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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

Freeradical 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



Processes 2020, 8, 1291 4 0f 19

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 155 fr

Chain initiation r+M ﬁ> P’i
Propagation P, +M ﬁ P
Termination by combination Py, + P, kg P

k
Termination by disproportionation P}, + P%, =5 Pi + P},

Case 2: Free Radical Polymerization of Styrene

15 o1
4k,
I'+M=P;
k ermal
3M M + M,

Chemical Initiation

Thermal Initiation
X a*,

M1 +M - P2
4k,

M +M = Py
k

Py+M=SP

P 4P, s pr

n+m

Propagation

Termination by combination

Termination by disproportionation
Chain transfer to monomer

Chain transfer to solvent

ki
Py, + Py, =5 Py + Py,
P+ M P, 4P

Py+S 5P, 4P

Case 3: Free Radical Polymerization of Methyl Methacrylate

Chemical Initiation

Propagation
Termination by disproportionation
Chain transfer to monomer

Chain transfer to solvent

15251

k,
1*+M_’>P;
% kﬁ %
P”—I-M—I:P”+1
P+ P, S P+ P,
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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
ks s 1073 This work
k; (L.mol~1.s71) 104 This work
e (L.mol1.s71) 104 This work
ki (L.mol~1.s71) 108 This work
ki (L.mol~1.s71) 108 This work
Case 2: Free Radical Polymerization of Styrene

f 0.50 [38,39]

kg (s7) 6.78 x 1015 exp(-17,714.0 / T) [38,39]
Kinermai (L2.mol=2.s71) 2.19 x 10° exp(—13,800.0 / T) [40]

K, (L.mol™t.s71) 4.266 x 107 exp(=3910.0/ T) [41]

ko (L.mol~1.s71) 3.82 x 10° exp(—958.0 / T) [42]

Kip (Lmol™1.s71) 2.31 x 10° exp(—6377.0 / T) [40]

Kiyg (Lmol~1s71) 1.8 [43]

K¢ (L.mol™1.s71) ki 0exp( 044w, — 6.36w2 - 0.1704w3)  [10]

ki (L.mol~1.s71) 0.01k; [44]

kig (L.mol~1.s71) 0.99k; [44]

Note: wy, is the polymer weight fraction.

Case 3: Free Radical Polymerization of Methyl Methacrylate

f 0.50 [45]
ky s~ 1.2525 x 10 exp(~14,770.0 / T) [43]
K, (L.mol 1.s71) 4.92 x 10° exp(-2191.0/T) [45]
ks (L.mol~1.s71) 7.177 x 10° exp(—9036.0 / T) [43]
kys (L.mol~1.s71) 4.673 x 108 exp(=7902.0 / T) [43]
kiy (L.mol~1s71) 9.8 x 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):

X;j = CiNAV (1)

where X; is the number of species i and C; represents the concentration of species i; NA and V stand for

Avogadro’s number and reaction volume, respectively. In addition, the experimental rate constants

(k) must be converted to Monte Carlo rate constants (k) according to Equations (2)—(5):
Unimolecular reaction:

KME = kb ©)
Bimolecular reaction between different species:

kexp

C _
K T NAV

®)



Processes 2020, 8, 1291 6 of 19

Bimolecular reaction between identical species:

2 % ke
“= NA-V )

Termolecular reaction between identical species:

6 X k*P
C
— 5
NAZ2./2 ®)
For example, the equation for rate of polymerization, Ry, is:

Ry = k). Xg-X (6)

where k;gVIC stands for the Monte Carlo propagation rate constant and Xr and Xj represent the number

of (polymerizing) free radicals and monomer molecules, respectively. The probability of each reaction,

P;, is defined by Equation (7):

_ R K
Riotal Z?:l R j

where R; is the rate of reaction i, Ry, 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:

P;

@)

p-1 U
ZP{<V1SZPZ' (8)
i=1 i=1

where 1 is the number of the selected reaction channel and r; denotes a random number in the (0,1]
interval. An additional random number (r7) should also be generated to determine the time interval
(7) between two consecutive and sequential reactions (see Equation (9)):

T= ﬁm(%) )

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 x 10713 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] (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)
AQOS-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 (A;), 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 (A;) should be increased
in comparison with NOS-2 (B;), NOS-3 (C;), and NOS-4 (D;). Increasing the number of shots,
which approaches asymptotically the case of continuous feeding, results in a smaller slope in
conversion-monomer curves (NOS-4 (D,)) in spite of decreasing the amount of initiator in each
shot (NOS-1 (Aj)). 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 (Dy). 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 1. Semi-batch general free radical polymerization (Case 1) using different number of shots (NOS) feeding policies with initial values [M],= 8.00 mol L™! and
[Ilo = 0.08 mol LL. First row: initiator feeding policy for NOS-1 (A1), NOS-2 (By), NOS-3 (C;), and NOS-4 (D;). Second row: total monomer and initiator conversion
for NOS-1 (A;), NOS-2 (B;), NOS-3 (C;), and NOS-4 (D;). Third row: number- and weight-average molecular weight and dispersity versus conversion for NOS-1 (A3),
NOS-2 (B3), NOS-3 (C3), and NOS-4 (D3). Fourth row: final molecular weight distribution for NOS-1 (A4), NOS-2 (B4), NOS-3 (Cy4), and NOS-4 (D) (solid line),

the latter three also presenting the A, result (dashed line) for comparison.
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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(E;), 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 (Aj3) 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 (Ay) is obtained. A similar result is obtained in AOS-3 (G1): a higher molecular weight
and a much broader MWD (AOS-3 (Gy)) result compared with the reference plot (NOS-1 (Ay)).
The rate of monomer consumption (graphs AOS-2 (Fy) and AOS-4 (Hy)) is increased (a steeper slope in
conversion-time curves is seen) in comparison with AOS-1 (E;) and AOS-3 (G;) due to a higher fraction
of initiator being injected at the beginning of the polymerization. By comparing AOS-3 (G;) with
AOS-1 (Eyp), 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 logjoDP = 3.5 (see AOS-3 (Gy)). By evaluating the graphs of AOS-2 (F4) and AOS-4 (Hy),
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,
AQOS-2 (F,) and AOS-4 (Hy) lead to higher conversions at shorter polymerization times; these policies
act similarly to the reference case (graph (NOS-1 (Ay)), 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 (I;) 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 (F;) and
AOS-4 (Hj): there is a fairly narrow chain length distribution combined with higher polymerization rate.
In TOS-2 (J4), 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 (L) situations.
In addition, the polymerization time needed to achieve a specific conversion is not much longer than
that of the reference graph (NOS-1 (Aj)). 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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Figure 2. Semi-batch general free radical polymerization (Case 1) using different amount of shots (AOS) feeding policies with initial values [M],= 8.00 mol L™! and
[Io= 0.08 mol L-1. First row: initiator feeding policy for AOS-1 (E1), AOS-2 (F;), AOS-3 (G;),and AOS-4 (H;). Second row: total monomer and initiator consumption
versus conversion for AOS-1 (E;), AOS-2 (F,), AOS-3 (G,), and AOS-4 (Hy). Third row: number- and weight-average molecular weight and dispersity versus
conversion for AOS-1 (E3), AOS-2 (F3), AOS-3 (G3), and AOS-4 (Hj3). Fourth row: final molecular weight distribution for AOS-1 (E4), AOS-2 (Fy), AOS-3 (Gy),

and AOS-4 (Hy) (solid line), where the NOS-1 (Ay4) result (dashed line from Figure 1) is also presented for comparison.
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Figure 3. Semi-batch general free radical polymerization (Case 1) using different (TOS) feeding policies with initial values [M],=8.00 mol L™ and [I], = 0.08 mol L™1.
First row: initiator feeding policy for TOS-1 (I;), TOS-2 (J1), TOS-3 (K1), and TOS-4 (L;). Second row: total monomer and initiator consumption versus conversion for
TOS-1 (1), TOS-2 (Jp), TOS-3 (K3), and TOS-4 (L;). Third row: number-average and weight-average molecular weight and dispersity versus conversion for TOS-1 (I3),
TOS-2 (J3), TOS-3 (K3), and TOS-4 (L3). Fourth row: molecular weight distribution for TOS-1 (1), TOS-2 (J4), TOS-3 (K4), and TOS-4 (L4) (solid line), where the NOS-1
(Ay) result (dashed line from Figure 1) is also presented for comparison.
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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, D). 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) I\_/Iw (g/mol) b Unreacted Initiator (%)
Number of Shots
NOS-1 42 22,000 2.1 35
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 74
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],= 6.06 mol L™, [S], = 2.54 mol L™}, [I], = 0.075 mol L™}, 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) Z\_/Iw (g/mol) b Unreacted Initiator (%)
Number of Shots
NOSs-1 1700 19,000 4.2 7.4
NOS-2 1650 24,500 53 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 72 13.1

TOS-4 1630 25,500 55 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],= 1.0 mol L™, [S], = 3.40 mol L™}, [I], = 0.02288 mol L,
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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