com/brand/

wako/product/v-50-azo-initiator/ (accessed on 15 February 2017).
39. Kattner, H. Radical Polymerization Kinetics of Nonionized and Fully Ionized Monomers Studied by

Pulsed-Laser EPR. Ph.D. Thesis, Georg-August-Universität Göttingen, Göttingen, Germany, June 2016.
40. Smith, G.B.; Russell, G.T.; Heuts, J.P.A. Termination in dilute-solution free-radical polymerization:

A composite model. Macromol. Theory Sim. 2003, 12, 299–314. [CrossRef]
41. Kazemi, N.; Duever, T.A.; Penlidis, A. Reactivity ratio estimation from cumulative copolymer composition

data. Macromol. React. Eng. 2011, 5, 385–403. [CrossRef]
42. Preusser, C.; Hutchinson, R.A. An in situ NMR study of radical copolymerization kinetics of acrylamide and

non-ionized acrylic acid in aqueous solution. Macromol. Symp. 2013, 333, 122–137. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

182



processes

Article

Initiator Feeding Policies in Semi-Batch Free Radical
Polymerization: A Monte Carlo Study

Ali Seyedi 1, Mohammad Najafi 1,* , Gregory T. Russell 2,* , Yousef Mohammadi 3,*,
Eduardo Vivaldo-Lima 4 and Alexander Penlidis 5,*

1 Department of Polymer Engineering, School of Chemical Engineering, College of Engineering,
University of Tehran, P.O. Box 11155-4563, Tehran 1417466191, Iran; seyedi.a@ut.ac.ir

2 School of Physical and Chemical Sciences, University of Canterbury, Private Bag 4800,
Christchurch 8140, New Zealand

3 Petrochemical Research and Technology Company (NPC-rt), National Petrochemical Company (NPC),
P.O. Box 14358-84711, Tehran 1993834557, Iran

4 Facultad de Química, Departamento de Ingeniería Química, Universidad Nacional Autónoma de México,
CU, Mexico City 04510, Mexico; vivaldo@unam.mx

5 Department of Chemical Engineering, Institute for Polymer Research (IPR), University of Waterloo,
Waterloo, ON N2L 3G1, Canada

* Correspondence: najafi.m@ut.ac.ir (M.N.); greg.russell@canterbury.ac.nz (G.T.R.);
mohammadi@npc-rt.ir (Y.M.); penlidis@uwaterloo.ca (A.P.); Tel.: +519-888-4567 (ext. 36634) (A.P.)

Received: 11 September 2020; Accepted: 3 October 2020; Published: 15 October 2020

Abstract: A Monte Carlo simulation algorithm is developed to visualize the impact of various
initiator feeding policies on the kinetics of free radical polymerization. Three cases are studied:
(1) general free radical polymerization using typical rate constants; (2) diffusion-controlled styrene
free radical polymerization in a relatively small amount of solvent; and (3) methyl methacrylate
free radical polymerization in solution. The number- and weight-average chain lengths, molecular
weight distribution (MWD), and polymerization time were computed for each initiator feeding policy.
The results show that a higher number of initiator shots throughout polymerization at a fixed amount
of initiator significantly increases average molecular weight and broadens MWD. Similar results
are also observed when most of the initiator is added at higher conversions. It is demonstrated
that one can double the molecular weight of polystyrene and increase its dispersity by 50% through
a four-shot instead of a single shot feeding policy. Similar behavior occurs in the case of methyl
methacrylate, while the total time drops by about 5%. In addition, policies injecting initiator at
high monomer conversions result in a higher unreacted initiator content in the final product.
Lastly, simulation conversion-time profiles are in agreement with benchmark literature information
for methyl methacrylate, which essentially validates the highly effective and flexible Monte Carlo
algorithm developed in this work.

Keywords: initiator feeding policies; styrene; methyl methacrylate; Monte Carlo simulation;
polymer microstructure

1. Introduction

Free radical polymerization is one of the most important polymerization techniques, contributing to
the synthesis of about 50% of all the polymers produced worldwide. As a chain polymerization method,
it is composed of initiation, propagation, chain transfer and termination steps [1]; this technique enjoys
many advantages compared to other polymerization methods, such as ionic polymerization, making it
very popular in industry. A number of advantages enhancing its robustness include lower sensitivity to
impurities (although sensitive to oxygen, it is tolerant of water), broader range of monomers (almost all
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vinyl monomers), and milder reaction conditions [2]. Among the drawbacks of this method, one may
mention failure to design well-defined macromolecules, which is usually embodied in ill-controlled
molecular weight; broad molecular weight distribution; and weakly controlled monomer (sequence)
distribution in the case of copolymerization. To overcome these disadvantages, new techniques based
on specific feeding policies have been developed [3–7].

For polymerization in a batch reactor, all the monomers and initiators must be added
to the reactor in the beginning of the polymerization. Therefore, the desired macromolecular
microstructure—i.e., molecular weight average and distribution, branching index and distribution,
copolymer composition (distribution), monomer sequence length distribution, etc.—cannot simply be
controlled [8]. In particular, polymeric molecules that are formed earlier in a copolymerization may
contain a high percentage of the more reactive monomer, while the chains produced later contain a high
percentage of the remaining (less reactive) monomer. Since there is no steady state in a batch reactor,
and also due to raw material variability, copolymer (and other) properties obtained may differ from
batch to batch [9,10]. In a semi-batch reactor, at least one of the reactants is added over time; this mode
helps design and produce macromolecules with a well-defined microstructure despite differences in
the reactivity of the monomers. Another way of achieving a desired microstructure is to use predefined
initiator feed policies [10–12].

In this context, Goto et al. studied the effect of tert-butyl hydroperoxide (BHP) initiator on the
free radical polymerization of styrene initiated with styroxypiperidine and found that the addition of
this initiator tripled the rate of the reaction without a significant influence on the molecular weight
distribution and the number of polymer molecules [13]. A monomer feeding policy in a semi-batch
atom transfer radical copolymerization (ATRP) showed that the copolymer composition distribution
(CCD) could be precisely controlled by slowly feeding the monomers in a planned profile [9,14].
Wang et al. investigated four divinyl monomer feeding policies in the reversible addition-fragmentation
(chain) transfer (RAFT) copolymerization of acrylamide and reported the effect of feeding policy
on the microstructure and branching of star and hyperbranched chains produced [3]. Furthermore,
Diaz-Camacho et al. [15] studied the semi-batch addition of initiator in the nitroxide-mediated
polymerization of styrene, and modeled the system using the Predici software, but they slightly
over-predicted the effect of semi-continuous addition on polymerization rate [16].

Simulation and modeling techniques have proven to be an extremely useful tool for predicting the
microstructural characteristics of polymer chains during polymerization. Modeling of polymerization
processes falls into the two categories of deterministic and stochastic modeling. The former involves
writing mass balances for all the species present, leading to a set of differential (and algebraic) equations,
the numerical solution of which leads to properties such as average molecular weights, average
branching indicators, etc. either directly (with the method of moments) or indirectly (when chain
lengths are treated individually). In the latter event, there is a very large number of equations that must
be solved. This can be a major problem even with increasingly powerful computers used today [17].
A popular variant of the deterministic approach is the use of the method of moments. This method
decreases the number of equations by rewriting the kinetically-derived population balances into
moment balances [18].

Using mathematical modeling, Arzamendi et al. investigated three different monomer feeding
policies in semi-batch emulsion copolymerization in order to optimize control over copolymer
composition and minimize polymerization time [19]. In another study, the semi-batch polymerization
of styrene, in a monomer and initiator starved-fed reactor, showed that the molecular weight and
molecular weight distribution can be effectively controlled in this manner [20]. Pinto et al. optimized
a cocktail of initiators in suspension polymerization of vinyl chloride using mathematical modeling and
found that by using the optimized cocktail, process time could be significantly decreased compared with
a typical single-initiator process [21]. In another work, a kinetic model was developed to consider the
effect of a monomer feeding policy on the CCD in the mini-emulsion copolymerization of styrene and
butyl acrylate; it was established that the proposed model was in good agreement with polymerization
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kinetics. Furthermore, several copolymers with a predesigned CCD were successfully synthesized
using the presented model [22].

In contrast to deterministic approaches, stochastic approaches do not need to solve a system of
differential equations. These approaches are usually based on the master chemical equation and require
information about elementary reaction mechanisms and probabilities. This characteristic makes this
technique invaluable for modeling complex polymer systems [18,23]. The kinetic Monte Carlo (KMC)
algorithm is one of the stochastic approaches that provides an efficient method for investigating the
microstructure and spatial topologies of polymer chains. It is also possible to simulate polymerization
processes with complex molecular architectures and investigate macromolecular microstructures such
as molecular weight distribution, copolymer composition (distribution), monomer sequence length
(distribution), long-chain branching, short-chain branching, chain topology, etc. [23–25]

The effect of bi-functional initiators on free radical polymerization of styrene has been studied
using Monte Carlo simulation, and it was found that using bi-functional initiators results in increased
monomer conversion and molecular weight, and narrower molecular weight distribution compared
with mono-functional initiators [26]. Tobita studied long-chain branching (LCB) and the distribution of
branching density in poly(vinyl acetate) using this technique [27]. The Monte Carlo method was used
in Prescott’s work studying the effect of chain-length-dependent termination on reversible deactivation
radical polymerization (RDRP) using the reversible addition-fragmentation chain transfer (RAFT)
process [28]. Using the Monte Carlo method with the Julia programming language, Pintos et al.
simulated the kinetics of RAFT radical polymerization in batch mode, based on the theories of slow
fragmentation, intermediate radical termination, and the termination of intermediate radicals with
oligomers [29]. The effect of reactivity ratios and initial feed composition on copolymer microstructure
was investigated for free radical copolymerization in a comprehensive study using a Monte Carlo
simulation method. The model had the ability to illustrate changes in azeotropy and composition
drift [30,31]. A high-performance Monte Carlo code was developed for simulating the kinetics of
free radical and ATRP of styrene, considering chain-length dependent and diffusion-controlled
termination. The obtained results were in close agreement with experimental data [32]. Saeb et al. used
Monte-Carlo modeling to study the effect of co-monomer feeding policy on copolymer microstructure
in metallocene catalyzed copolymerization of ethylene/1-hexene; this revealed the critical significance
of the computerized feeding mode contrasted with the uncontrolled feeding mode [33]. A Monte
Carlo method was also used to study the effect of hydrogen and co-catalyst concentration in ethylene
polymerization using a Ziegler-Natta catalyst [34]. Finally, Najafi et al. studied four termination modes
in styrene ATRP using a Monte Carlo approach [35].

The above is a critical selection of works on the simulation of the kinetics of free radical
polymerization, in particular referring to feeding strategies and/or nature of initiation. To the very best
of our knowledge, our work that follows is the first ever study using the Monte Carlo simulation method
to investigate the effect of initiator feeding policies on a polymerization process and chain properties
in semi-batch free radical polymerization. In this regard, our work is also complementary to the
studies by Diaz-Camacho et al. [15] and Roa-Luna et al. [16] in that the approach in these two previous
references was similar but derived using a commercial package (Predici) for a nitroxide-mediated
polymerization system. In this context, we investigate three different cases: a general free radical
polymerization with typical kinetic rate coefficient values (Case 1), a diffusion-controlled free radical
polymerization of styrene (Case 2, low solvent fraction), and solution free radical polymerization
of methyl methacrylate (Case 3, high solvent fraction). Thermal and chemical types of initiation,
transfer reactions, and diffusion-control effects were all considered in the different case studies.
In order to investigate the effect of initiator feeding policies during the course of the polymerization,
three feeding strategies based on the number of shots (NOS), amount of shots (AOS), and time of
shots (TOS) were considered in each case, and different indicators of polymerization performance,
in terms of polymerization rate, polymer quality, molecular weight averages, and molecular weight
distribution, were evaluated. We should state upfront that in these case studies, all being evaluated at
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the simulation/modeling level, mixing of the initiator shots in the polymerizing mixture is considered
perfectly instantaneous and homogeneous.

2. Model Development

2.1. Kinetic Model

Monte Carlo algorithms were developed for three cases, as detailed in Table 1: general free radical
polymerization; styrene free radical polymerization in solution (low fraction of solvent); and methyl
methacrylate free radical polymerization in solution (high fraction of solvent). Table 1 lists the reactions
for each case. In the three cases, the chemical initiation step is related to thermal decomposition of
initiator, while thermal monomer self-initiation also contributes in styrene polymerization. Transfer to
monomer, transfer to solvent, termination by combination, and termination by disproportionation
may occur in each case. The kinetic parameters and constants required for the simulations are listed
in Table 2.

Table 1. Elementary reactions in the cases considered in this work: general free radical polymerization
(Case 1), styrene free radical polymerization in solution (Case 2) [36], and methyl methacrylate free
radical polymerization in solution (Case 3) [37].

Case 1: General Free Radical Polymerization

Initiator decomposition I
kd
→ 2 f I∗

Chain initiation I∗ + M
ki
→ P∗1

Propagation P∗n + M
kp
→ P∗n+1

Termination by combination P∗n + P∗m
ktc
→ P∗n+m

Termination by disproportionation P∗n + P∗m
ktd
→ P∗n + P∗m

Case 2: Free Radical Polymerization of Styrene

Chemical Initiation I
kd
→ 2 f I∗

I∗ + M
4kp
→ P∗1

Thermal Initiation 3M
kthermal
→ M∗1 + M∗2

M∗1 + M
4kp
→ P∗2

M∗2 + M
4kp
→ P∗3

Propagation P∗n + M
kp
→ P∗n+1

Termination by combination P∗n + P∗m
ktc
→ P∗n+m

Termination by disproportionation P∗n + P∗m
ktd
→ P∗n + P∗m

Chain transfer to monomer P∗n + M
ktrM
→ Pn + P∗1

Chain transfer to solvent P∗n + S
ktrS
→ Pn + P∗1

Case 3: Free Radical Polymerization of Methyl Methacrylate

Chemical Initiation I
kd
→ 2 f I∗

I∗ + M
kp
→ P∗1

Propagation P∗n + M
kp
→ P∗n+1

Termination by disproportionation P∗n + P∗m
ktd
→ P∗n + P∗m

Chain transfer to monomer P∗n + M
ktrM
→ Pn + P∗1

Chain transfer to solvent P∗n + S
ktrS
→ Pn + P∗1
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Table 2. Rate parameters used in the simulations.

Parameters Value/Expression References

Case 1: General Free Radical Polymerization

f 0.50 This work
kd (s−1) 10−3 This work
ki (L.mol−1.s−1) 104 This work
Kp (L.mol−1.s−1) 104 This work
ktc (L.mol−1.s−1) 108 This work
ktd (L.mol−1.s−1) 108 This work

Case 2: Free Radical Polymerization of Styrene

f 0.50 [38,39]
kd (s−1) 6.78 × 1015 exp(−17,714.0 / T) [38,39]
kthermal (L2.mol−2.s−1) 2.19 × 105 exp(−13,800.0 / T) [40]
Kp (L.mol−1.s−1) 4.266 × 107 exp(−3910.0 / T) [41]
kt,0 (L.mol−1.s−1) 3.82 × 109 exp(−958.0 / T) [42]
KtrM (L.mol−1.s−1) 2.31 × 106 exp(−6377.0 / T) [40]
KtrS (L.mol−1.s−1) 1.8 [43]
Kt (L.mol−1.s−1) kt,0exp

(
−0.44wp − 6.36w2

p − 0.1704w3
p

)
[10]

ktc (L.mol−1.s−1) 0.01kt [44]
ktd (L.mol−1.s−1) 0.99kt [44]
Note: wp is the polymer weight fraction.

Case 3: Free Radical Polymerization of Methyl Methacrylate

f 0.50 [45]
kd (s−1) 1.2525 × 1014 exp(−14,770.0 / T) [43]
Kp (L.mol−1.s−1) 4.92 × 105 exp(−2191.0 / T) [45]
ktrM (L.mol−1.s−1) 7.177 × 109 exp(−9036.0 / T) [43]
ktrS (L.mol−1.s−1) 4.673 × 108 exp(−7902.0 / T) [43]
ktd (L.mol−1.s−1) 9.8 × 107 exp(−353.0 / T) [45]

2.2. Monte Carlo Simulation

The kinetic model based on the Monte Carlo algorithm is developed according to the probabilities
of reactions. Due to the stochastic nature of Monte Carlo simulation, there may always be differences in
the results obtained from each run. Hence, defining a proper simulation volume is vital not only because
of its impact on the reliability and accuracy of the simulation results, but also due to its influence on
the simulation performance and runtime. A larger simulation volume usually renders more accurate
results, but it may lead to longer runtimes. The optimum sample size is specific to each polymerization
system since it is greatly influenced by the reaction parameters and initial conditions [23,24]. The Monte
Carlo computer code utilized in the current work employs Gillespie’s algorithm as its foundation [46].
The concentrations of the species can be related to the number of monomers in the simulation volume
according to Equation (1):

Xi = Ci·NA·V (1)

where Xi is the number of species i and Ci represents the concentration of species i; NA and V stand for
Avogadro’s number and reaction volume, respectively. In addition, the experimental rate constants
(kexp) must be converted to Monte Carlo rate constants (kMC) according to Equations (2)–(5):

Unimolecular reaction:
kMC = kexp (2)

Bimolecular reaction between different species:

kMC =
kexp

NA·V
(3)
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Bimolecular reaction between identical species:

kMC =
2× kexp

NA·V
(4)

Termolecular reaction between identical species:

kMC =
6× kexp

NA2·V2 (5)

For example, the equation for rate of polymerization, Rp, is:

Rp = kMC
p ·XR·XM (6)

where kMC
p stands for the Monte Carlo propagation rate constant and XR and XM represent the number

of (polymerizing) free radicals and monomer molecules, respectively. The probability of each reaction,
Pi, is defined by Equation (7):

Pi =
Ri

Rtotal
=

Ri∑n
j=1 R j

(7)

where Ri is the rate of reaction i, Rtotal is the total reaction rate of the system, and n denotes the number
of reaction channels. Equation 8 is used to determine the reaction channel which should happen at
a given time:

µ−1∑
i=1

Pi < r1 ≤

µ∑
i=1

Pi (8)

where µ is the number of the selected reaction channel and r1 denotes a random number in the (0,1]
interval. An additional random number (r2) should also be generated to determine the time interval
(τ) between two consecutive and sequential reactions (see Equation (9)):

τ =
1∑n

i=1 Ri
ln

( 1
r2

)
(9)

The improved Mersenne Twister algorithm is embedded in the simulation code to generate
random numbers [47]. The simulation code is written in Lazarus 2.0.10 and compiled into 64-bit
executable code using FPC 3.2.0. The average runtime of the program is approximately 300 min at
a simulation volume of 2.076 × 10–13 lit on a desktop computer equipped with Intel Core i7-3770K
(3.50 GHz) and 32 GB of memory (2133 MHz) running Windows 7 Ultimate 64-bit operating system.

3. Results and Discussion

3.1. Initiator Feeding Policies

The simulation is performed in three scenarios according to three different feeding policies.
In the first policy, the number of initiator shots injected into the system is varied. Four different feeding
policies based on the number of shots (NOS) are simulated. In the second, the amount of initiators
per shot is varied; four different feeding policies based on changing the amount of shots (AOS) are
chosen. In the third scenario, the time at which the initiator is added to the reactor is varied, thus,
four different feeding policies having various times of shots (TOS) are taken into account (Table 3).
It is worth mentioning that the total amount of initiator used in each of the three scenarios is the same
and equal to [I]0 (of a regular initiator charge). In the NOS policy, the initiator is added to the reactor in
one, two, four, and eight steps with equal fractions at distinct reaction conversions. In the AOS policy,
the initiator is introduced to the reaction system at four different fractions at distinct conversions. In the
feeding policy based on TOS, the initiator is injected at four equal fractions at various conversion levels.
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Table 3. Initiator feeding policy configurations with the same total amount of initiator.

Number of Shots Initiator Fraction

NOS-1 One step (1.000)
NOS-2 Two steps (0.500, 0.500)
NOS-3 Four steps (0.250, 0.250, 0.250, 0.250)
NOS-4 Eight steps (0.125, 0.125, 0.125, 0.125, 0.125, 0.125, 0.125, 0.125)

Amount of Shots Initiator Fraction

AOS-1 (0.10, 0.20, 0.30, 0.40)
AOS-2 (0.40, 0.30, 0.20, 0.10)
AOS-3 (0.10, 0.40, 0.40, 0.10)
AOS-4 (0.40, 0.10, 0.10, 0.40)

Time of Shots Conversion of Each Shot (Initiator Fraction is Equal to 0.25 for Each Step)

TOS-1 (0.00, 0.05, 0.15, 0.25)
TOS-2 (0.00, 0.30, 0.40, 0.50)
TOS-3 (0.00, 0.55, 0.65, 0.75)
TOS-4 (0.00, random, random, random)

3.2. General Free Radical Polymerization

The results of varying the number of initiator shots are shown in Figure 1. In the initiator feeding
policy for NOS-1 (A1), the entire amount of initiator is charged to the reactor at the beginning of
the polymerization. Thus, the rate of monomer consumption in NOS-1 (A2) should be increased
in comparison with NOS-2 (B2), NOS-3 (C2), and NOS-4 (D2). Increasing the number of shots,
which approaches asymptotically the case of continuous feeding, results in a smaller slope in
conversion-monomer curves (NOS-4 (D2)) in spite of decreasing the amount of initiator in each
shot (NOS-1 (A2)). This indicates slower polymerization, and consequently, larger polymerization
times. On the other hand, by distributing the concentration of the initiator at different conversions,
because of a drop in the concentration of the initiator at the early stages of the polymerization,
the molecular weight increases by changing feeding policy from NOS-1 (A3) to NOS-4 (D3). The same
change causes a wider molecular weight distribution with a longer tail towards higher molecular
weights. Therefore, the molecular weight distribution curves are shifted to the right by increasing the
number of shots from NOS-1 (A4) to NOS-4 (D4). In fact, increasing the number of shots (NOS) leads
to increasing number- and weight-average molecular weights (see third row) and a broader molecular
weight distribution (MWD) (fourth row).
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Figure 2 illustrates how varying the amount in initiator shots (AOS) affects chain microstructure.
In the initiator feeding policy of AOS-1(E1), by feeding less initiator at the beginning of the
polymerization, a higher molecular weight average is achieved (AOS-1 (E3)) compared with AOS-2
(F3), AOS-4 (H3), and the original reference simulation NOS-1 (A3) of Figure 1, where in all of which
more initiator is added initially. Moreover, a much wider molecular weight distribution in comparison
with NOS-1 (A4) is obtained. A similar result is obtained in AOS-3 (G1): a higher molecular weight
and a much broader MWD (AOS-3 (G4)) result compared with the reference plot (NOS-1 (A4)).
The rate of monomer consumption (graphs AOS-2 (F2) and AOS-4 (H2)) is increased (a steeper slope in
conversion-time curves is seen) in comparison with AOS-1 (E2) and AOS-3 (G2) due to a higher fraction
of initiator being injected at the beginning of the polymerization. By comparing AOS-3 (G1) with
AOS-1 (E1), it is found that both policies have low initiator concentrations at the beginning, producing
a large number of long chains, thereby creating a tail in high molecular weights (the right side of the
distribution curve). The difference lies in the rate of initiator concentration increment, which is much
more sudden in AOS-3; this leads to a larger number of short chains, thereby creating a low population
of chains at log10DP ≈ 3.5 (see AOS-3 (G4)). By evaluating the graphs of AOS-2 (F4) and AOS-4 (H4),
it is evident that initiator concentration is relatively high throughout the entire course of polymerization,
which narrows the molecular weight distribution compared with AOS-1 (E4) and AOS-3 (G4). In contrast,
AOS-2 (F2) and AOS-4 (H2) lead to higher conversions at shorter polymerization times; these policies
act similarly to the reference case (graph (NOS-1 (A2)), while AOS-1 and AOS-3 raise molecular weight
averages and broaden MWDs. In summary, increasing the fraction of initiator at later stages of the
polymerization enhances number- and weight-average molecular weights and broadens molecular weight
distribution by adding to the fractions of longer chains. In contrast, adding higher amounts of initiator
at the beginning of the polymerization narrows MWD and reduces the average chain length.

Figure 3 depicts the results of varying the reaction times at which initiator shots are added to the
system. It is obvious that in the TOS-1 (I1) and TOS-4 (L1) cases, there is a high concentration of initiator
throughout the polymerization. A similar result is realized when comparing with AOS-2 (F1) and
AOS-4 (H1): there is a fairly narrow chain length distribution combined with higher polymerization rate.
In TOS-2 (J1), initiator concentration is relatively low up to an extent of reaction of about 30%, creating
a high population of long chains. Initiator added at later stages of the polymerization leads to shorter
chains, which widens MWD compared with the NOS-1 (A4), TOS-1 (I4), and TOS-4 (L4) situations.
In addition, the polymerization time needed to achieve a specific conversion is not much longer than
that of the reference graph (NOS-1 (A2)). Therefore, a broader MWD without significantly sacrificing the
polymerization rate is obtainable. Finally, in TOS-3 (K4), the peak in molecular weight distributions is
shifted to the right compared with the reference graph (NOS-1 (A4)) and all other previously studied
cases; this is attributed to relatively low initiator concentration up to 55% of conversion leading to a large
number of long chains. A subsequent sudden rise in initiator content produces a large number of short
chains, which generates a small shoulder in the distribution curve. Comparing with the reference graph
(NOS-1 (A3)), weight-average molecular weight and dispersity are increased. Furthermore, the time for
complete conversion to be reached—which one might regard as an indicator of productivity—drops.
It is worth mentioning that number-average molecular weights are equal in all the policies because the
total amount of initiator consumed is almost the same for all of the simulation cases.

Comparing all the policies, it is evident that the time required to complete the polymerization is
different in various cases, in fact by up to 50%. The policies containing a higher initiator concentration
at lower conversions show higher ‘performance,’ thus, there is a compromise between polymerization
performance (polymerization time) and what is achieved in other polymer quality indicators,
i.e., weight-average molecular weight and molecular weight distribution. As a result, the time
interval between the shots plays a decisive role in the overall performance of the feeding policies
based on the time of shots (TOS). If the initiator shots are injected close to each other, molecular weight
average and dispersity become more uniform. Therefore, as the time intervals between the shots are
reduced, the molecular weight distribution becomes narrower.
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3.3. Styrene Free Radical Polymerization in Solution

Table 4 presents results obtained from the Monte Carlo simulation of styrene free radical
polymerization (Case 2 of Tables 1 and 2; low fraction of solvent). By increasing the number of initiator
shots (NOS) from one to eight, the weight-average molecular weight increases by 150%, while the
polymerization time drops by 8%. In addition, by meticulously analyzing the results of the simulation,
it is found that using the NOS policy not only increases the weight-average molecular weight, but also
‘tailors’ the molecular weight distribution to some extent, in that one can dial up the dispersity by
altering the number of shots. Figure 4 probes this further by presenting the MWD in these scenarios
of semi-batch free radical polymerization of styrene for the three different initiator feeding policies.
Comparing NOS-1 with TOS-2 (first vs. third column of plots in Figure 4) reveals that changing
the policy enables one to increase weight-average molecular weight and broaden the distribution to
a moderate extent. Additionally, changing the policy to AOS-1 (middle column of plots in Figure 4)
almost doubles the weight-average molecular weight and broadens the chain length distribution
(a 150% increase in dispersity, Ð). The AOS-1 and AOS-3 policies provide a wider molecular weight
distribution compared to the other policies, which is ascribed to the distribution of the initiator
concentration over the course of the reaction. It may be stated that a policy leading to increased
weight-average molecular weight usually results in a broadened MWD. In addition, there will be
more unreacted initiator in the final polymerization mixture in policies in which an initiator shot is
injected at the late stages of the reaction, namely NOS-4, AOS-1, AOS-4, and TOS-3; in all these cases,
more than 10% of the initiator remains unreacted. This leads to a decrease in the number of monomer
units allotted to each radical in the beginning of the polymerization and, consequently, the emergence
of short chains, which is the cause of a widening molecular weight distribution. An increase in the
concentration of the residual initiator at the end of the polymerization of styrene means less initiator
decomposition over the course of the reaction, which leads to a higher fraction of long chains; as a result,
molecular weight distribution widens, and average molecular weight and dispersity deviate from the
reference graph (NOS-1 (A4)). However, unreacted (residual) initiator is undesirable for a number of
reasons, both economical and operational (product quality).

Table 4. Simulated data of free radical polymerization of styrene (Case 2) according to various initiator
feeding policies (NOS, AOS, and TOS as per Table 3, with an equal total amount of initiator).

Policy Reaction Time at Conversion 100% (min) ¯
Mw (g/mol) Ð Unreacted Initiator (%)

Number of Shots

NOS-1 42 22,000 2.1 3.5
NOS-2 39 27,000 2.4 6.7
NOS-3 39 31,000 2.7 9.3
NOS-4 39 34,000 2.9 11

Amount of Shots

AOS-1 42 41,000 3.4 12.3
AOS-2 39 27,000 2.4 6.6
AOS-3 43 37,000 3.2 8.3
AOS-4 37 30,000 2.6 10.6

Time of Shots

TOS-1 44 24,000 2.3 3.7
TOS-2 40 30,000 2.7 7.4
TOS-3 41 38,000 3.2 12.8
TOS-4 40 27,000 2.5 6.4
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 Figure 4. Final molecular weight distributions in semi-batch free radical polymerization of styrene
(Case 2) with [M]0= 6.06 mol L–1, [S]0 = 2.54 mol L–1, [I]0 = 0.075 mol L–1, and a temperature of 138 ◦C
for the three different initiator feeding policies (insets). Solvent mole fraction about 30%; S refers to
solvent. Left column: NOS; middle column: AOS; right column: TOS. For comparison, the top left
(NOS-1) result is presented in every other plot as a dotted line.

3.4. Free Radical Polymerization of Methyl Methacrylate in Solution

Results of the simulation of methyl methacrylate (MMA) free radical polymerization in solution
(Case 3 of Tables 1 and 2) are presented in Table 5 and Figure 5. The simulation captures the fact that the
MWDs for MMA polymerization are broader compared with styrene (contrast the values of dispersity
in Tables 4 and 5, respectively).

According to the simulation results, increasing the number of shots (NOS) from 1 to 8 (first column
of plots in Figure 5, from top to bottom) causes a 75% increase in weight-average molecular weight
and a 65% increase in dispersity. The wider distributions (exhibiting a shoulder at high molecular
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weights) previously observed with the AOS-3 and TOS-3 policies (in Figure 4) are also present in
MMA polymerization. Here, by changing the initiator feeding policy from NOS-1 to AOS-1, both
weight-average molecular weight and dispersity are increased by a factor of 2. Additionally, the AOS-2
and AOS-4 policies provide a narrower MWD due to the higher fraction of initiator at lower conversions
and the lower fraction of initiator at higher conversions. Within these policies, the molecular weight
distribution is closer to the reference graph (NOS-1), and the time to achieve complete conversion
is reduced. In NOS-4, AOS-1, and TOS-3 feeding policies, due to the higher fraction of initiator
concentration at high conversions, a larger amount of initiator remains unreacted in comparison with
the other policies. Therefore, the number of decomposed initiator molecules (produced chains) falls,
thereby raising molecular weight and widening molecular weight distribution compared with the other
policies. Overall, the later the initiator is introduced to the reaction system, the more heterogeneous the
microstructure of the produced chains becomes. In fact, a lower fraction of initiator at the beginning of
the polymerization generates fewer, but longer chains, thereby broadening chain length distribution,
as one can observe from Table 5 and Figure 5.

Finally, in order to ‘benchmark’ the simulation algorithm and coding developed herein, simulation
data for MMA polymerization at four different temperatures were compared with ASPEN modeling data
reported elsewhere [48], noting that the ASPEN modeling was already confirmed using experimental
data [37]. As can be seen in Figure 6, the conversion-time results for NOS-1 are in complete agreement
with the ASPEN data at all temperatures. Furthermore, as expected, raising the temperature increases
the rate of monomer consumption.

Table 5. Simulated data of free radical polymerization of methyl methacrylate in solution (Case 3)
according to the various initiator feeding policies (NOS, AOS, and TOS of Table 3, with an equal total
amount of initiator).

Policy Reaction Time at Conversion 100% (min) ¯
Mw (g/mol) Ð Unreacted Initiator (%)

Number of Shots

NOS-1 1700 19,000 4.2 7.4
NOS-2 1650 24,500 5.3 9.5
NOS-3 1600 30,000 6.2 11.2
NOS-4 1600 33,000 7.0 12.5

Amount of Shots

AOS-1 1600 40,000 8.4 13.3
AOS-2 1600 25,000 5.4 9.5
AOS-3 1650 37,000 7.9 11.0
AOS-4 1600 27,000 5.7 11.6

Time of Shots

TOS-1 1700 22,000 4.9 8.1
TOS-2 1650 29,000 6.3 9.9
TOS-3 1600 34,000 7.2 13.1
TOS-4 1630 25,500 5.5 9.7
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Figure 5. Final molecular weight distributions in semi-batch solution free radical polymerization of 

methyl methacrylate (Case 3) with [𝑀]0= 1.0 mol L–1, [𝑆]0= 3.40 mol L–1, [𝐼]0= 0.02288 mol L–1, and a 

temperature of 70 °C for the three different initiator feeding policies (insets). Solvent mole fraction 

about 75%; S refers to solvent. Left column: NOS; middle column: AOS; right column: TOS. For 

comparison, the top left (NOS-1) result is presented in every other plot as a dotted line. 

Figure 5. Final molecular weight distributions in semi-batch solution free radical polymerization
of methyl methacrylate (Case 3) with [M]0= 1.0 mol L–1, [S]0 = 3.40 mol L–1, [I]0 = 0.02288 mol L–1,
and a temperature of 70 ◦C for the three different initiator feeding policies (insets). Solvent mole
fraction about 75%; S refers to solvent. Left column: NOS; middle column: AOS; right column: TOS.
For comparison, the top left (NOS-1) result is presented in every other plot as a dotted line.
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Figure 6. ‘Benchmarking’ of simulation data by comparison with ASPEN modeling: conversion versus
time data for MMA polymerization with NOS-1 initiation policy.

4. Conclusions

This study introduces a new and remarkably simple way of tailoring the rate of polymer synthesis
and the obtained MWD. Various initiator feeding policies are defined and evaluated to tune the chain
microstructure in a free radical polymerization system. A general free radical polymerization with
typical rate constant values (Case 1), free radical polymerization of styrene in solution (Case 2) with
a lower solvent fraction, and free radical polymerization of methyl methacrylate in solution (Case 3,
at a much higher solvent fraction) are simulated using a Monte Carlo method. By distributing the
concentration of initiator at different conversion levels, because of the decrease in the concentration of
the initiator at the beginning of the reaction, the molecular weight changes dramatically. Changing
initiator feeding policy usually generates a wider molecular weight distribution with a longer tail
at higher molecular weights. In addition, the policies in which lower amounts of initiator are
injected at the beginning of the reaction produce a large number of long chains and create a tail
at the high molecular weight portion of the MWDs. Similar results are achieved by the policies in
which most of the initiator is added at high monomer conversions. The policies injecting higher
initiator concentrations at lower conversions reach completion much faster. Therefore, there is a
compromise between polymerization performance (rate of monomer consumption) and polymer
quality, i.e., average molecular weight and molecular weight distribution. As a result, we can exploit
an initiator feeding policy tuned for a specific polymerization system to strike a balance between
productivity and quality/properties/polymer microstructure.
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Abstract: This work aims at modeling in detail the polymerization of non-ionized acrylic acid in
aqueous solution. The population balances required to evaluate the main average properties of
molecular weight were solved by the method of moments. The polymerization process considered is
initiated by a persulfate/metabisulfate redox couple and, in particular, the kinetic scheme considers
the possible formation of mid-chain radicals and transfer reactions. The proposed model is validated
using experimental data collected in a laboratory-scale discontinuous reactor. The developed kinetic
model is then used to intensify the discontinuous process by shifting it to a continuous one based
on a tubular reactor with intermediate feeds. One of the experimental runs is selected to show how
the proposed model can be used to assess the transition from batch to continuous process and allow
faster scale-up to industrial scale using a literature approach.

Keywords: Poly(acrylic acid); free-radical polymerization; reaction model; process intensification;
semi-batch to continuous

1. Introduction

Poly(acrylic acid) (PAA) is a widely produced polymer with a growing, global annual production
of 1.58× 109 kg as of 2008 [1] and with applications in many industrial sectors. The application is
determined according to the molecular weight of the produced polymer: low molecular mass (less than
20 kDa) PAA is used as sequestrant, mid-low mass (20–80 kDa) PAA is adopted in paints, mid-high
mass (0.1–1 MDa) PAA is useful in the textile and paper industry, and high weight (larger than 1 MDa)
PAA is a flocculating agent and absorbent [1]. The accurate control of the average molecular weight
and its distribution are thus critical for efficient production.

The synthesis of PAA is almost exclusively run in aqueous solutions through free-radical
polymerization of acrylic-acid (AA) at 40–90 ◦C in batch (BR) or semi-batch (SBR) chemical reactors.
The reaction is highly exothermic (reaction heat of 63 kJ mol−1 [2]) and fast, posing a relevant hazard
for its production in discontinuous BR systems. The SBR is then preferred as a more efficient thermal
control can be achieved with respect to its BR counterpart. A SBR starved process is generally adopted
to achieve such control in a monomer-depleted environment. This way AA is consumed at a faster
rate than its dosing and no dangerous accumulation of monomer is taking place. On the other hand,
this kind of process may require long reaction times and proper disposal of the high amount of water
used.

A way to enhance the performance of the PAA production is to shift the discontinuous process
to a continuous one by means, for example, of tubular reactors in the general framework of process
intensification [3]. Tubular reactors are more efficient in the thermal control with respect to both BRs
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and SBRs [4] thanks to the higher heat-exchange-area-to-volume ratio. This way, more severe conditions
can be used with reduction of both reaction times and downstream utilities. Several methods were
developed to shift polymerization processes from batch to continuous, by means of modular reactors
(given a particular process) [5,6] or tubular reactors with distributed and localized side injections
(for any homogeneous system regardless the chemical kinetics) [7,8].

Typically, the process conditions are designed according to the selected initiating system
and the desired product quality (its molecular weight distribution). Commonly used initiators
are azo compunds, e.g., azobis-isobutyronitrile (AIBN) and 2,2’-azobis-(2-methyl propionamidine)
dihydrochloride (V-50), peroxides, e.g., benzoyl peroxide, and redox initiators, such as
persulfate/metabisulfate (PS/MBS) couples [9]. A detailed description of the chemical transformations
happening in the reactor is thus paramount to develop processes (both discontinuous and continuous)
able to produce the desired product in the most efficient way. A large body of work was carried
out (in discontinuous reactors) to accurately determine the reaction rates of AA polymerization.
Much effort was spent towards the description of propagation reactions, taking into account many
effects such as the initial presence of monomer in the reaction environment [10,11], pH, and the
degree of AA dissociation [12,13]. AA radicals also undergo backbiting, leading to the formation of
mid-chain radicals (MCR) from which branching occurs [14]. According to the initiating system used,
other reactions can occur such as radical transfer to the co-initiator in a redox system [15].

The aim of this work is the development of a comprehensive chemical reaction model for the
polymerization of fully-undissociated AA in aqueous solution using the couple PS/MBS as redox
initiator. The model is validated with experimental measurements on the discontinuous system.
The developed model is then used for process intensification, with emphasis on the transition from
discontinuous to continuous production processes.

2. Materials and Methods

2.1. Experimental Tests

2.1.1. Chemicals and Analytical Technique

The experimental tests were run using acrylic acid (99 %), sodium persulfate (Na-PS,
≥98 %), sodium metabisulfate (Na-MBS, ≥99 %), hydroquinone (≥99 %), sodium nitrate (≥99 %),
monobasic sodium phosphate monohydrate (≥98 %), and sodium azide (≥99 %). All chemicals were
purchased from Sigma-Aldrich and were used as received without further purification.

For each reaction condition several samples were taken over time. The reaction was inhibited
by adding the sample to cold hydroquinone. The samples were then analyzed using gel permeation
chromatography (GPC) for the determination of the polymer molecular weight distributions.
GPC measurements were carried out at 30 ◦C using a pH 7 buffer mixture of aqueous solutions
of sodium nitrate (0.2 M), monobasic sodium phosphate (0.01 M), and sodium azide (3.1 mM) as eluent
with a flowrate of 1 mL min−1. The calibration of the instrument was made using PAA standards with
certified peak molecular weights from 1250 to 392,600 g mol−1 (all details as Supplementary Materials),
thus enabling especially accurate molecular weight evaluations in the range of interest.

Residual monomer was detected by high-performance liquid chromatography (HPLC) equipped
with UV detector (wavelength 205 nm) and a column suitable for organic acids. In all cases, the eluent
was an aqueous solution of sulfuric acid 0.05 M and the flowrate 0.5 mL min−1.

2.1.2. Discontinuous Reactor

The laboratory SBR is a jacketed glass reactor with a maximum volume of 1 L, equipped with
mechanical stirring and reflux condenser. The reagents were fed using three Metrohm 876 Dosimat
plus dosing units. PS and MBS are fed into the reactor as aqueous solutions, while the monomer is fed
as a pure stream. A schematic representation of the experimental setup is reported in Figure 1.
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Figure 1. Laboratory SBR scheme. Jacketed reactor equipped with three pumps for the feed of pure
monomer and aqueous solutions of PS and MBS.

Species are fed into the reactor with a constant feedrate and different feed durations. In particular,
PS and MBS are fed together from the beginning of the process into the reactor, which was initially
charged with pure water. After a constant delay, ∆t0

M, the monomer feed is started. Once the entire
mass of monomer, mF

M, is fed over up to the dosing time tF
M, the PS and MBS aqueous solutions are fed

for some more time, ∆tF
PS and ∆tF

MBS respectively. The total quantities of salts fed into the reactor are
mF

PS and mF
MBS for PS and MBS, respectively. Water is also fed into the reactor, as the salts are diluted

in aqueous solution; the quantity of water used to dilute the salts is equal to mF
W,PS and mF

W,MBS for PS
and MBS, respectively. All species were fed into the reactor at a constant rate. The experimental values
of the aforementioned quantities can be found in Table 1 with the exception of the ∆t mentioned above.
Such values cannot be disclosed because they are proprietary data.

Table 1. Settings of the SBR tests and available number of specimen over time for each set.

Test mF
M mF

PS mF
MBS mF

W ,PS mF
W ,MBS m0

W T tF
M N◦ Data

[g] [g] [g] [g] [g] [g] [◦C] [h]

SBR1 280 7.8 44.44 37.8 66.66 137.8 90 5 6
SBR2 280 7.8 44.44 37.8 66.66 137.8 90 0.5 4
SBR3 252 7.0 40.00 34.0 60.00 124.0 75 5 6
SBR4 280 7.8 22.24 37.8 33.36 137.8 70 5 6
SBR5 280 7.8 44.44 37.8 66.66 137.8 50 5 6
SBR6 280 7.8 22.24 37.8 33.36 137.8 90 5 6
SBR7 28 0.78 4.444 3.78 6.666 231.8 90 5 6
SBR8 315 8.8 50.00 42.5 75.00 155.0 90 2.5 6
SBR9 252 7.0 40.00 34.0 60.00 124.0 90 1.5 6

SBR10 280 7.8 44.44 37.8 66.66 137.8 90 5 6
SBR11 280 7.8 44.44 37.8 66.66 137.8 90 2.5 6
SBR12 280 7.8 44.44 37.8 66.66 137.8 90 1 6
SBR13 280 7.8 11.12 37.8 16.68 137.8 90 5 6
SBR14 28 0.78 0.00 3.78 0.00 231.8 90 5 6
SBR15 280 7.8 0.00 37.8 0.00 275.6 70 5 4
SBR16 280 7.8 11.12 37.8 16.68 137.8 70 5 6
SBR17 280 7.8 11.12 37.8 16.68 137.8 60 5 6

3. Model Development

3.1. Kinetic Scheme

The considered kinetic scheme extends the basic structure of a polymerization process (initiation,
propagation, and termination by both combination and disproportionantion) by adding the possibility
of backbiting (formation of MCRs; such radicals are identified by the superscript s while regular
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terminal radicals by the superscript t) and transfer reactions. The monomer is assumed to be
non-ionized, as the pKa of AA is equal to 4.25 at ambient temperature [16], thus corresponding
to a degree of ionization lower than 1%. All reactions are treated as irreversible, elementary reactions,
thus their reaction rate is given by a rate constant multiplied by the product of the molar concentrations
(indicated in square brackets in the following) of the reactants involved.

The initiation step is due to a redox reaction between PS and MBS [17,18] as well as to the thermal
decomposition reaction of PS [19], both reactions producing two radicals:

S2O2−
8︸ ︷︷ ︸

PS

+ S2O2−
3︸ ︷︷ ︸

MBS

→ SO•−4 + •S2O−3︸ ︷︷ ︸
2R0

+SO2−
4 (1)

PS→ 2SO•−4︸ ︷︷ ︸
2R0

(2)

No distinction was done between the radicals formed in the initiation step, by assuming they
have the same reactivity towards all other species, and they will be simply indicated as R0.

Na-MBS is a known chain-transfer agent [15], thus the kinetic scheme also considers the transfer
reactions to monomer and MBS. This is a particular reaction arising from the use of MBS and is generally
not present in classical kinetic schemes. Transfer to the monomer can also occur [14], while the transfer
reaction to dead chains (polymers) was observed to be negligible under the investigated conditions
and it is generally not accounted for [14]. Transfer to water was considered negligible, compared to
other transfer mechanisms [10].

Termination reactions can occur between any kind of radical, both of the same type (ss, tt) or of
different types (st). The distinction between termination by combination or by disproportionation
is quantified with a proper constant κ according to the type of radicals involved in the termination
reaction.

The complete set of chemical reactions is reported in Table 2 along with each reaction rate
computed from the molar concentration of species (reported in square brackets). The monomer is
indicated as M, terminal radicals of length n as Rs

n, MCRs of length n as Rt
n, while polymers of length

n as Pn (regardless their branching structure). It is assumed terminal radicals and MCR have different
reactivity as reported in Table 2.

Table 2. Chemical reaction mechanism and reaction rates for the dissociated AA polymerization in
water initiated by PS/MBS redox couple.

Name Reaction Rate

Initiation PS + MBS→ 2R0 + SO2−
4 k1[PS][MBS]

PS→ 2R0 kd[PS], efficiency f
Propagation Rs

n + M→ Rs
n+1 ks

p[M][Rs
n]

Rt
n + M→ Rs

n+1 kt
p[M][Rt

n]

Backbiting Rs
n → Rt

n kbb[Rs
n]

Transfer to monomer Rs
n + M→ Pn + Rs

1 ks
trM[M][Rs

n]
Rt

n + M→ Pn + Rs
1 kt

trM[M][Rt
n]

Transfer to MBS Rs
n + MBS→ Pn + R0 ks

trMBS[MBS][Rs
n]

Rt
n + MBS→ Pn + R0 kt

trMBS[MBS][Rt
n]

Termination by Rs
n + Rs

m → Pn+m kss
t (1− κss)[Rs

n][Rs
m]

combination Rs
n + Rt

m → Pn+m kst
t (1− κst)[Rs

n][Rt
m]

Rt
n + Rt

m → Pn+m ktt
t (1− κtt)[Rt

n][Rt
m]

Termination by Rs
n + Rs

m → Pn + Pm kss
t κss[Rs

n][Rs
m]

disproportionation Rs
n + Rt

m → Pn + Pm kst
t κst[Rs

n][Rt
m]

Rt
n + Rt

m → Pn + Pm ktt
t κtt[Rt

n][Rt
m]
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3.2. Governing Equations

It is assumed that all reactors are isothermal, then characterized by constant and uniform
temperature value. Mixing is assumed to be perfect in the SBR while plug-flow behavior is assumed in
the tubular reactor. AA monomer will be indicated as M, water as W, Na-PS as PS, Na-MBS as MBS,
and polymer (PAA) as P.

The model for the SBR is initially developed and applied to validate the proposed kinetic scheme
using experimental data. Then, the model for the continuous system is presented, with reference
to tubular reactors. Finally, a kinetics-free procedure, which details can be found elsewhere [7,8],
is applied to adapt the recipe already effective in SBR to a continuous production process based on
a series of tubular reactors with intermediate feed streams.

3.2.1. SBR Model

For every species i it is possible to write a molar conservation equation:

dni
dt

= Fi + RiV (3)

for i = 1 . . . NC, where NC is the number of components (species), ni the number of moles of species i
in the SBR at a given time, t, Fi the (possibly-non-constant) molar feed-rate of species i at a given time,
Ri the production rate of species i as a function of temperature, T, and composition, and V the reaction
volume at a given time. This equation is equipped with the initial condition:

ni(0) =
m0

i
MWi

(4)

where m0
i is the mass of species i which is initially charged into the reactor and MWi is species

i molecular weight. For the test run in this work, only water is initially charged into the reactor,
thus m0

i = 0 for all species except water.
The molar flowrate changes in time according to:

FM =
mF

M
MWM(tF

M − ∆t0
M)

H(t− ∆t0
M)H(tF

M − t) (5)

FPS =
mF

PS
MWPS(tF

M + ∆tF
PS)

H(tF
M + ∆tF

PS − t) (6)

FMBS =
mF

MBS
MWMBS(tF

M + ∆tF
MBS)

H(tF
M + ∆tF

MBS − t) (7)

FW =
mF

W,PS

MWW(tF
M + ∆tF

PS)
H(tF

M + ∆tF
PS − t) +

mF
W,MBS

MWW(tF
M + ∆tF

MBS)
H(tF

M + ∆tF
MBS − t) (8)

where H(t) the Heaviside function. These functions take into account all the delays happening in the
experimental runs. All other species (namely, radicals and polymers) have a null feedrate. The species
production rate is given by:

Ri =
NR

∑
n

νinrn (9)

where NR is the number of reactions happening in the system, νin the stoichiometric coefficient of
species i in reaction n, and rn the n-th reaction rate, as from Table 2.
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Under the assumption of ideal mixtures, species volumes can be considered to be
additive, meaning:

V =
NC

∑
i

mi
ρi
≈ mW + mPS + mMBS

ρW
+

mM
ρM

+
mP
ρP

(10)

where mi = ni MWi is the mass of species i at a given time, and ρi the density of pure species i at a given
temperature. The pure species density is provided in Table 3 as a polynomial function of temperature.

Table 3. Pure species density as a function of temperature [14,20]. Temperature in [◦C].

Species Density [g cm−3]

W 0.9999 + 2.3109× 10−5T − 5.448,07× 10−6T2

M 1.0731− 1.0826× 10−3T − 7.2379× 10−7T2

P 1.7− 6.0× 10−4T

To solve the polymer population balances in an effective way, the method of moments (MoM) is
used. By definition, the moments of a generic order k are:

λs
k =

∞

∑
j=1

jknRs
j

(11)

λt
k =

∞

∑
j=1

jknRt
j

(12)

µk =
∞

∑
j=1

jknPj (13)

respectively, the k-th order moment of the secondary radicals, tertiary radicals, and dead polymers. nRs
j

is the number of moles of the secondary radicals of length j, nRt
j

for tertiary radicals, and nPj for dead

chains. The moments behave as pseudo-species, representing the ensemble of radicals and polymers,
thus they change in time as reaction proceeds.

This way the main average properties of the molecular weight distribution can be easily computed.
In particular, the number-average chain length (number-average degree of polymerization) is:

DPn =
∑∞

j=1 jnPj

∑∞
j=1 nPj

=
µ1

µ0
(14)

the weight-average chain length (weight-average degree of polymerization) is:

DPw =
∑∞

j=1 j2nPj

∑∞
j=1 jnPj

=
µ2

µ1
(15)

and the polydispersity is:

Ð =
DPw

DPn
=

µ2µ0

µ2
1

(16)

Furthermore, the average radical chain length can be computed as:

DPR
n =

λs
1 + λt

1
λs

0 + λt
0

(17)

The minimum number of moments to be computed is therefore three for the polymer (µ0, µ1, µ2)
and two for each type of radicals (λs

0, λt
0, λs

1, λt
1). If of interest, additional moments could be used to

get more detailed information on the molecular weight distribution.
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Using the definitions of moments, it is possible to write equations describing their change in time,
exploiting the fact that for radicals and polymers no convective term is present (the feedrate is null).
From Equation (3):

dλs
k

dt
=

∞

∑
j=1

jk
dnRs

j

dt
=

∞

∑
j=1

jkRRs
j
V = Rλs

k
V (18)

dλt
k

dt
=

∞

∑
j=1

jk
dnRt

j

dt
=

∞

∑
j=1

jkRRt
j
V = Rλt

k
V (19)

dµk
dt

=
∞

∑
j=1

jk
dnPj

dt
=

∞

∑
j=1

jkRPj V = Rµk V (20)

Furthermore, as no radical nor polymer is present at the beginning of the reaction, the initial
quantity of all moments is null, meaning λs

k(0) = λt
k(0) = µk(0) = 0.

Using the reaction rates reported in Table 2, one can write the production rates of the molecular
species, as well as those of the moments:

RM = −ks
p[M][R0]− (ks

p + ks
trM)[M][λs

0]− (kt
p + kt

trM)[M][λt
0] (21)

RW = 0 (22)

RPS = −k1[PS][MBS]− kd[PS] (23)

RMBS = −k1[PS][MBS]− (ks
trMBS[λ

s
0] + kt

trMBS[λ
t
0])[MBS] (24)

Rλs
k
= ks

p[M][R0] + ks
p[M]

k

∑
l=0

(
k
l

)
[λs

l ]− ks
p[M][λs

k]− kbb[λ
s
k] + kt

p[M]
k

∑
l=0

(
k
l

)
[λt

l ]+

+ ks
trM[M]([λs

0]− [λs
k]) + kt

trM[M][λt
0]− ks

trMBS[λ
s
k][MBS]− kss

t [λ
s
0][λ

s
k]− kst

t [λ
s
k][λ

t
0]

(25)

Rλt
k
= kbb[λs

k]− kt
p[M][λt

k]− kt
trMBS[λ

t
k][MBS]− kst

t [λ
s
0][λ

t
k]− ktt

t [λ
t
0][λ

t
k] (26)

Rµk = ks
trM[M][λs

k] + kt
trM[M][λt

k] +
(
ks

trMBS[λ
s
k] + kt

trMBS[λ
t
k]
)
[MBS]+

+
1
2

(
kss

t (1− κss)
k

∑
l=0

(
k
l

)
[λs

l ][λ
s
k−l ] + kst

t (1− κst)
k

∑
l=0

(
k
l

)
[λs

l ][λ
t
k−l ]+

+ktt
t (1− κtt)

k

∑
l=0

(
k
l

)
[λt

l ][λ
t
k−l ]

)
+ kss

t κss[λs
0][λ

s
k] + kst

t κst ([λs
k][λ

t
0] + [λs

0][λ
t
k]
)
+

+ ktt
t κtt[λt

0][λ
t
k]

(27)

The molar concentration of species i is given by the ratio ni/V, while the concentration of moments
is given by the ratio between moment and volume.

Assuming quasi-steady-state conditions for the radicals produced during initiation,
the consumption rate is approximated by the propagation rate only (being this term much higher than
any other consumption term), meaning:

RR0 ≈ 2 f kd[PS] + 2k1[PS][MBS] + (ks
trMBS[λ

s
0] + kt

trMBS[λ
t
0])[MBS]− kS

p[M][R0] = 0 (28)

from which it is possible to compute analytically the concentration of radicals (of length zero):

[R0] =
2 f kd[PS] + 2k1[PS][MBS] + (ks

trMBS[λ
s
0] + kt

trMBS[λ
t
0])[MBS]

kS
p[M]

(29)

209



Processes 2020, 8, 850

The mass fraction of species i can be expressed as:

ωi =
mi

NC

∑
i

(
m0

i + MWi

∫ t

0
Fi(τ) dτ

) (30)

where τ is an auxiliary variable of integration. The initial mass fraction of monomer is ω0
M =

m0
M/ ∑NC

i m0
i .

The monomer overall conversion at a given time is defined, for the SBR, as

χ =
m0

M + MWM

∫ t

0
FM(τ) dτ −MWMnM

m0
M + mF

M
(31)

while the instantaneous conversion is

I = 1− MWMnM

m0
M + MWM

∫ t

0
FM(τ) dτ

(32)

3.2.2. Tubular Reactor Model

In a similar manner, a tubular reactor model can be written under the assumption of uniform
distribution of species over the cross section of the reactor. This condition can be fulfilled in different
ways, e.g., by using static mixers. Accordingly the tubular reactor can be modeled as a plug-flow
reactor (PFR) [21]. A series of PFRs with intermediate feedings (depicted in Figure 2) can be modeled
by noting that the inlet stream to one reactor is equal to the outlet stream from the previous one with
the addition of the intermediate stream. The model is therefore able to describe the single PFR and
proper boundary conditions are used to link the PFRs in the series.

ṁ0
i

g(1)i

. . .

g(k)i

. . .

g(Nd)
i

1 k Nd

Figure 2. Series of Nd PFRs with intermediate injections.

For each species i the molar conservation equation along the axial coordinate of the reactor, x, in
terms of molar flowrates reads:

dṅi
dx

= RiA (33)

where ṅi is species i molar flowrate at a given axial position, and A is the cross-sectional area of
the reactor (assumed uniform along the axial coordinate). Ri is computed as from Equation (9).
The boundary condition at the entrance of the reactor is:

ṅi(0) =
ṁprev

i + gi

MWi
(34)

where ṁprev
i is the outlet mass flowrate of species i from the previous reactor and gi the intermediate

feedrate of species i pertaining to the considered PFR of the series (note that gi can be non-uniform
along the series of PFRs). For the first reactor in the series ṁprev

i = ṁ0
i is the mass flowrate of species i

fed at the entrance of the series of PFRs. The values of the inlet and intermediate feedrates, along with
their composition, are computed through a kinetics free procedure according to the number of reactors
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in the series, Nd, starting from a given SBR recipe [7,8]. All reactors in the series are assumed to have
the same geometrical parameters (length and cross-sectional area).

Under the assumption of ideal mixtures, the volumetric flowrate can be computed in a given
position as:

V̇ =
NC

∑
i

ṁi
ρi
≈ ṁW + ṁPS + ṁMBS

ρW
+

ṁM
ρM

+
ṁP
ρP

(35)

where ṁi = ṅi MWi is the mass flowrate of species i in the same position.
The MoM is again applied with the following definitions:

λs
k =

∞

∑
j=1

jkṅRs
j

(36)

λt
k =

∞

∑
j=1

jkṅRt
j

(37)

µk =
∞

∑
j=1

jkṅPj (38)

and Equations (14)–(17) still apply. The change of the moments along the axial coordinate is
described by:

dλs
k

dx
=

∞

∑
j=1

jk
dṅRs

j

dx
=

∞

∑
j=1

jkRRs
j
A = Rλs

k
A (39)

dλt
k

dx
=

∞

∑
j=1

jk
dṅRt

j

dx
=

∞

∑
j=1

jkRRt
j
A = Rλt

k
A (40)

dµk
dx

=
∞

∑
j=1

jk
dṅPj

dx
=

∞

∑
j=1

jkRPjA = RµkA (41)

with the boundary conditions λs
k(0) = λ

s,prev
k , λt

k(0) = λ
t,prev
k , and µk(0) = µ

prev
k , as the outlet of

a reactor is entirely fed to the following in the series and no radical nor polymer is assumed to be fed
through the intermediate stream. The values used for the boundary conditions at the first reactor of
the series are λ

s,prev
k = λ

t,prev
k = µ

prev
k = 0 being that neither radicals nor polymer are assumed to be

present in the inlet stream.
The production rates of all species and moments are computed in the same manner of the SBR

using Equations (21)–(29), with the definition of molar concentration given by ṅi/V̇ for the different
species, and the ratio between the moment and the volumetric flowrate for the moment concentration.

The i-th species mass fraction is given by:

ωi =
ṁi

NC

∑
i
(ṁprev

i + gi)

(42)

and the inlet monomer mass fraction to the series of PFRs with intermediate feed streams is defined as
ω0

M = ṁ0
M/ ∑NC

i ṁ0
i .

The monomer overall conversion for the series of PFRs at a given axial position is equal to:

χ =
ṁ0

M + GM −MWMṅM

ṁ0
M + Gtot

M
(43)
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where GM is the sum of the monomer intermediate feedrates, gM, from the first up to the considered
reactor of the series and Gtot

M is the sum of all the monomer intermediate feedrates, corresponding to
the value of GM for the last reactor of the series. The instantaneous conversion is instead equal to:

I = 1− MWMṅM

ṁ0
M + GM

(44)

3.2.3. Parameter Evaluation

Table 4 reports the expressions required to calculate every reaction rate constant,
as an Arrhenius-like function of temperature, T, and of other process parameters, namely species
i mass fraction, ωi, initial/inlet monomer mass fraction, ω0

M, and the average radical chain length,
DPR

n . Table 5 lists auxiliary variables necessary to compute the reaction rate constants available
in literature. It can be noted that only one parameter is unknown from literature, namely E1.
Generally, this parameter ranges between 4811 and 7217 K for redox initiators [18]. The actual value
of this parameter will be found fitting the model predictions to the experimental data.

Namely, parameter E1 was evaluated considering a subset of SBR runs (SBR1 to SBR5 in Table 1).
The remaining experiments will be instead used for model validation. The optimal value of the
parameter E1 was determined by minimizing the sum of the square errors of the model predictions with
respect to the experimental data of weight-average chain length of the polymer at a given monomer
conversion. The problem to be solved is therefore the minimization of an objective function, O :

min
E1

O = min
E1

5

∑
l=1

exp

∑
m

(
DPEXPl

w,m − DPMODl
w,m

)2
(45)

where DPMODl
w,m is the calculated weight-average chain length at a given time for the m-th sample of the

l-th SBR test, when DPEXPl
w,m is measured experimentally. The total number of experimental values used

for the fitting procedure is 28, as reported in Table 1.

Table 4. Chemical reaction rate constants and sources. Temperature in [K], first-order constants in
[s−1], second-order constants in [L mol−1 s−1].

Rate Constant Expression Source

k1 k45
1 exp

[
−E1

(
1
T
− 1

318.15

)]
This study

kd 1.11× 1012 exp
(
−13110

T

)
[19]

ks
p 3.2× 107ηp exp

(
−1564

T

)
[14]

kt
p 0.755ks

p exp
(
−2464

T

)
[14]

kbb 9.94× 108 exp
(
−4576

T

)
[14]

ks
trM 7.5× 10−5ks

p [14]
kt

trM 7.5× 10−5kt
p [14]

ks
trMBS 0.039ks

p [22]
kt

trMBS 0.039kt
p [22]

kss
t k1,1,ss

t N∗ [11,14]
kst

t 0.3kss
t [11,14]

ktt
t 0.01kss

t [11,14]
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Table 5. Auxiliary variables for the computation of the rate constants.

Variable Expression Source

f 0.5 [22,23]
k45

1 2.033× 10−2 [22]
ηp 0.11 + (1− 0.11) exp(−3ω′M) [14]
ω′M ωM/(ωM + ωW + ωPS + ωMBS) [14]

k1,1,ss
t 9.78× 1011 exp

(
−1860

T

)
ξ [14]

ξ 1.56− 1.77ω0
M − 1.2(ω0

M)2 + (ω0
M)3 [11,14]

N∗
{
(DPR

n )−0.66 DPR
n ≤ 30

30−0.44(DPR
n )−0.16 DPR

n > 30
[11,14]

κss 0.05 [14,23]
κst 0.4 [14,23]
κtt 0.8 [14,23]

4. Results and Discussion

The fitting procedure was carried out by evaluating the objective function at different values
according to the range proposed in [18]. The objective function, O , behavior at changing values of the
fitting parameter E1 is reported in Figure 3. The optimum value of the parameter is found to be 5000 K.
This value will be used in the following for the validation procedure.

An example among those used for the fitting (test SBR4) is shown in Figure 4, where the
weight-average chain length and polydispersity are plotted as a function of the overall monomer
conversion for both the model predictions and the experimental results. A very good agreement
is achieved for the polymer properties (in terms of degree of polymerization and polydispersity)
during the reaction process. This means the model is consistent at any degree of monomer conversion.
All other cases used in the fitting procedure can be found in the Supplementary Materials.

4000 5000 6000 7000

5400

5600

5800

6000

Literature range

E1 [K]

O

Figure 3. Minimization of the objective function O to find fitting parameter E1. The range indicated
by [18] is highlighted.
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Figure 4. Fitting test SBR4: weight-average degree of polymerization (DPw) and polydispersity (Ð) as
a function of the monomer overall conversion. Curves: model results; symbols: experimental data.

The kinetic model can now be used to simulate all other tests for the SBR (namely tests
SBR6-SBR17) reported in Table 1. An example of the results is depicted in Figure 5 (test SBR6). A good
agreement between the experiments and the model predictions is verified, both on qualitative and
quantitative standpoint. Both the weight-average chain length and the polydispersity are accurately
predicted as a function of conversion. The instantaneous conversion profile, for this case, is typical
of starved processes. The monomer is immediately consumed as soon as it is fed into the reactor,
leading to almost complete conversion at every time. Another case is reported in Figure 6, where again
the prediction of DPw and Ðis reasonably accurate. In this case the instantaneous conversion profile is
not typical of a starved process, being not complete at each instant. The model is therefore capable of
predicting both starved and non-starved systems for the PAA synthesis in SBR. The results for all other
cases can be found in the Supplementary Materials. It was observed that the contribution of transfer
reactions and backbiting was crucial for the model predictions. In fact, the contributions of these
reaction rates are shown in Figure 7 as ratio with respect to the propagation rate along the reaction
coordinate for the case SBR7. The relevance of the backbiting reaction is confirmed, while chain
transfer to MBS is indeed more effective to determine the molecular weight than chain transfer to
monomer, as expected from [22].

All SBR tests are summarized in parity plots, reporting the predicted weight-average chain length
versus the corresponding experimental values (Figure 8a), and similar plots for the number-average
chain length (Figure 8b), the polydispersity (Figure 8c), and the overall conversion (Figure 8d).
The cases used in the fitting procedure are denoted as crosses, while the others are indicated as
circles. For each test all data in time are reported. Notably, the values of chain length are predicted
accurately up to a factor of 2 (reported in Figure 8a,b as dotted lines). The polydispersity is predicted
fairly well, with most of the experimental data within an interval of ±0.5 (dotted lines in Figure 8c).
The conversion is always slightly underestimated with differences of up to 4% (dotted lines in
Figure 8d). These deviations are deemed acceptable and the model is considered to be validated
in both starved and non-starved conditions.
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Figure 5. Test SBR6: (a) weight-average degree of polymerization (DPw) and polydispersity (Ð) as
a function of the monomer overall conversion; (b) instantaneous conversion as a function of time.
Curves: model results; symbols: experimental data.
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Figure 6. Test SBR7: (a) weight-average degree of polymerization (DPw) and polydispersity (Ð) as
a function of the monomer overall conversion; (b) instantaneous conversion as a function of time.
Curves: model results; symbols: experimental data.
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Figure 7. Ratio of selected reaction rates to the propagation rate of terminal radicals as a function of
conversion for case SBR7.
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Figure 8. Parity plots for the SBR tests: (a) weight-average chain length; (b) number-average chain
length; (c) polydispersity; (d) overall conversion. Crosses indicate data used for the fitting procedure.

The validated kinetic model can now be applied to the tubular reactor model. The recipe of
tests SBR7 was chosen for the transition to a continuous process. The kinetics-free procedure for
isothermal systems detailed in [7] was used to determine the process and geometrical parameters of
the continuous series of PFRs at different number of reactors in the series, Nd. The procedure allows to
choose arbitrarily the total inlet mass flowrate and the cross-sectional area, which were set to 1.00 g s−1

and 20.3 cm2, respectively. The total length of the series of PFRs, L, using these conditions is equal
to 10.3 m, thus every single reactor has a length equal to L/Nd. The inlet feed stream is, in this case,
pure water. The intermediate feed policy for each fed species can be computed through this procedure
and an example result for Nd = 10 is shown in Figure 9 as a function of the location along the series
of reactors.
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Figure 9. Intermediate species feedrates positioned along the dimensionless axial coordinate of a series
of Nd = 10 PFRs as computed from the recipe of test SBR7.

The kinetic model can be used to optimize the number of reactors in the series such that
the polymer produced in the continuous reactor has similar properties to the one produced in
the discontinuous system. The aforementioned procedure guarantees perfect reproduction of the
discontinuous reactor product when an infinite number of PFRs in the series is applied. This is
of course only an idealized situation and a finite (possibly low) number of reactors is desirable.
Such finite value has been identified by parametrically changing Nd and evaluating the difference in
performance between the SBR final product and the continuous reactor product in terms of molecular
weight and polydispersity. The performance of the continuous system is evaluated through the
following quantities:

DPR
w =

DPcont.
w

DPSBR
w

(46)

∆Ð = Ðcont. −ÐSBR (47)

where cont. refers to value of the quantity at the outlet of the last PFR in the series, while SBR refers to
the value at the end of the process in the SBR. It is desired to have a DPR

w as close to 1 as possible and a
∆Ð as close to 0 as possible. These quantities are reported in Figure 10 as a function of Nd. Low values
of Nd will have higher deviations from the desired properties as these configurations are more similar
to a batch reactor rather than a SBR [7]. It can be seen that for a high number of reactors in series (above
20 elements), the continuous system perfectly reproduces the SBR product both in terms of average
molecular weight and polydispersity. During the validation procedure, a difference in dispersity equal
to 0.5 was deemed acceptable, as well as variations of up to two times in terms of molecular weight.
To fulfill the same criteria at least 7 reactors in series are needed. For the sake of example, the trends of
DPw and Ð as a function of χ, and I along the axial coordinate are reported in Figure 11 for the case
of Nd = 10. While the discontinuities in the plots are related to the addition of species between the
reactors, the reproduction of polymer quality is indeed satisfactory.
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Figure 10. Quality measures for the reproducibility of the product of tests SBR7 in a continuous series
of PFRs according to the number of reactors in the series.
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Figure 11. Series of Nd = 10 PFRs with intermediate feed streams: (a) weight-average degree
of polymerization (DPw) and polydispersity (Ð) as a function of the monomer overall conversion;
(b) instantaneous conversion along the dimensionless axial coordinate. Curves: model results for the
continuous reactor; symbols: experimental data for the SBR.

On the other hand, the major advantage of this continuous system is that the productivity of the
system can be scaled arbitrarily by adding more reactors in parallel. This can be readily implemented
when a compact configuration of heat-exchanger reactors is considered, that is multiple parallel
tubes with especially large surface-to-volume ratio. Furthermore, to achieve the same productivity
(also considering dead times), an industrial SBR would require a reaction volume that is 30 % larger
than the continuous reactor. Therefore, the continuous process is intrinsically safer, since smaller
holdups of the different species are involved at constant productivity. The transition from the SBR to
the continuous system achieves higher degree of process intensification and enables less demanding
scale-up procedure from laboratory to industrial scale. This is due to the arbitrary value of the inlet
flowrate to the continuous reactor, which allows an arbitrary change in the productivity together
with the possibility to have a simple configuration with reactors in parallel, exploiting a scale-out
procedure. If the parallel configuration is adopted (e.g., heat-exchanger reactor), then a single tube is
representative of the whole ensemble and can be used as a pilot for testing.
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It is industrial practice to adopt a series of mixed reactors to run continuous polymerizations.
The proposed method could be in principle applied also to a series of continuous stirred-tank reactors
(CSTRs) with intermediate injections, replacing each single PFR with a CSTR [24]. Nevertheless
from a practical standpoint, the tubular reactor retains the aforementioned advantages with respect
to a mixed vessel, especially in terms of compactness, safety, and ease of scaling with a parallel
configuration. Rescaling a series of CSTRs could require extensive plant changes or pose safety issues
given the fact that industrial CSTRs have a lower thermal efficiency than tubular reactors.

5. Conclusions

A detailed kinetic model for the polymerization of non-ionized acrylic acid initiated with a redox
couple (Na-PS/Na-MBS) in aqueous solution was presented and validated using experimental data
obtained from a laboratory scale SBR under isothermal conditions. The model takes into account the
formation of MCRs and the transfer reactions to one of the species in the redox couple and to the
monomer. The population balances of the resulting model were solved through the MoM and the
governing equations are generalized to consider any number of moments. The kinetic model was
validated over temperatures ranging from 50 to 90 ◦C.

Afterwards, the kinetic model was used to intensify one of the test cases by shifting it to the
continuous mode using a literature approach. The continuous reactor, a series of tubular reactors
with intermediate feed streams, enabled a scale-up of the recipe which would considerably reduce the
volume of an equivalent (in terms of productivity) industrial SBR. In particular, a volume reduction
up to 30 % was found for the examined test case. Therefore, this model is a valuable tool to drive
the transition of discontinuous polymerization processes to continuous ones in the framework of
process intensification.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/7/850/
s1: Table S1: PAA standards used for the calibration of GPC. Peak molecular weight and polydispersity;
Figures S1–S17: Tests SBR1-SBR17: weight-average degree of polymerization (DPw) and polydispersity (Ð) as
a function of the monomer overall conversion; instantaneous conversion along the dimensionless axial coordinate;
model results and experimental data.
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Abstract: The thermal pyrolysis of polystyrene (PS) is gaining importance as the social pressure for
achieving a circular economy is growing; moreover, the recovery of styrene monomer in such a process
is especially relevant. In this study, a simple thermal pyrolysis process in the temperature range of
390–450 ◦C is developed. A working hypothesis is that by using a nitroxide-end functionalized PS
(PS-T or dormant polymer), the initiation process for the production of monomer (unzipping) during
the PS pyrolysis could be enhanced due to the tendency of the PS-T to activate at the nitroxide end.
Two types of PS were used in this work, the first one was synthesized by free-radical polymerization
(FRP-dead polymer) and the second by nitroxide-mediated polymerization (NMP) using three levels
of nitroxide to initiator ratio: 1.3, 1.1, and 0.9. Analysis of the recovered products of the pyrolysis
by gas-mass spectroscopy shows that the yield of styrene increases from ∼33% in the case of dead
polymer to ∼38.5% for PS-T. A kinetic and mathematical model for the pyrolysis of dead and dormant
polymer is proposed and solved by the method of moments. After a parameter sensitivity study and
data fitting, the model is capable of explaining the main experimental trends observed.

Keywords: polystyrene; thermal pyrolysis; nitroxide mediated polymerization; mathematical
modeling

1. Introduction

Plastics are widely used materials due to their physical and chemical properties; [1] additionally,
they are cheap, light, long-lasting [2], and relatively easy to produce [3]. These outstanding properties
are the ones that have led to their excessive production and irresponsible consumption, originating
severe ecological problems that could cause irreversible damage to the environment [4–6].

Essentially there are three traditional solutions for plastic waste management, each one presenting
significant drawbacks: Landfill disposal, recycling, and combustion [6]. In landfill disposal, none of
the material resources used to produce plastics are recovered. With respect to the second alternative,
the recycling capacity of polymers is inherently limited since after a determined number of recycling
processes the materials exhibit reduced mechanical properties and the plastic ends up being thrown
away. Regarding the third option, recovering energy from combustion is feasible, but it causes negative
effects on the environment and human health.

Given the increasing social pressure to take care of the environment and the present trends
towards circular economy, a better option to manage plastic waste would be to transform it into
defined chemical compounds, especially the source monomer, with the required purity and quality to
be used again as raw material in the same polymerization or in other processes. One such technique
that permits the recovery of high-value compounds is pyrolysis, which can be finely tuned to favor
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some product distribution over others. The practical implementation of a chemical recycling strategy
requires a concerted effort among different sectors of the society (the general population, municipal
governments, polymer producers, and recycling companies), but there are already some successful
examples of this model.

Pyrolysis of plastics can be carried out via thermal or catalytic routes, and the distribution of
obtained products is influenced by a wide range of parameters, including the type of waste used,
the type of reaction system, the residence time, the pressure range, the presence or absence of catalysts,
the presence of hydrogen donor compounds, and several others that affect the composition and yield of
the obtained products, which consist of complex mixtures that require further separation if individual
products are desired.

Purely thermal pyrolysis processes temperatures can reach up to 900 ◦C which enhance the rate of
secondary decomposition reactions and reduce the liquid yield, producing low-quality products with
no predictable composition of a broad range of compounds [7]. Catalytic pyrolysis, on the other hand,
promotes the polymer decomposition at lower temperatures and shorter times, reducing the energy
consumption and enhancing the selectivity of the obtained products, but implying extra costs of the
catalyst and its regeneration. In the case of the present proposed process, despite the reactions taking
place purely thermally (with temperatures above, but close to the ceiling point of polystyrene), the
obtained distribution of products shows a selectivity similar to that of a catalytic process.

Submitting polymers to heat deeply alters their main chain structure, their substituent atoms, and
their side chains, provoking random scission at weak links in the main chain, at a chain-end, or in labile
structures and, depending on the site of reaction in the polymer structure and the conditions chosen for
the particular system, the resulting radicals follow different paths of reaction, from depolymerization
of the main chain to inter- or intramolecular transfer reactions [8].

The pyrolysis of pyrolysis of polystyrene (PS) has been a topic of interest for many years, and it is
not surprising that renewed interest is rising considering all of the above trends and given that PS is a
thermoplastic used throughout the world in a variety of applications.

Thermal degradation of PS is considered to be a chain radical process [9–11], but despite numerous
studies and experiments performed to understand its mechanism, many aspects of the problem
remain unresolved, making it still difficult to accurately predict the product distribution at a given set
of conditions. Additionally, as the process system temperature increases, so does its complexity [8].

The recovery of styrene monomer in the highest possible yield is a desired output of the pyrolysis
process of PS, since this would contribute to the consolidation of a circular economy. Therefore, any effort
directed towards this goal should be welcome. It is our hypothesis that modifying PS with a nitroxide
moiety at a chain-end could enhance the generation of monomer when this material is subjected to
thermal pyrolysis at a temperature higher than the ceiling temperature of PS. In this paper, empirical
evidence that supports this hypothesis is presented and a mechanistic and mathematical model that is
consistent with the experimental observations is also presented and discussed. Before that, background
information that supports and motivates this hypothesis is introduced. In the next paragraphs, a
brief literature review is made, including a description of the reaction mechanism and previous
experimental work. Some of the studies are of academic nature, while many others are associated
with patents.

Reaction Mechanism. It has been reported that the molecular weight of polystyrene decreases
on heating in vacuum at 250 ◦C, and when heated above 300 ◦C volatile products are formed [8,10].
With regard to the initiation process, it is accepted that the radicals are formed by different mechanisms
such as chain-end initiation, random mid-chain scission, and scission at irregular structures or
“weak links” distributed along the polymer chain such as head-to-head linkages, chain branches,
and unsaturated bonds [9,10,12,13]. Lehrle et al. [13] concluded that between 450 to 480 ◦C initiation
occurs both by random mid-chain scission and at chain-ends, and Madorsky [14] pointed out that
between 300 to 400 ◦C it degrades preferably at the ends and that simultaneously some random
degradation takes place.
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Propagation reactions include intramolecular transfer, which involves the transfer of a hydrogen
atom within a single polymer chain and intermolecular hydrogen transfer, comprising the transfer of a
hydrogen atom between polymer chains. Also included in this category is the depropagation reaction,
where no hydrogen transfer occurs; this reaction is essentially the reverse of the polymerization
propagation, also called unzipping or depolymerization, and is mainly responsible for the production
of styrene monomer [10,15].

It has been claimed that the most frequent propagation reaction taking place in the 280–350 ◦C
temperature range is β-scission [9], either at a reaction end or at a mid-chain position, a reversible
reaction that becomes faster as the ceiling temperature is approached (310–390 ◦C depending on the
source [16,17]); below 300 ◦C the production of styrene is hardly observed. The second most important
reaction is the hydrogen abstraction from the main chain by any radical, producing a saturated
chain-end from the attacking radical, and a new radical that undergoes β-scission [9]. At higher
temperatures (600 and 700 ◦C), increased production of benzene, toluene, ethylbenzene, and α-methyl
styrene and decreased production of styrene have been observed, probably due to the predominance of
intramolecular hydrogen transfer reactions at this range of temperatures [18]. Concerning termination,
some authors propose a mechanism involving the recombination [9,11], or the disproportionation
reaction [19] between two radicals; while others suggest the occurrence of depropagation until the end
of the polymer molecule [13].

Published studies related to the thermal degradation and pyrolysis of polystyrene [13,20–25] have
been performed in a variety of reaction systems and sets of conditions, including reaction temperatures,
reaction times, and molecular weights of the polystyrene sample, resulting in a broad collection of
reaction yields and product distribution. The available reported experimental data fall into three types:
chemical nature of the products (that help to elucidate the degradation mechanism), rate of evolution
of products, and the change of molecular weight in the residue.

Jellinek [22] reported experiments carried out in long open-to-air tubes containing 0.1 to 0.5 g of
material, to show the influence of oxygen on the thermal degradation of polystyrene. The reactions
were described as too violent above 220 ◦C, many side reactions set in and the material quickly became
yellow and brown. They assumed that the first stage of the oxidation consisted of the formation of
hydro peroxide groups, which led to chain scission, and that at later stages, the reaction slowed down
due to the formation of antioxidants such as benzaldehyde. For practical application, to avoid the
presence of oxygen in the resulting products, pyrolysis processes are designed to occur in an inert
atmosphere. Ebert et al. [23] pyrolyzed samples of polydisperse polystyrene with molecular weights
between 60,000 and 220,000 Da in ampoules free of oxygen at temperatures between 270 and 336 ◦C,
assessing the sample weight loss as a function of degradation time. They also performed simulations
of the thermal degradation assuming that scission and unzipping occur independently, and attributed
scission as the main cause for the decrease in molecular weight, while unzipping as the sole cause of
volatiles production. Additionally, in oxygen-free glass ampoules, Wegner and Patat [26] analyzed
n-butyl lithium initiated polystyrene samples with molecular weights between 110,000 to 900,000 Da,
submitting them to temperatures between 200 to 325 ◦C, concluding that the polystyrene molecule
does not contain thermolabile bonds corresponding to the weak-links theory.

Reactions conducted in a fluidized-bed reactor with operation temperatures in the range 450–700 ◦C,
nitrogen atmosphere, heated by an external electric furnace, permitted liquid recovery above 90%,
with the main components being styrene monomer, dimer and trimer, benzene, toluene, ethylbenzene,
and α-methyl styrene [20].

Simard et al. [21] reported PS pyrolysis experiments using flat bottom vessels and temperatures
between 370–420 ◦C, with a maximum reaction time of 45 min, observing that 85 to 95% of the obtained
liquid fraction are styrene, dimer, and trimer. Anderson and Freeman [25] assessed the weight loss
of samples heated from 246 to 430 ◦C, observing decomposition at 320 ◦C and 99% of weight loss at
430 ◦C.
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Small scale PS pyrolysis experiments have also been performed. Richards and Salter [24]
intentionally synthesized polystyrene containing weak links in its structure that differ from the usual
head–tail links of the polymer backbone and should, therefore, have different thermal properties.
The pyrolysis experiments were performed at 276–329 ◦C, and the main product from both polymers
was styrene, although significant quantities of dimer and trimer were also formed, the main difference
being that the molecular weight of the polymer with weak links decreased more rapidly.

Several patents regarding polystyrene pyrolysis have also been filed [27–32] reporting the use
of temperatures varying in a wide range, 330–870 ◦C, styrene monomer recovery from 33 to 80%,
and diverse processes, including the use of a fluidized bed reactor [31] and the use of solvents like
toluene [32].

In general, pyrolysis temperature is a very important factor affecting the product distribution [20];
in all the studies both higher temperatures and longer reaction times resulted in an increase in the
amount of the liquid yield [21] and a decrease in the molecular weight of the residue. Many of these
experiments were done with very small samples (micrograms and milligrams) and none of them had
an initial charge greater than 25 g. At increasing temperatures more monomer is formed reaching a
maximum at 600 ◦C where secondary reactions take place.

As can be seen, the use of solvents and catalytic systems allows high yield of styrene recovery,
although some drawbacks associated with these processes are evident, such as high operating
temperatures and a wide range of obtained products by purely thermal pyrolysis.

On the other hand, nitroxide-mediated polymerization (NMP) is among the most popular
techniques in the category of RDRP (reversible deactivation radical polymerization) that provide
living character to free radical polymerizations and control the structure of the resulting polymers,
enabling the production of polymers with narrow molecular weight distributions and the formation of
well-defined polymer architectures such as block copolymers [33]. Roughly speaking, these techniques
simultaneously provide some of the advantages of living polymerizations (structure control) and
conventional radical polymerization (robustness to impurities and to protic media). NMP, which is
especially suited for styrene polymerization, is based on a reversible termination mechanism between
the propagating growing species and a stable free radical (nitroxide radical), that acts as a control agent
to generate a macro alkoxyamine (dormant polymer) as predominant species. The dormant polymer
eventually regenerates a propagating radical and a nitroxide radical through a homolytic breakage
as the dormant and the radical species are in dynamic equilibrium resulting from the reversible
deactivation-activation reactions just described (see Figure 1). As a result of the NMP process, the
final product is mainly constituted by dormant polymer end-functionalized with a nitroxide moiety.
For most practical purposes this polymer can be prepared to be very similar to the product produced
via conventional free-radical polymerization (except for its dispersity). However, its nitroxide-end
functionality should make it more favorable to depolymerization in a certain range of temperatures
(via unzipping) than the conventional PS, due to the increased possibility of chain-end initiation of the
depolymerization reaction via rupture of the oxygen–carbon bond between the nitroxide moiety and
the rest of the polymeric chain.
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Figure 1. Depolymerization initiation reaction via oxygen–carbon bond rupture (nitroxide radical
activation/deactivation).

With respect to the thermal pyrolysis process, it is known that chain-end initiation in mild
temperature conditions or moderately above the polystyrene ceiling temperature (310 ◦C) leads
to unzipping and increased production of styrene monomer over other products of this process.
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Roland and Schmidt-Naake [34] studied the polymerization of styrene with TEMPO and benzoyl
peroxide, claiming that the reversible capping with TEMPO can introduce a weak link at the end of the
polymer, such as the bond between polymer and nitroxide. They conclude that polymer degradation
for this material occurs in the same temperature range as for non-nitroxide polystyrene (400 ◦C).
However the PS-T thermal degradation curve shows an additional step of mass loss at temperatures
below 300 ◦C, suggesting two reactions, one apparently being the cleavage of the polystyrene–nitroxide
bond followed by depolymerization, and the other being the breakage of the N-O bond in the TEMPO
moiety, the importance of both reactions changing with increasing temperature.

The lack of knowledge of the position and nature of the initial scission of the polystyrene thermal
degradation has restricted its quantitative analysis.

Taking into account this background, the goals of this work are twofold: (i) First, to define a
process to achieve the thermal decomposition of conventional (free-radical) polystyrene in one step,
and (ii) to compare the developed process for the thermal pyrolysis of conventional PS with another
in which PS possessing a nitroxide end-functionality is used. This functionality is introduced in the
polymer previously polymerizing styrene in the presence of the TEMPO nitroxide (PS-T) (TEMPO is
(2,2,6,6-tetramethylpiperidin-1-yl) oxyl). For the comparison, precise pyrolysis conditions to induce
depolymerization reactions that generate styrene monomer as main product and chemicals of high
energetic value in the absence of solvents and catalysts at relatively mild conditions of temperature
and pressure are first determined. TEMPO is used to provide living character to the free radical
polymerization producing polystyrene with an extreme ended in a nitroxide moiety (PS-T) that,
from the origin, has characteristics that favor depolymerization. As mentioned above, the hypothesis
behind this work is that PS-T will depolymerize in a certain range of temperatures (via unzipping) by
chain-end initiation of the reaction at the nitroxide functionality, promoting depropagation reactions
in relatively mild temperature conditions or moderately above the polystyrene ceiling temperature.
It is believed that above the Tc of polystyrene the uncapping (activation) reaction of the nitroxide
moiety at the end of the polystyrene chain will leave a polystyryl radical that will undergo unzipping.
The experiments seem to validate this hypothesis to some extent. On the other hand, a mathematical
model of the pyrolysis reaction is developed to explain major effects observed and especially the effect
of the end-nitroxide group in the PS-T chain.

2. Materials and Methods

2.1. Materials

Styrene (99%) was purified using an inhibitor removal column (4-tert-butylcatechol).
Benzoyl peroxide (98%), (2, 2, 6, 6-tetramethyl-1-piperidinyl-1-yl) oxyl (TEMPO), all reactants from
Aldrich (St. Louis Missouri, USA) (Manufacturer name, city, state if US or Canada, country) and
industrial grade methanol (90%) (Proquisa, Saltillo, Mexico) were used as received.

2.2. Reaction System

The depolymerization system used in this work is shown in Figure 2 and consists of a batch
pressurized reactor and a condenser.

The 50 mL reactor vase is made of stainless steel, and it comprises a heating source in the form of
an electric mantle which provides homogeneous temperature increase inside the reactor and keeps
the reaction temperature between 300 and 500 ◦C with the help of a thermocouple situated inside
the reaction mixture and a digital controller that manipulates the current sent to the heating mantle.
The reactor is also fitted with a manometer, inlet and outlet valves (to feed inert gas to the system
and generate a free oxygen atmosphere), and a third outlet valve that connects the reactor to a double
tube condenser which uses a low temperature fluid (−5 ◦C) that allows the rapid condensation of the
generated vapors.
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2.3. Polystyrene Synthesis Methods

Polystyrene that would be subjected to the pyrolysis experiments was synthesized by two
different methods: by conventional free radical polymerization, and by nitroxide mediated radical
polymerization (NMP).

In the conventional free radical polymerization (FRP), the reaction was performed in a batch bulk
process at constant temperature (90 ◦C) in a 150 mL glass reactor, inert atmosphere, and continuous
agitation, using benzoyl peroxide as initiator. The agitation was implemented via a mechanical
agitator that was used until the viscosity of the reaction media made it not possible to continue in this
way. After this point, reached at conversions above 80%, the reaction was left without agitation until
conversions of 99% were reached and then stopped by lowering the reaction temperature to ambient
temperature. The polymer was subsequently recovered by adding acetone to it (around 10–15% wt.
with respect to the total mass of polymer) to allow the material to flow, followed by precipitation of the
reaction mixture in methanol. The precipitate was later filtered and dried, obtaining white polymer
dust as product.

Styrene polymerizations by the NMP method were performed using BPO as initiator and TEMPO
as the stable free radical, varying the nitroxide (N) to initiator (I) ratio; three levels were established
(N/I: 1.3, 1.1, and 0.9), they were all performed in a batch reactor at constant temperature (130 ◦C)
with continuous agitation and under inert atmosphere. When conversions of 99% were reached,
the reactions were stopped by submerging the reactor in a cooling ice bath, lowering the system
temperature. The polymer from the reaction mixture was recovered following the same procedure
described before for the PS produced by conventional FRP. The product was obtained as a white dust.

The polymers obtained by FRP and NMP were analyzed by size exclusion chromatography
(SEC) using an Agilent Technologies Mod G7810A chromatograph (Agilent Technologies, Santa Clara,
CA, USA) at 40 ◦C, with a sample concentration of 1 mg mL−1, solvent flow of 1 mL/min and a
polystyrene standard (Agilent Technologies, Santa Clara, CA, USA); the results are summarized in
Table 1. The experiments were designed to obtain approximately the same number average molecular
weight in all the cases (40–50,000 Da).

Table 1. Properties of synthesized polystyrene.

Sample Mn Mw Mw/Mn

NMP, N/I = 1.3 46,100 56,800 1.23
NMP, N/I = 1.1 44,800 56,900 1.27
NMP, N/I = 0.9 42,500 55,500 1.3

FRP 50,040 96,700 1.9
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2.4. Polystyrene Thermal Pyrolysis Experiments

The process to depolymerize all the polystyrene samples was the same and started by introducing
10 g of the synthesized plastic material inside the reactor and displacing the oxygen atmosphere
with nitrogen to guarantee that the experiment was developed under inert conditions. Once this
was achieved, all the valves of the reactor were closed and the temperature was rapidly increased,
provoking a pressure rise; the time needed to reach the defined temperature set point was between 5 to
7 min. When the pressure reached from 7 to 12 psig, the valve connecting the reactor to the condenser
was turned open, allowing the vapor products to migrate from the reactor to the condenser, after which
the products were recovered as a liquid mixture. After reaching the temperature set point, the reaction
proceeded until the liquid product was no longer obtained (about 10 min). The total reaction time
was considered from the point at which the heating started to the moment at which the liquid outflow
stopped. Experiments were carried out varying the pyrolysis temperature: 390, 420, and 450 ◦C and
the source polystyrene (see Table 2), to investigate the effect of this variable on the prepared samples.
After the reaction was finished and the reactor was cooled, two types of samples were obtained from
each experiment: a liquid mixture from the condensed vapors and the residue left in the reactor in the
form of a dark-colored oil with some solid degradation fragments (in the following discussion this will
be referred as the solid fraction). Only the condensed liquid mixture was analyzed since it contains the
most valuable products (including the monomer).

Table 2. Pyrolysis experiments performed.

Sample Pyrolysis Temperature

NMP, N/I = 1.3 390 ◦C * (Tri) 420 ◦C (Tri) 450 ◦C (Tri)
NMP, N/I = 1.1 390 ◦C 420 ◦C 450 ◦C
NMP, N/I = 0.9 390 ◦C 420 ◦C 450 ◦C

FRP 390 ◦C (Tri) 420 ◦C (Tri) 450 ◦C (Tri)

* (Tri) = Run and analyzed by triplicate.

3. Results

3.1. Product Analysis

The obtained products from the polystyrene pyrolysis experiments were analyzed to determine the
most abundant components present in the liquid mixture. A gas chromatograph (Thermo Finnigan by
Thermo Fisher Scientific Waltham, MA, USA) equipped with a selective mass detector (DSQ Trace 2000)
(Thermo Electron Corporation, Austin, TX, USA) and a Thermo TG-5ms column were used. All the
samples were analyzed under the same conditions with helium as the carrier gas. The temperature
program was as follows: the temperature was held at 60 ◦C for 3 min, then programmed to reach 300 ◦C
at a heating rate of 10 ◦C min−1 and held at that temperature for 10 min. The injector temperature was
set at 250 ◦C. The transfer temperature line of the mass detector was set at 280 ◦C and the mass range
was from 32 to 650 amu. The products were identified according to their fragmentation patterns using
a library included in the software of the chromatograph.

3.2. Kinetic Model

As described before, the radical process of conventional polystyrene pyrolysis comprises the
typical steps of initiation, propagation, transfer to polymer, and termination: Although initiation can
occur due to several causes, there seems to be general agreement that consists of the formation of free
radicals after bond breakage by the action of heat mainly either at a chain-end (which results in the
production of monomer) or at a mid-chain position along the polymer backbone. Propagation covers
the competition of three different reaction mechanisms: unzipping, intramolecular, and intermolecular
hydrogen transfer, the first one is sometimes also called depolymerization and is taken to be the reverse
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of chain growth, while transfer to polymer consists in the abstraction of a hydrogen from the same or
another molecule. The termination step can occur via recombination and disproportionation reactions.

Our proposed model, which aims to describe both conventional and nitroxide-modified
polystyrene pyrolysis behavior, contains the following reactions: mid-chain random scission, end chain
scission or activation, transfer to polymer, β-scission, depropagation, and termination by combination
and by disproportionation, as can be seen in Table 3. Pn denotes living polymer with length n, while Rn,
Sn, Dn, M, and M· denote live polymer of length n with nitroxide in one end, dormant polymer
of length n, dead polymer of length n, monomer and monomer radical, respectively. The kinetic
constants are denoted as: kb (mid-chain random scission), kbe (end-chain scission), ktrβ (transfer to
polymer + β-scission, simplified mechanism), krev (depropagation), ktc (termination by combination),
and ktd (termination by disproportionation). To simplify the description, some assumptions and
approximations are made:

Table 3. Polystyrene depolymerization kinetic mechanism including the presence of nitroxide-end
polystyrene.

Mechanism Reaction

Mid chain random scission, dormant polymer
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Table 3. Cont.

Mechanism Reaction
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Dormant polymer with one or two nitroxide-functionalized ends will be lumped together into
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scission forms one primary radical and one secondary benzyl radical, while end-chain scission forms a
secondary benzyl radical; both reactions can occur on dormant or dead polymer (Sn, Dn) as described
in Table 3. Transfer to polymer followed by β-scission can occur between any of two types of living
chains (normal, Pn, or with a nitroxide-end functionality, Rn) and one of two types of inactive chains
(dormant, Sn, or dead, Dn). In the case of dormant polymer, the initiation can also occur at the nitroxide
end via the activation reaction. The rest of the reactions, depropagation and termination, are the same
as those appearing in the standard mechanism of free-radical polymerization, with subtle variations
depending on the possible presence of a nitroxide-end functionality in one or both reacting chains.

3.3. Mathematical Model

Based on the described reaction scheme, the corresponding mathematical model was formulated
writing a mass balance equation for each species. Then, the method of moments was used to keep
track of changes of the average molecular weights as a function of time.
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∞∑

r=1
Pr

)
∞∑

m=n+1
m Sm

(
1
m

)
+

ktrβ
2

(
∞∑

r=1
Rr

)
∞∑

m=n+1
m Sm

(
1
m

)
−ktrβPn

∞∑
m=n+1

m Dm + ktrβ
∞∑

r=1
Pr

∞∑
m=1

m Dm
(

1
m

)
+ktrβ

∞∑
r=1

Rr
∞∑

m=n+1
m Dm

(
1
m

)
− ktPn

∞∑
m=1

Pm − ktPn
∞∑

m=1
Rm − ktPnM

(3)
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Live polymer with a nitroxide at the chain-end, n = 1, . . . ,∞

dRn
dt = kb

∞∑
m=n+1

m Sm
(

1
m

)
+

ktrβ
2

(
∞∑

m=1
Pm

)
∞∑

r=n+1
r Sr

(
1
r

)
− ktrβRn

∞∑
m=1

m Sm

+
ktrβ
2

(
∞∑

r=1
Rr

)
∞∑

m=n+1
m Sm

(
1
m

)
− ktrβRn

∞∑
m=1

m Dm + krevRn+1

−krevRn − ktRn
∞∑

m=1
Pm − ktRn

∞∑
m=1

Rm − ktRnM

(4)

Monomer

dM
dt

= krev

∞∑
m=1

Pm +
1
2

ktdM·
∞∑

m=1

Pm + krev

∞∑
m=1

Rm +
1
2

ktdM·
∞∑

m=1

Rm (5)

Monomeric radicals

dM
dt

= krev

∞∑
m=1

Pm +
1
2

ktdM·
∞∑

m=1

Pm + krev

∞∑
m=1

Rm +
1
2

ktdM·
∞∑

m=1

Rm (6)

Nitroxide radicals
dN
dt

= kaSn − kd N·Pn (7)

Ethyl benzene
dEt− B

dt
=

1
2

ktdM·
∞∑

m=1

Pm +
1
2

ktdM·
∞∑

m=1

Rm (8)

Four polymer populations exist in this system: Dead polymer, dormant polymer, growing
polymeric radical and polymer radical with a nitroxide end functionality; moments for these species
are defined in Equations (9)–(12) respectively:

λi =
∑

r
riDr (9)

ξi =
∑

r
riSr (10)

µi =
∑

r
riPr (11)

ψi =
∑

r
riRr (12)

The method of moments applied to the previously described balance equations generates Equations
(13)–(15) for the zero-th, first, and second moments of dead polymer, respectively, Equations (16)–(18) for
the moments of dormant polymer, Equations (19)–(21) for polymeric radical moments, and Equations
(22)–(24) for the moments of polymeric radicals with a nitroxide end functionality.

dλ0
dt = −kbλ1 − kbeλ0 + ktdµ0

2 + ktc
2 µ0

2 + ktdµ0ψ0 + ktcM·µ0 + ktdM·µ0

+ktrβµ0λ1 − ktrβµ0λ1 + ktrβ(λ1 − λ0)(µ0 +ψ0) + ktrβµ0ξ1

+
ktrβ
2 (µ0 +ψ0)B0(ξ1 − ξ0) − ktrβλ1ψ0

B0 = 1

(13)

dλ1
dt = −kbλ2− kbeλ1 + ktdµ1µ0 + ktcµ1µ0 + ktdµ1ψ0 + ktcM (µ1 + µ0) + ktdM·µ1

+ktrβ[µ1λ1 − λ2µ0 +
(µ0+ψ0)

2 (λ2 − λ1) + µ1ξ1

+ 1
4 (µ0 +ψ0)(ξ2 − ξ1) − λ2ψ0]

(14)
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dλ2
dt = −kbλ3− kbeλ2 + ktdµ2µ0 + ktc

(
µ0µ2 + µ1

2
)
+ ktdµ2ψ0 + ktcM·(µ2 + 2µ1

+µ0) + ktdM·µ2 + ktrβ[µ2λ1 − λ3µ0

+(µ0 +ψ0)
(

1
3λ3 −

1
2λ2 +

1
6λ1

)
+ µ2ξ1

+ 1
2 (µ0 +ψ0)

(
1
3ξ3 −

1
2ξ2 +

1
6ξ1

)
− λ3ψ0]

(15)

dξ0
dt = −kbξ1− kaξ0 + kdNµ0 +

ktc
2 (µ0ψ0 +ψ0ψ0) + ktd(ψ0µ0) + ktdψ0

2 + ktcM

·ψ0 + ktdψ0M· − ktrβξ1µ0 − ktrβξ1ψ0 +
ktrβ
2 (µ0 +ψ0)(ξ1 − ξ0)

+ktrβψ0(ξ1 + λ1)

(16)

dξ1
dt = −kbξ2− kaξ1 + kdNµ1 +

ktc
2 (µ1ψ0 + µ0ψ1) + ktcψ1ψ0 + ktd(ψ1µ0)

+ktdψ1ψ0 + ktcM·(ψ0 +ψ1) + ktdψ1M− ktrβξ2µ0 − ktrβξ2ψ0

+
ktrβ
4 (µ0 +ψ0)(ξ2 − ξ1)+ktrβψ1(ξ1 + λ1)

(17)

dξ2
dt = −kbξ3− kaξ2 + kdNµ2 +

ktc
2 (µ2ψ0 + 2µ1ψ1 + µ0ψ2) + ktc

(
ψ2ψ0 +ψ1

2
)

+ktd(ψ2µ0) + ktdψ2ψ0 + ktcM (ψ2 + 2ψ1 +ψ0) + ktdψ2M

−ktrβξ3µ0 − ktrβξ3ψ0 +
ktrβ
2 (µ0 +ψ0)

(
1
3ξ3 −

1
2ξ2 +

1
6ξ1

)
+ktrβψ2(ξ1 + λ1)

(18)

dµ0
dt = kaξ0 − kdNµ0 +kbeλ0 − ktµ0

2
− ktµ0ψ0 − ktµ0M − ktrβµ0ξ1

+ktrβ(µ0 +ψ0)(λ1 − λ0) − ktrβµ0λ1 +
1
2 ktrβ(µ0 +ψ0)(ξ1 − ξ0)

+2kb[(λ1 − λ0)+(ξ1 − ξ0)]

(19)

dµ1
dt = kaξ1 − kdN µ1 + kbe(λ1 − λ0) − krevµ1 + krev(µ1 − µ0) − ktµ1µ0 − ktµ1ψ0 − ktµ1M

−ktrβµ1λ1 + ktrβ(µ0 +ψ0)
[

1
2 (λ2 − λ1)

]
− ktrβµ1ξ1 +

1
2 ktrβ(µ0 +ψ0)

[
1
2 (ξ2 − ξ1)

]
+ kb

[
(λ2 − λ1) +

1
2 (ξ2 − ξ1)

] (20)

dµ2
dt = kaξ2 − kdNµ2 +kbe(λ2 − 2λ1 + λ0) − krevµ2 + krev(µ2 − 2µ1 + µ0) − ktµ2µ0

−ktµ2ψ0 − ktµ2M− ktrβµ2λ1 + ktrβ(µ0 +ψ0)
[

1
3λ3 −

1
2λ2 +

1
6λ1

]
−ktrβµ2ξ1 +

1
2 ktrβ(µ0 +ψ0)

[
1
3ξ3 −

1
2ξ2 +

1
6ξ1

]
+2kb

[
1
3λ3 −

1
2λ2 +

1
6λ1 +

1
3ξ3 −

1
2ξ2 +

1
6ξ1

] (21)

dψ0
dt = −ktψ0µ0 −ktψ0

2
− ktψ0M + kb(ξ1 − ξ0) +

1
2 ktrβ(µ0 +ψ0)(ξ1 − ξ0)

−ktrβψ0(ξ1 + λ1)
(22)

dψ1
dt = −krevψ0 −ktψ1µ0 − ktψ1ψ0 − ktψ1M +

kb
2 (ξ2 − ξ1)

+ 1
2 ktrβ(µ0 +ψ0)

[
1
2 (ξ2 − ξ1)

]
− ktrβψ1(ξ1 + λ1)

(23)

dψ2
dt = krev(ψ2− 2ψ1 +ψ0) − krevψ2 − ktψ2µ0 − ktψ2ψ0 − ktψ2M

+kb
[

1
3ξ3 −

1
2ξ2 +

1
6ξ1

]
+ 1

2 ktrβ(µ0 +ψ0)
[

1
3ξ3 −

1
2ξ2 +

1
6ξ1

]
−ktrβψ2(ξ1 + λ1)

(24)

From the previous equations, the number average molecular weight can be calculated using
Equation (25)

Mn =
λ1 + ξ1 + µ1 +ψ1

λ0 + ξ0 + µ0 +ψ0
(25)

Notice that the moment equations are not closed since the second moment depends on the third
moment. To solve this problem, the well-known expression of Saidel and Katz [35] is used to estimate
the third moment in terms of the lower moments.

λ3 =
λ2

λ0λ1

(
2λ2λ0 − λ

2
1

)
(26)
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The mathematical model formulation yielded a set of ordinary differential equations (ODE’s) that
were numerically solved using the FORTRAN programming language with the DDASSL routine for
the integration of the equations. Kinetic rate constant values were estimated to match the recorded
experimental data as explained below.

3.4. Experimental Results

Since the experiments at the extreme levels of N/I (0 and 1.3) were run by triplicate, it was possible
to estimate a pooled variance (σ2) for the relevant responses (one for each temperature), and therefore
error bars of 1σ are included in most of the plots.

Figure 3 shows the relative yields of the solid, liquid, and gaseous fractions obtained in the
pyrolysis experiments using a given N/I ratio or by FRP carried at different temperatures. It can be
noted that at higher pyrolysis temperatures the liquid fraction has a tendency to increase while the gas
and solid fractions diminish. Comparing all the samples, the ones corresponding to the N/I ratio of
1.3 exhibit the higher values of recovered liquid fraction, the maximum value reached being 88% at
420 ◦C, while the lowest values correspond to the FRP samples. These results point out to a favorable
effect of the presence of the nitroxide moiety at the end of the polymer chains on the pyrolysis process;
more will be discussed below. All the percentages are referred to the total amount of polymer charged
at the beginning of the experiments.
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Figure 3. Yields of recovered fractions of the pyrolyzed samples: (a) N/I = 1.3, (b) N/I = 1.1, (c) N/I = 0.9,
and (d) FRP.
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Figure 4 shows the identified products of the PS pyrolysis in the liquid fraction; their relative
amounts are plotted for each PS pyrolysis experiment at three reaction temperatures (390, 420,
and 450 ◦C). The main product in all cases is styrene followed by styrene dimer in second place; an
extra category is included denoted as “mixture”, which corresponds to the sum of all the components
that could not be identified, but individually amount to less than 1 wt.%. In the case of the FRP samples,
stilbene and benzoic acid are also generated and the compounds in the non-identified mixture reach
the highest values of all the samples.
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Figure 4. % wt. yield of the polystyrene depolymerization products in the liquid fraction: (a) N/I = 1.3,
(b) N/I = 1.1, (c) N/I = 0.9, and (d) FRP.

Figure 5 shows the absolute yields of styrene monomer and styrene dimer of the different samples
(with respect to the total load of PS, not only with respect to the liquid fraction recovered), indicating
that at higher reaction temperatures the styrene dimer concentration tends to lower for the reaction
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with N/I = 1.3, but it is the opposite for the reaction with N/I = 0.9. The monomer recovery yield
exhibits a more complex behavior with temperature. For samples N/I = 1.1 and N/I = 0.9, the monomer
recovery yield increases with higher temperatures, while for the N/I = 1.3 and the FRP samples maxima
for monomer yield are exhibited. Clearly, not all the effects observed are significant, but in some cases
the differences are evident, although generally moderate.
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Figure 5. Absolute yields of (a) styrene and (b) styrene dimer of the analyzed samples.

Comparing all the samples at 450 ◦C, the highest styrene yield (38.5%) is obtained using N/I = 1.1,
and the lowest using N/I = 1.3 (around 33%) or, almost identical, FRP. Interestingly, at 420 ◦C all the
samples with nitroxide show higher styrene yield than the FRP sample.

Pyrolysis reaction time is also affected by the use of PS samples containing nitroxide. Compared
with FRP PS, the pyrolysis of these samples results in shorter reaction times at comparable temperatures,
except in the case of FRP PS at 450 ◦C (Figure 6).
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During the experimentation, special emphasis was put in obtaining reproducible results, and
therefore the experimental design included replicate runs. Additionally, by performing replicate
experiments, we were able to observe clear qualitative differences in the presence and absence of
nitroxide in the samples. For example, for the blank reactions, the pressure increase was more abrupt,
and the liquid recovery began in all cases at around 380 ◦C (during the temperature increase ramp).
On the other hand, for the dormant polymer samples, especially those of N/I = 1.3, the pressure increase
was smoother and more gradual, and the liquid recovery began before, at temperatures between
370–380 ◦C. These and other observations, as well as some of the quantitative results, reinforce the
conclusion that the pyrolysis of PS samples with and without nitroxide ends behave differently.

3.5. Mathematical Modeling Results

The mathematical model developed here was intended as a first approach to qualitatively and
quantitatively understand the experimental results observed. At this stage, only main experimental
trends, particularly reaction time and the effect of nitroxide chain-ends on reaction time, were taken into
account to tune the model parameters, since not much detailed information, such as time evolution of
the molecular weight distribution or of the product distribution (in terms of individual chain-lengths),
was available. Ongoing work in our group is directed towards getting more detailed experimental
information as well as more detailed mathematical models.

With respect to the kinetic parameters, values are reported in the literature for some of them.
Table 4 summarizes some rate constants for PS depolymerization available from the literature that
were estimated in different reaction systems.

Table 4. Reaction kinetic constants of polystyrene depolymerization from literature sources.

Reference [36] [37] [38]

Processes A a,b E b

(kcal/mol) A a,b E b

(kcal/mol) A a,b E b

(kcal/mol)

Chain fission
(
s−1

)
5.0× 1013 63.7 7.98× 1015 2.3 1.0× 1016 2.3

Chain fission allyl
(
s−1

)
5.0× 1012 58.6 - - 5.5× 1013 2.3

H- abstraction of end chain
(

L
mol seg

)
5.0× 107 13.5 - - - -

H-abstraction of mid chain
(

L
mol seg

)
5× 107 16.5 - - - -

H-abstraction - - 1.5× 108 13.3 2.1× 106 12
Mid chain β-scission

(
s−1

)
1.2× 1013 27.0 2.62× 1012 12.9 4.1× 1012 11.4

End chain β-scission
(
s−1

)
1.6× 1013 25.8 2.62× 1012 12.9 4.1× 1012 11.4

Radical recombination
(

L
mol seg

)
5.0× 106 14.0 2.2× 109 2.3 1.1× 1011 2.3

Disproportionation
(

L
mol seg

)
- - 1.14× 108 2.3 5.5× 109 2.3

a Units compatible with those shown in first column. b A and E are pre-exponential and activation energy in the
corresponding Arrhenius expression for the kinetic constant.

Literature values for the kinetic constants were tested using the mathematical model in terms
of moments described by the Equations (5)–(8) and (13)–(24); however, the sets of parameter values
available in the literature were either incomplete or corresponded to kinetic models with differences
with respect to the one proposed here. When they were tried in the present kinetic model, they yielded
inconsistent results in the sense of high stiffness and/or non-convergence of the numerical integration
of the differential equations, as well as some results without proper physical meaning.

4. Discussion

4.1. Sensitivity Analysis

Given the lack of useful values from the literature, it was decided to perform a sensitivity analysis
to fit a consistent set of kinetic parameter values of the model. The results of the sensitivity analysis are
summarized in Figures 7–11, which show essentially the sensitivity of the pyrolysis model in terms of
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the evolution of the polymer Mn and the monomer generation with the time of reaction upon varying
different reaction coefficients. The base set of used kinetic constants at 350 ◦C in all cases is listed in
Table 5. In the value of Mn plotted the definition given by Equation (25) was used, which represents a
lumped value of average molecular weight that includes all the present polymer populations (naturally,
the terms corresponding to dormant polymer and live polymer with a nitroxide end are zero for
the dead polymer case). The criterion used to choose the set of parameters of Table 5, among other
viable sets, was that they produced qualitative results that were consistent with the experimental
observations and also that their values fell in the vicinity of similar parameters reported in the literature
when available (same order of magnitude). Clearly, the proper selection of kinetic parameters for this
system is a difficult and still unsolved problem which requires further investigation. Ideally, the kinetic
parameters should be evaluated by independent experiments as model-free as possible; however,
this goal is quite challenging for systems exhibiting the complexity of the present one. The proposed
kinetic parameters are assumed as a good starting point for further research, and are valuable to
show the feasibility of the mathematical model presented and for parameter sensitivity studies, but it
is important to mention that this parameter set is not unique and there may be other sets of values
similarly viable and consistent with the experimental observations.

The discussion of Figures 6–11 is done by groups of plots. In each case analyzed, four plots are
presented in each figure: two of them correspond to pyrolysis experiments of dead polymer having
no functionality; the other two correspond to the pyrolysis of dormant polymer with a nitroxide
functionality at its end. In the first two plots, the evolution (degradation) of Mn of the dead polymer
and of the dormant polymer respectively is shown; in the other two plots, the evolution of monomer
for the dead and dormant polymer is respectively exhibited.

Table 5. Depolymerization kinetic constants at 350 ◦C.

Mechanism (L mol−1s−1 Unless Indicated) Variable Value

End Chain scission (s−1) kbe 8.0× 102

Transfer + β-scission ktrb 1.1× 102

Depropagation (s−1) krev 1.1× 10−1

Termination by combination ktc 5.8× 101

Termination by disproportionation ktd 2× 101

Mid chain scission (s−1) kb 1.5× 10−1

Deactivation of dormant species (at 130 ◦C) kd 4.78× 107 *
Activation of dormant species (s−1) (at 130 ◦C) ka 3.16× 10−3 *

* Arrhenius expressions: kd = 5× 109 exp
(
−

16,000
RT

)
; ka = 4× 1013 exp

(
−

124,000
RT

)
; R in J mol−1K−1 [39].

Figure 7 shows the effect of the variation of the value of kbe (end-chain scission) on the pyrolysis
of dead and dormant polymer. Unexpectedly, in both cases, a smaller value of this kinetic coefficient
results in a faster decomposition rate and in lower Mn at the end of the reaction time. In the following
discussion the case of dead polymer will be taken as an illustration for the explanation, but the case
of dormant polymer follows a similar pattern. To understand why this behavior is observed, the
evolution of moments 0 and 1 of live and dead polymer were investigated and it was found that almost
instantaneously most of the dead chains are activated; that is, they go from a dead state to live polymer
(produced by the different available initiation mechanisms). There are however differences in the
dynamics of this activation depending on the values of kbe. When lower values of this constant are used,
the live polymer concentration rises more slowly (and the dead polymer concentration also decreases
more slowly), but it reaches a higher maximum and then a higher stationary value, at the same time
that the dead polymer concentration is less depleted in this case (higher stationary concentration).
In fact, higher remaining concentration of dead polymer in these conditions favors a relatively faster
steady formation of live polymer (via chain-end activation) and leads to a higher quasi-stationary

concentration of live polymer (roughly proportional to µ0 ≈
[ kbeλ0

kt

]1/2
, the lower value of kbe is more

than compensated by a higher λ0). Finally, an ultimate higher concentration of live polymer leads to
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faster depropagation and higher monomer production. The effect of kbe is more pronounced for the
pyrolysis of dead polymer than for dormant polymer. This is expected since a large portion of the
initial decomposition step of the dormant polymer should occur at the nitroxide end, making the other
contribution less important.

Processes 2020, 8, 432 18 of 27 

 

no functionality; the other two correspond to the pyrolysis of dormant polymer with a nitroxide 
functionality at its end. In the first two plots, the evolution (degradation) of Mn of the dead polymer 
and of the dormant polymer respectively is shown; in the other two plots, the evolution of monomer 
for the dead and dormant polymer is respectively exhibited. 

Table 5. Depolymerization kinetic constants at 350 °C. 

Mechanism (L mol−1s−1 Unless Indicated) Variable Value 
End Chain scission (s−1)  8.0 × 10  

Transfer + β-scission   1.1 × 10  
Depropagation (s−1)  1.1 × 10  

Termination by combination   5.8 × 10  
Termination by disproportionation  2 × 10  

Mid chain scission (s−1)  1.5 × 10  
Deactivation of dormant species (at 130 °C)  4.78 × 10  * 

Activation of dormant species (s−1) (at 130 °C)  3.16 × 10  * 
* Arrhenius expressions: = 5 × 10 exp − , ;  = 4 × 10 exp − , ; R in J mol−1K−1 [39]. 

  
(a) (b) 

  
(c) (d) 

Figure 7. Effect of the variation of the chain-end scission coefficient, kbe, value on the pyrolysis Mn 
evolution of (a) dead polymer and (b) dormant polymer, and on the monomer generation of (c) dead 
polymer and (d) dormant polymer. 

0

10000

20000

30000

40000

50000

60000

70000

80000

0 150 300 450 600 750 900
Time (sec) 

kbe - D = 1000
kbe - D = 800
kbe - D = 600
kbe - D = 400

0

5000

10000

15000

20000

25000

30000

35000

40000

0 150 300 450 600 750 900
Time (sec) 

kbe - S = 8000
kbe - S = 3000
kbe - S = 1000
kbe - S = 800

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0 150 300 450 600 750 900

M
on

om
er

 (m
ol

) 

Time (sec) 

kbe - D = 1000
kbe - D = 800
kbe - D = 600
kbe - D = 400

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0 150 300 450 600 750 900

M
on

om
er

 (m
ol

)

Time (sec) 

kbe - S = 8000
kbe - S = 3000
kbe - S = 1000
kbe - S = 800

Figure 7. Effect of the variation of the chain-end scission coefficient, kbe, value on the pyrolysis Mn

evolution of (a) dead polymer and (b) dormant polymer, and on the monomer generation of (c) dead
polymer and (d) dormant polymer.

Figure 8 shows the sensitivity of the Mn evolution when the value of the transfer to polymer +

β-scission coefficient, ktrb, is changed. As this value increases, the polymer decomposes faster, but the
behavior shows significant quantitative differences for the dead and the dormant polymer. In both
cases the value of Mn goes through a minimum, then increases to reach a maximum and finally steadily
decreases; however, for the dormant polymer cases the initial minima are much more pronounced
and the subsequent maxima are less marked, indicating a more effective decomposition in the case
of dormant polymer. This is confirmed by the plots of monomer evolution that grows faster and
reaches higher values (roughly double) for the case of dormant polymer pyrolysis compared to that of
dead polymer.
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Figure 9 shows the effect of the termination by combination value (ktc) over the Mn evolution.
For dead polymer the effect is quite complex. At early stages of the reaction (less than 100 s) Mn values
reach a maximum, which is higher and is reached faster for higher values of ktc (an expected output);
however, as the activation reactions proceed, the faster dynamics apparently promoted by higher values
of ktc accelerate the polymer degradation leading faster to lower values of Mn. These shorter chains
imply larger number of dead chain-ends that can undergo end-scission, accelerating the degradation of
the polymer and the monomer production. Similar effects are present in the case of dormant polymer,
but they are significantly attenuated by the competing mechanism of deactivation/degradation at the
nitroxide end, which tends to dominate, especially at lower values of ktc.
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polymer and (d) dormant polymer.

Remarkably, no reasonable results can be obtained by using typical values of this coefficient at
temperatures in the range of 100–200 ◦C, which are in the order of 108 Lmol−1s−1 [40] and much lower
values had to be used in the simulations; otherwise numerical convergence for the solution of the
equations was not possible. Some researchers that have modeled the thermal pyrolysis of PS omit this
reaction [41] at all; others, for example Kruse et al. [37,38], use a standard Arrhenius expression for
this constant extrapolating its value at the high pyrolysis temperatures; however, they report to have
used a gel effect expression modifying the Arrhenius expression which would lower the value of ktc

by several orders of magnitude. They do not report the resulting range of values for this constant,
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but they may lie close to the values used in this work. Since it is not clear that diffusion limitations are
present at these conditions, it was preferred here not to speculate and use instead a constant value that
was adequate for the numerical solution of the model and resulted in reasonable outputs. In our next
study this issue will be explored further.

In Figure 10 the effect of the reverse propagation value (krev) over the Mn evolution is shown.
As for other parameters, for example those shown in Figures 7 and 8, the pyrolysis process for the
dormant polymer is faster than for the dead polymer. The dormant polymer swiftly reaches a very
low value of Mn, which is lower the higher the value of krev, while for dead polymer the value of Mn

exhibits a gradually decreasing value even at the final time of the process. The generation of monomer
in both cases is consistent with the decrease of the molecular weight.
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Figure 10. Effect of the variation of the reverse propagation coefficient value, krev, on the pyrolysis Mn

evolution of (a) dead polymer and (b) dormant polymer, and on the monomer generation of (c) dead
polymer and (d) dormant polymer.

The sensitivity of the outputs to ktd is not included here since it results in effects closely related to
those observed with ktc.

Figure 11 shows the effect of the mid-chain random scission value (kb) on the number average
molecular weight and monomer generation evolution. Mid-chain β-scission has been identified as a
key step in the reduction of molecular weight of polymers, resulting in the formation of an end-chain
polymer radical and a stable polymer with a double bond at the chain end and it is considered a major
contribution to the formation of styrene monomer from PS. [42] In the sensitivity calculations for
the dead polymer case the behavior is somewhat complex and non-linear, but the magnitude of the
effects are relatively small. These small effects, combined with the fact that the Mn value combines the
populations of live and dead polymer, partly explains the complexity observed. Notice that the use of
kb values, far from those shown in Figure 11, resulted in no convergence of the integration algorithm;
therefore, the values studied were restricted to a small range. On the other hand, for the dead polymer
case, the monomer generation grows with an increase in the values of kb, as expected. With respect to
the dormant polymer case, the behavior of Mn is simpler, as this output decreases faster the larger
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the value of kb, as it could be expected; it seems that the presence of the activation reaction at the
nitroxide end helps in removing small non-linear effects. Consistent with this behavior, the generation
of monomer increases with larger values of kb.
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Figure 11. Effect of the variation of the mid-chain random scission coefficient, kb, value on the pyrolysis
Mn evolution of (a) dead polymer and (b) dormant polymer, and on the monomer generation of (c) dead
polymer and (d) dormant polymer.

Notice that in all of the previous analyzed figures, the values of the constants tested can vary by
several orders of magnitude, with no clear indication as to why the curves for the shown values were
selected. The general criterion used to show curves for specific ranges of values of the kinetic constants
was to maximize the sensitivity of the model to the parameters analyzed; that is, the curves were more
sensitive for the ranges of values shown, and for others not shown the sensitivity was very small or
almost null.

4.2. Base Case Simulation

As discussed before, given the difficulties to fit kinetic parameters for this system and the lack of
detailed quantitative information from experiments, no attempt was made to compare in detail the
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simulations with the experimental data. The goal at this stage was just to obtain agreement of the
simulations with gross measurements of reaction progress, specifically the monomer generation and
the time of reaction. In this section simulation results for the base case are presented and discussed.
In a more detailed study, it would be convenient to gather data of Mn evolution with time, but this is
experimentally difficult as it implies sampling in rather short reaction times and separate the polymeric
species from the reaction mixture. This will be attempted in a future study. Figures 12 and 13 show
the outputs of the simulations with the base case. The base case was assumed to have a Mn of 50,000
with dispersity of 1.9 (same as the FRP case in Table 1). For the dormant polymer a livingness of 100%
was assumed. As commented above, the goal was to find a set of kinetic parameters that at least
semi-quantitatively could reproduce the observed experimental trends; in particular, the decrease of Mn

and the generation of around 30–40 wt.% of monomer. Figure 12 shows the decrease of Mn (a) for both
the dead and the dormant polymer cases, as well as the generation of monomer (b). The Mn produced
from the degradation of dormant polymer goes down to very low values, while that produced from
dead polymer remains relatively high (around 35,000), although, as discussed below, this is mainly live
polymer in relatively low concentration. More monomer is generated in the case of dormant polymer,
as experimentally observed; out of the initial polymer present, the model predicts the conversion to
monomer of about 43% (vs. 38.5% experimental) of the total polymer for the pyrolysis of dormant
polymer (0.092 initial moles expressed as moles of monomer in the polymeric chain), and of 23% for
the pyrolysis of dead polymer (vs. 33% experimental). The difference only qualitatively agrees with
the experimental observation; the quantitative deviation can be explained by the oversimplification of
the model with respect to the final small molecules formed, such as styrene dimers and trimers, which
are not explicitly taken into account in the model, in particular when they are formed by recombination
of monomer molecules.
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Figure 12. (a) Mn evolution, and (b) monomer generation for the pyrolysis of dead and dormant
polymer predicted by the model with the base set of kinetic constants of Table 5.

Figure 13a,b show the predicted evolution of live and dead polymer concentration (zero-th
moment) and of the first moments for both populations during the pyrolysis of dead polymer,
indicating that the model predicts a very rapid activation of the dead polymer in the first instants
of the reaction followed by reverse propagation and mid-chain breaking reactions. Initially, the first
moment of dead polymer is around 0.092 mol, but this is not visible in plot (b) because in less than 1 s
this polymer is activated and converted into live (activated) polymer which is gradually degraded.
Similarly, plots (c) and (d) show the predicted evolution of the zero-th and first moments, respectively,
of the four polymer populations existing during the pyrolysis of dormant polymer. Although more
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complex than in the former case, the overall dynamics of the process are equivalent. Looking at plot (d)
all the dormant polymer is rapidly converted into live polymer or live polymer with a nitroxide-end,
and these two populations undergo reverse propagation decaying gradually, but faster than in the case
of dead polymer pyrolysis. In the process some dead polymer is formed, but in concentrations several
orders of magnitude lower than the live polymer.
Processes 2020, 8, 432 25 of 27 

 

  
(a) (b) 

  
(c) (d) 

Figure 13. Model predictions for (a) zero-th moment evolution and (b) first moment evolution of live 
and dead polymer for the pyrolysis of dead PS. Also, model predictions for (c) zero-th moment 
evolution and (d) first moment evolution of live, dead, dormant, and live with a nitroxide-end 
polymer starting from dormant PS. 

5. Conclusions 

A simple process for the thermal pyrolysis of PS has been presented. PS-T (dormant PS) 
undergoes thermal pyrolysis and monomer formation more effectively than conventional (dead) PS, 
presumably due to the additional activation produced at the nitroxide end at temperatures above the 
Tc of PS, supporting the hypothesis of this work. With the nitroxide-functionalized PS the monomer 
production increases from ∼33 to ∼38.5 wt.% with respect to the initial polymer, an efficiency 
enhancement of roughly 15–16%. A kinetic and mathematical model was developed to explain the 
observed differences, and, after some parameter fitting, the model is capable of produce semi-
quantitative agreement with the experimental observations regarding time of reaction and monomer 
production, starting either from dead or dormant polymer. It is a difficult task to develop a predictive 
model for polymer pyrolysis due the complex polymer structure, the multiple reactions that take 
place and the large amount of intermediate compounds with different size and compositions that are 
formed in this intricate process, but with the help of population balance equations and the method of 
moments it is in principle possible to track the formation of the pyrolysis products and, in particular, 
the evolution of monomer. 
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starting from dormant PS.

5. Conclusions

A simple process for the thermal pyrolysis of PS has been presented. PS-T (dormant PS) undergoes
thermal pyrolysis and monomer formation more effectively than conventional (dead) PS, presumably
due to the additional activation produced at the nitroxide end at temperatures above the Tc of PS,
supporting the hypothesis of this work. With the nitroxide-functionalized PS the monomer production
increases from ∼33 to ∼38.5 wt.% with respect to the initial polymer, an efficiency enhancement of
roughly 15–16%. A kinetic and mathematical model was developed to explain the observed differences,
and, after some parameter fitting, the model is capable of produce semi-quantitative agreement with
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the experimental observations regarding time of reaction and monomer production, starting either
from dead or dormant polymer. It is a difficult task to develop a predictive model for polymer pyrolysis
due the complex polymer structure, the multiple reactions that take place and the large amount of
intermediate compounds with different size and compositions that are formed in this intricate process,
but with the help of population balance equations and the method of moments it is in principle possible
to track the formation of the pyrolysis products and, in particular, the evolution of monomer.
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Abstract: A kinetic model for the dithiolactone-mediated radical polymerization of vinyl monomers
based on the persistent radical effect and reversible addition (negligible fragmentation) was used
to calculate the polymerization rate and describe molar mass development in the polymerization
of methyl methacrylate at 60 ◦C, using 2,2-azobisisobutyronitrile (AIBN) as an initiator, as well
as dihydro-5-phenyl-2(3H)-thiophenethione (DTL1) and dihydro-2(3H)-thiophenethione (DTL2) as
controllers. The model was implemented in the PREDICI commercial software. A good agreement
between experimental data and model predictions was obtained.

Keywords: dithiolactones; RAFT polymerization; kinetic modeling; vinyl monomers;
methyl methacrylate

1. Introduction

Reversible deactivation radical polymerization (RDRP) techniques have become important
in the last three decades [1]. They provide versatile routes to synthesize polymers
with tailored architectures [2]. The most studied methodologies which have emerged are
nitroxide-mediated polymerization (NMP), atom transfer radical polymerization (ATRP), and reversible
addition–fragmentation chain-transfer (RAFT) polymerization [3]. However, other RDRP techniques
such as iodine-transfer polymerization (ITP) [4], telluride-mediated polymerization (TERP) [5], and
organostibine-mediated polymerization [5] have also been proposed.

RAFT polymerization is considered one of the most successful RDRP techniques. In RAFT
polymerization, propagating free radical molecule 1 adds to RAFT agent 2 (see Figures 1 and 2),
thus producing intermediate radical 3 (one-arm adduct), which undergoes β-scision, yielding back
the reactants or producing dormant polymer (macro RAFT agent) 4 and radical R· [6]. The main
equilibrium reactions consist of the formation of intermediate radical 6 (two-arm product) and its
fragmentation into free radical 1 and dormant polymer 4 (see Figure 3). In the “intermediate radical
termination” (IRT) model [7], an additional reaction is considered, namely the cross-termination
between free radical 1 and the intermediate radical 6, thus producing a star-shaped polymer (three-arm
dead polymer), as seen in Figure 4 [6]. It is worth mentioning that further investigation has led to the
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assumption of side reactions between the three-arm adduct 7 with a propagating radical 1 to yield
intermediate radical 6 and a dead polymer [8]. Variations of the IRT model have also been considered:
reversible IRT [9] and the occurrence of cross-termination of the intermediate radical with oligomeric
radicals only (the IRTO model) [10]. A reversible reaction between intermediate radical 6 and the
original RAFT agent 2, producing a secondary intermediate radical that may undergo further RAFT
process, has also been proposed [11].
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Dithiolactones are the cyclic counterpart to dithioester and thiocarbonylthio compounds, which are
used as RAFT agents. However, as seen in Figure 5, there is no fragmentation in dithiolactone-mediated
free-radical polymerizations (DTLMP), and the addition reaction is reversible [12,13].

In a previous publication from our group, we modeled the DTLMP of styrene using
2,2′-azobisisobutyronitrile (AIBN) as the initiator and γ-phenyl-γ-butyrodithiolactone as the
controller [14].

In this contribution, we address the DTLMP of methyl methacrylate (MMA) using
dihydro-5-phenyl-2(3H)-thiophenethione—whose common name is γ-phenyl-γ-butyrodithiolactone
(referred to as DTL1 in the remainder of our contribution)—and dihydro-2(3H)-thiophenethione—whose
common name is γ-butyrodithiolactone (referred to as DTL2 in the remainder of our contribution)—as
controllers, from both experimental and mathematical modeling perspectives.

250



Processes 2019, 7, 842
Processes 2019, 7, x FOR PEER REVIEW 3 of 15 

 

 
Figure 5. Polymerization scheme for dithiolactone-mediated (DTLM) radical polymerization of vinyl 
monomers. 

2. Experimental 

As mentioned above, the system studied in this contribution was the polymerization of MMA 
using AIBN as initiator and DTL1 as well as DTL2 as controllers. The polymerizations were carried 
out at 333.15 K (60 °C) using two molar ratios of DTL1 and DTL2 (monomer:controller:initiator ratios 
of 300:2:1 and 300:4:1) [13,15]. 

2.1. Polymerization Procedure 

A stock solution of AIBN in MMA was prepared first, then split into several heavy-wall glass 
tubes, and mixed with calculated amounts of controller (DTL1 or DTL2). Mixtures were degassed by 
three freeze–thaw–pump cycles, sealed, and heated at 333.15 K in a thermostated oil bath. A reference 
experiment was carried out using the original stock solution without the chain transfer agent. 
Polymers were isolated by precipitation in methanol. Monomer conversion was gravimetrically 
determined by duplicate, in all cases [13]. 

2.2. Measurement of Molar Mass Characteristics  

Molar mass distributions were determined by size exclusion chromatography (SEC) or gel 
permeation chromatography (GPC) with a Hewlett Packard (HP) modular system comprising an 
auto injector, a Polymer Laboratories 5.0 μm bead-size guard column, and by three linear PLgel 
columns (106, 105 and 103 Å), with differential refractive index detector (HP 147 A) and ultraviolet 
(UV) detector. The eluent was tetrahydrofuran (THF) at a flow rate of 1 cm3 min−1 at 313.15 K. The 
system was calibrated using narrow poly(methyl methacrylate) standards (ranging from 620 to 1.52 
× 106 g mol−1). Data acquisition was performed using Polymer Laboratories GPC software. All 
measurements were obtained by duplicate [13]. 

3. Modeling 

3.1. Polymerization Scheme 

The polymerization scheme used for our simulations was based on the reaction mechanism 
proposed by Soriano-Moro et al. for DTL1 [13,15], shown in Figure 5. This polymerization scheme 
corresponded to a RAFT polymerization without fragmentation. Its implementation in the PREDICI 

Figure 5. Polymerization scheme for dithiolactone-mediated (DTLM) radical polymerization of
vinyl monomers.

2. Experimental

As mentioned above, the system studied in this contribution was the polymerization of MMA
using AIBN as initiator and DTL1 as well as DTL2 as controllers. The polymerizations were carried
out at 333.15 K (60 ◦C) using two molar ratios of DTL1 and DTL2 (monomer:controller:initiator ratios
of 300:2:1 and 300:4:1) [13,15].

2.1. Polymerization Procedure

A stock solution of AIBN in MMA was prepared first, then split into several heavy-wall glass
tubes, and mixed with calculated amounts of controller (DTL1 or DTL2). Mixtures were degassed by
three freeze–thaw–pump cycles, sealed, and heated at 333.15 K in a thermostated oil bath. A reference
experiment was carried out using the original stock solution without the chain transfer agent. Polymers
were isolated by precipitation in methanol. Monomer conversion was gravimetrically determined by
duplicate, in all cases [13].

2.2. Measurement of Molar Mass Characteristics

Molar mass distributions were determined by size exclusion chromatography (SEC) or gel
permeation chromatography (GPC) with a Hewlett Packard (HP) modular system comprising an auto
injector, a Polymer Laboratories 5.0 µm bead-size guard column, and by three linear PLgel columns
(106, 105 and 103 Å), with differential refractive index detector (HP 147 A) and ultraviolet (UV) detector.
The eluent was tetrahydrofuran (THF) at a flow rate of 1 cm3 min−1 at 313.15 K. The system was
calibrated using narrow poly(methyl methacrylate) standards (ranging from 620 to 1.52 × 106 g mol−1).
Data acquisition was performed using Polymer Laboratories GPC software. All measurements were
obtained by duplicate [13].

3. Modeling

3.1. Polymerization Scheme

The polymerization scheme used for our simulations was based on the reaction mechanism
proposed by Soriano-Moro et al. for DTL1 [13,15], shown in Figure 5. This polymerization scheme
corresponded to a RAFT polymerization without fragmentation. Its implementation in the PREDICI
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software package of CiT [16,17], which was the numerical tool to carry out the simulations, is shown in
Table 1. The initiation, propagation and bimolecular radical termination correspond to conventional
free radical polymerization [14,18,19]. The first reversible addition [20], second reversible addition
(which is the reaction between two molecules of intermediate radicals generating a new type of
adduct (see Figure 6)) [13], and reversible cross-termination are reactions due to the presence of
dithiolactone controller molecules, as explained above [13–15]. Also shown in Table 1 are parameter
sources [14,18–23]. It can be observed in Table 1 that our values of K = kadd/k-add for DTL1 and DTL2,
which were in the range of 105–106 m3 kmol−1 for conventional RAFT agents, were slightly low.

Table 1. Polymerization scheme and kinetic rate constants used.

Reaction Step Pattern k (m3 kmol−1 s−1, Unless
Otherwise Stated)

DTL1 [Source] DTL2 [Source]

Initiator
decomposition I→I•+I• kd (s−1) 4× 10−6 [21] 4× 10−6 [21]

First propagation I•+M→P•s=1 ki 833 [18] 833 [18]

Propagation P•s +M→P•s+1 kp 685.9 [22,23] 685.9 [22,23]

First reversible
addition

P•s +DTL→PsDTL• kadd 2.3 × 103 [this work] 8.1 ×103 [this work]

PsDTL•→P•s +DTL k−add 2.622 × 10−2 [this work] 8.6 × 10−2 [this work]

Reversible
cross-termination

P•s +PrDTL•→PsDTLPr krt 5 ×102 [14] 5 × 103 [this work]

PsDTLPr→P•s +PrDTL• k−rt 2 ×10−4 [this work] 2 ×10−4 [this work]

Irreversible
termination

P•s +P•r→Ds+Dr ktd 3.40 × 107 [22,23] 3.40 ×107 [22,23]

P•s +P•r→Ds+r ktc 9.78 × 107 [22,23] 9.78 × 107 [22,23]

Second reversible
addition

PsDTL•+PrDTL•→PsDTLDTLPr kes 2 ×102 [this work] 2 ×102 [this work]

PsDTLDTLPr→PsDTL•+PrDTL• k−es 4 ×10−4 [this work] 4 ×10−4 [this work]
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3.2. Diffusion-Controlled (DC) Effects

Free-volume theory was used to account for diffusion-controlled (DC) effects in
(conversion-dependent) kinetic rate constants. The expressions used for DC-effects are summarized
in Table 2 [14,18]. βi in the expressions of Table 2 are the free-volume “overlap” parameters for the
i-th reaction, with i accounting for termination, propagation, forward and reverse addition (first and
second), and reversible cross-termination; T and Tgi are the reaction temperature and glass transition
temperature of component i, respectively; αi is volumetric expansion coefficient for species i; Vi and
Vt denote the volumes of species i and total volumes, respectively; vf0 and vf denote fractional free
volume at initial conditions and at calculation time, respectively. The free-volume parameters are
summarized in Table 3. As mentioned earlier, the simulations were carried out using the PREDICI
software of CiT, version 11.3.0.
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Table 2. Mathematical expressions for diffusion-controlled (DC)-effects.

Reaction Mathematical Expression β Parameters for DC-Expressions
[Source]

Propagation kp = k0
pExp[−βp

(
1

V f
−

1
V f 0

)
] 0.01 [14]

First reversible addition
kadd = k0

addExp[−βadd

(
1

V f
−

1
V f 0

)
] 0.01 [14]

k−add =

k0
−addExp[−β−add

(
1

V f
−

1
V f 0

)
]

0.01 [14]

Reversible cross-termination
krt = k0

rtExp[−βrt

(
1

V f
−

1
V f 0

)
] 0.45 [this work]

k−rt = k0
−rtExp[−β−rt

(
1

V f
−

1
V f 0

)
] 0.45 [this work]

Irreversible Termination
ktc = k0

tcExp[−βtc

(
1

V f
−

1
V f 0

)
] 0.45 [14]

ktd = k0
tdExp[−βtd

(
1

V f
−

1
V f 0

)
] 0.45 [14]

Second reversible addition
kes = k0

esExp[−βes

(
1

V f
−

1
V f 0

)
] 0.55 [this work]

k−es = k0
−esExp[−β−es

(
1

V f
−

1
V f 0

)
] 0.55 [this work]

Fractional Free Volume V f =
N∑

i=1

[
0.025 + αi

(
T − Tgi

)]
Vi
Vt

Table 3. Other free-volume parameters.

Parameter Value Reference

αMMA (K−1), TgMMA (K) 0.001, 143 [24], [25]

αPMMA (K−1), TgPMMA (K) 0.0048, 392 [24], [25]

αDTL1 (K−1, TgDTL1 (K) 0.0001, 173.15 [14], [14]

αDTL2 (K−1), TgDTL2 (K) 0.0001, 173.15 This work, this work

3.3. Parameter Estimation Strategy

Literature values were used for kd, ki, kp, ktc and ktd (see Table 1). Given the wide variation range
on reported ktc and ktd values for MMA and the large effect of the ratio ktc/ktd on the evolution of Mn

versus conversion profiles, a careful evaluation (mimicking a sensitivity analysis) of the reported values
was carried out. The best results were obtained with the parameters reported in the Watpoly software
database [22]. Once these parameters were fixed, a more detailed parameter sensitivity analysis was
conducted with the remaining parameters, the ones related to the RDRP behavior of dithiolactones
(kadd, k-add, krt, k-rt, kes, and k-es). The parameters accounting for DC-effects were assumed to be similar to
the ones estimated for the polymerization of styrene using DTL1 [14] and the same for both controllers
(DTL1 and DTL2). They are summarized in Table 2 (last column).

The overall strategy used in our study is similar to the one used by Gomez-Reguera et al. [26].

4. Results and Discussion

4.1. Polymerization of MMA Using DTL1

The effect of DTL1 concentration on polymerization rate, expressed as conversion versus time,
number average molar mass (Mn), and molar mass dispersity (Ð), is shown in Figure 7. As expected, it
can be observed in Figure 7 that increasing DTL1 concentration resulted in a slower polymerization
rate, a lower molar mass, and a slightly lower Ð.
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Figure 7. Comparison of model predictions and experimental data of (a) monomer conversion
versus time, (b) number average molar mass versus conversion, and (c) Ð versus conversion.
[methyl methacrylate (MMA)]:[γ-phenyl-γ-butyrodithiolactone (DTL1)]:[2,2-azobisisobutyronitrile
(AIBN)]=300:2:1 for EXP 1 and 300:4:1 for EXP 2.

Overall, a fair agreement can be observed in Figure 7 between the calculated and experimental
profiles, with some deviations. The evolution of polymerization rate and molecular weight development
were captured well by the model in the case of 300:2:1, but significant deviations were observed for
both profiles in the case of 300:4:1. Several attempts to improve the agreement between calculated
and experimental profiles of Mn versus conversion for the case of 300:4:1 by fine-tuning some of the
kinetic rate constants or DC effect parameters were made. If the agreement was improved, the changes
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resulted in the worsening of the agreement for the conversion versus time profiles, as well as the
obtainment of a very poor performance for the case of 300:2:1. This is not uncommon in modelling
attempts when multi-response data points are used with the same set of parameters. Therefore, the
behavior of Mn after 20% monomer conversion observed in the case of 300:4:1 suggests either a high(er)
experimental error occurring in this case, or, more likely, the presence of side reactions not considered
in the polymerization scheme when the controller content was high. The deviations are also evident in
Figure 7 for the case of Ð versus conversion. Again, this points towards the direction of side reactions
affecting the data—reactions which are unaccounted for in the polymerization mechanism and, hence,
in the subsequent mathematical model. It is also possible that the parameters associated to DC effects
may have become conversion dependent [26]. A similar overall performance was observed in the case
of polymerization of styrene using DTL1 [13,14].

A comparison of calculated and experimental full molar mass distributions (MMDs) for the cases
using DTL1 is shown in Figure 8. The calculated MMDs of Figure 8 are narrower than the experimental
ones. This result agrees with the Ð versus conversion profiles of Figure 7, where calculated Ð values
are lower than the experimental ones. However, the time evolution of the MMDs and the effect
of controller on both Mn and the spread of the MMD were well captured by the model. As stated
earlier, the disagreement between calculated and experimental profiles of Ð versus conversion and
time evolution of the MMDs may be attributed to chain transfer side reactions [21]. Several possible
alternatives and changes in the polymerization scheme, including reversible fragmentation (full RAFT
case) and other side reactions, were indeed simulated in this study, but no significant improvement
was obtained.
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In our previous investigation on the polymerization of styrene using DTL1 or benzyl
dithiopropianate (BDP), overall radical concentrations were measured using electro-spin resonance
(ESR) spectroscopy. Overall radical concentrations in the order of 10−7–10−6 kmol m−3 were
obtained [13,15]. Though the model used included the calculation of concentrations of all the
species involved in the polymerization scheme, no comparison between calculated and experimental
profiles of overall radical concentration versus time was presented. Moad et al. [27] pointed out that
the reversible addition mechanism for the DTLMP of vinyl monomers proposed herein (see Figure 5)
seems unlikely since, for control, most of the propagating species would need to be present at the
dormant state (polymer product in the forward direction of the reversible addition reaction of Figure 5,
or species PsDTL• in Table 1). They added that ESR experiments (triangles in Figure 9) showed
that a high concentration of radicals was not present during polymerization, thus implying that the
mechanism would suggest that the final product should also have the PsDTL• structure. In order to
gain more insight regarding this issue, we carried out simulations of overall radical concentration
versus time for both styrene and MMA DTLMPs, using DTL1 for styrene and MMA, as well as DTL2
for MMA. The results using DTL1 are shown in Figures 9 and 10. (Results using DTL2 are shown in
Section 4.2).Processes 2019, 7, x FOR PEER REVIEW 9 of 15 
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Figure 9. Comparison of experimental [13,15] and calculated profiles of polymer radical concentration
versus time for the dithiolactone-mediated free-radical polymerizations (DTLMP) of styrene using
DTL1: overall polymer radical (blue solid line); polymer radicals excluding PsDTL• (red solid line);
experimental data (green triangles). Monomer:controller:initiator: 300:2:1.
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Figure 10. Calculated profiles of polymer radical concentration in the free radical polymerization of
MMA using DTL1: overall polymer radicals (black solid line) and polymer radicals excluding dormant
polymer PsDTL• (red solid line).
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It can be observed in Figure 9 that the predicted overall concentration of polymer radicals (blue
solid line, which includes “dormant” polymer PsDTL•) exceeded by almost four orders of magnitude
the experimental profile. It can also be observed in that figure that the calculated concentration of
polymer radicals excluding PsDTL• was one order of magnitude lower than the experimental profile of
the overall polymer radical concentration. This result indicates that the level of control experimentally
obtained would require a much higher content of dormant polymer PsDTL•, as pointed out by Moad
et al. [27]; this suggests that our proposed polymerization scheme may be incomplete, pointing again
towards other side reactions in the mechanism, as postulated above during the discussion of the
experimental results of Figures 7 and 8.

As mentioned earlier, no measurements of polymer radical concentration versus time were obtained
for the case of the DTLM polymerization of MMA. However, calculated profiles were generated, and
the ranges are like those of Figure 9. Figure 10 shows calculated profiles of overall polymer radical
concentration (black solid line) and polymer radicals excluding the “dormant” population (PsDTL•,
red solid line). It can again be observed that most of the polymer radical population is made out of
dormant polymer PsDTL•, which allows the polymerization to be controlled.

4.2. Polymerization of MMA Using DTL2

The effect of controller concentration on the polymerization rate and molar mass development for
the polymerization of MMA using DTL2 was also addressed. It can be observed in Figure 11 (upper
plot) that the agreement between the calculated and experimental profiles of conversion versus time is
very good for the case of 300:2:1, but large deviations were observed for the case of 300:4:1. It is worth
noting that the experimental profile corresponding to a higher RAFT content (grey triangles) resulted
in higher conversions than the case of 300:2:1, which was contrary to the expected performance. The
calculated profiles, however, showed the correct trend with polymerization rate decreasing as RAFT
content increased. This result suggests that our experimental profile of conversion versus time for
the case of 300:4:1 may have been in error. The agreement between the experimental and calculated
profiles of Mn versus conversion, on the other hand, is very good for both RAFT concentration levels
(see middle plot of Figure 11). It is interesting to notice that the predicted profile of Ð versus conversion
for the case of 300:4:1 also agrees very well with the experimental one, as observed in the bottom plot
of Figure 11. The agreement between the calculated and experimental profiles of Ð versus conversion
for the case of 300:2:1, on the other hand, is again poor, as with DTL1.

The polymerization of MMA using AIBN and DTL1 or DTL2 controllers showed hybrid behavior
between RDRP and conventional chain transfer radical polymerization. This hybrid behavior has
also been observed in the RAFT polymerization of MMA using cumyl phenyldithioacetate [20]. This
hybrid behavior strongly depends on temperature; at temperatures below 45 ◦C, the conventional
character dominates, whereas controlled behavior dominates at higher temperatures [20].

The comparison of calculated and experimental MMDs shown in Figure 12 confirms the information
provided by the middle and bottom plots of Figure 11. It can be observed that the calculated MMDs
for the case of 300:2:1 were narrower than the experimental ones. In the case of system 300:4:1, the
agreement between the calculated and experimental MMDs is very good, except for the experimental
MMD at very low conversions, which was much broader, verifying a dominant conventional chain
transfer behavior in that case, as alluded to above.
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[MMA]:[dihydro-2(3)-thiophenethione (DTL2)]:[AIBN] = 300:2:1 for EXP 1 and 300:4:1 for EXP 2.

Finally, the calculated profiles of overall polymer radical concentration and concentration of
dormant polymer (PsDTL•) versus time for the case of DTLM polymerization of MMA using DTL2
are shown in Figure 13. As in the case using DTL1 earlier, it can be observed that large amounts of
dormant polymer were required to obtain adequate control.
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MMA using DTL2: overall polymer radicals (black solid line) and polymer radicals excluding dormant
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4.3. Some Thoughts on Future Research Steps

Masoumi et al. [6] used a sequential Bayesian Monte Carlo model discrimination (SBMCMD)
method to discriminate between two rival RAFT models, the so-called slow-fragmentation (SF)
method [28] and one type of IRT model [29]). They found that if one of the two competing models
represents the ‘real’ mechanism behind the RAFT process, the SBMCMD framework can identify
the correct model by analyzing the data from the most informative experiments designed by the
model discrimination steps. However, for the system studied in that paper, if the ‘real’ model was
not known beforehand, the method was not able to discriminate between the SF and IRT models,
based on polymerization rate and molar mass development data (conversion versus time and molar
mass averages versus conversion experimental profiles). The bottom-line conclusion is that additional
independent experimental information (e.g., concentrations of intermediate products) is needed to get
more conclusive results.

As stated in Section 4.1, we carried out additional simulations under different mechanistic
variations, including trials using the full RAFT model (the inclusion of fragmentation), but no
significantly better results were obtained. More comprehensive results in that direction will be
presented by our group in future contributions.

5. Conclusions

The free radical polymerization of MMA in the presence of AIBN and DTL1 or DTL2 at 333.15 K was
studied experimentally and modeled using a polymerization scheme where only reversible addition was
considered (fragmentation neglected). The agreement between the experimental and modeling profiles
of conversion versus time, average molar mass and full MMDs can range from fair to very-good. Our
results complement our previous study on the polymerization of styrene using AIBN and DTL1.

Though the polymerization scheme based on reversible addition only seems to be adequate to
describe the overall performance of dithiolactone-mediated free radical polymerizations, described
typically by polymerization rate and average molar mass development, the fact that the global
description of the system, considering a wide range of experimental conditions and independent
responses was difficult to obtain by using a single set of model parameters, suggests that the proposed
polymerization scheme may be incomplete.

Our modeling results suggest that high concentrations of a dormant polymer (PsDTL•) are
required to provide adequate control of the polymerization. This result further suggests that the
polymerization scheme may be incomplete. This is an issue that requires further experimental and
mechanistic considerations in the area of DTLMP.
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