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HIGHLIGHTS
¢ A simplified kinetic modeling was developed.
e The polymerization kinetics of limonene follows a non-ideal mechanism.
¢ Modeling can be easily implemented in Excel.

e The reagents ratio effect on the polymerization kinetics was evaluated.

Abstract: Despite its potential in the production of polymers from renewable sources, D-limonene faces
difficulties in its polymerization, resulting in low monomer conversion and molar mass. In order to investigate
the non-ideality inherent kinetics, this work explores different modeling strategies for D-limonene radical
polymerization, using benzoyl peroxide as initiator. The starting model considered the classical approach for
conventional radical polymerization. This model was then corrected by including reaction orders different
from the unit. After an analysis and choice of the best model, computer simulations were compared with
experimental results from literature, validating the chosen approach. It was found that the process is
drastically influenced by chain transfer reactions, presenting a non-ideal behavior. Finally, an analysis of
distinct reaction conditions provided information on monomer conversion, molar mass and polymer dispersity,
which could guide future research in the synthesis optimization. Higher molar mass poly(limonene) were
obtained by simultaneously reducing the monomer and initiator concentrations.

Keywords: poly (limonene); limonene; benzoyl peroxide; reaction mechanism.

INTRODUCTION

The major problem in the development of polymeric products worldwide is the potential for renewal of
their sources and their environmental impact, since fossil fuels are their main raw materials. In view of this
challenge, renewable and non-toxic plastics are emerging as potential substitutes for current ones, with huge
interest in their development [1] Some main raw material for the “green” synthesis are wood, essential oils
and starch sources. One renewable organic compounds family that have potential for polymerization are
terpenes, the main constituent of citrus plant essential oils. This potential occurs since these compounds
have one or more isoprene units in their structure, enabling polymerization by addition [2].
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D-limonene (Figure 1) is one of the terpene family. The world production capacity of this substance
makes it a potential alternative to fossil sources in polymer synthesis, since it is extracted from orange peel,
a byproduct of the juice production process. There are studies in the literature related to the synthesis of
poly(limonene), but all of them face the same obstacle: the difficulty of obtaining acceptable monomer
conversion and a polymer with adequate molar mass.

Figure 1. Limonene molecular structure.

Limonene was polymerized in solution using Lewis acids and Ziegler-Natta catalysts [3], obtaining molar
mass products less than 1000 g mol™. Free-radical polymerization of limonene was performed using benzoyl
peroxide as initiator in various proportions, achieving maximum conversion of 12 % [4]. In copolymerization
reactions (with styrene, methyl methacrylate and n-butyl acrylate), the polymerization rates were greatly
reduced due to the presence of limonene, and the molar masses decreased with increasing limonene ratio
[5]. In other research, limonene was copolymerized with 2-ethylhexyl acrylate limonene using BPO as initiator
[6], and the acrylate monomers insertion rate was more than 200 times higher than the limonene rate.

Although the limonene molecule has two unsaturation, only one of them is viable for polymerization. The
endocyclic double bond reactivity is much lower than that of the vinyl group present outside the ring. This is
due to the ring tension energy and higher steric impediments present in that bond [5]. Even in the exocyclic
vinyl bond, it is possible to observe that there is steric impediment because the substituent is an alkyl group.
This steric hindrance can influence the polymerization by reducing the propagation reaction rate, since the
volume around the saturation hinders the transition state formation, reducing its reactivity [7].

Another crucial issue in limonene polymerization is the chain transfer reaction, which it is susceptible
due to the CH allyl bond present in the vinyl group [6]. When a living polymer with a terminal limonene
monomer encounters a limonene monomer or a dead polymer, the living polymer can react with one of these
species, making the propagation center to be transferred. Due to more stable electronic resonance structures,
the new limonene radical loses its ability to continue propagating and ceases the process. Evidence of chain
transfer reaction existence is the molar mass behavior as a function of monomer conversion. It is expected
that with increasing limonene conversion, the polymer molar mass will decrease [5] as new limonene
monomers will be activated but will not propagate, reducing the average molar mass.

Although the possible problem cause has been pointed out [5-7], to the best of our knowledge, there are
not researches dealing with the production of poly(limonene) on a large scale, not even studies that
demonstrated significant improvement of process variables. Much recent research has directed efforts to
copolymerize D-limonene with other commercial monomers. However, it appears that a small amount of the
material is eventually incorporated into the resulting copolymer. In this context, this work proposes to analyze
reaction conditions (different ratios of monomer and initiator) by means of computer simulations, in order to
evaluate the possibility of obtaining a polymer with higher monomer conversion and average molar mass.

The aim of this paper is to present a detailed kinetic model, with all kinetic rate constants fitted for
limonene free-radical polymerization using benzoyl peroxide (BPO) as initiator. Different modeling scenarios
were considered, starting from an ideal classical kinetic approach, and then including a proposal to correct
the traditional model for better reproduce the process. Computer simulations for different reaction conditions
were performed in order to provide to readers directions to the best experimental process conditions, either
in its (homo) polymerization or copolymerization.

MATERIAL AND METHODS

Reaction mechanism

The kinetic modeling considered the classic steps of a conventional free-radical polymerization: initiation,
propagation, termination by disproportionation and combination, as well as chain transfers to monomer and
polymer. Each of these steps is outlined below, where “I” represents the initiator, Ri* the radical with "i" units
in its chain, “M” represents the monomer and P, is the polymer with "n" monomer units in its chain.
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e Initiation (kq):
I - 2R,

e Propagation (kp):
Ry +M —> R,
R, +M >R,
R, + M — Ry

Ry,_1+ M - R,
e Termination by combination (Kic):
R, +Ry = Poam
¢ Termination by disproportionation (Kiq):
R, + Ry = P, + P,
e Chain transfer to monomer (Kim):
R, +M - P, + R,
e Chain transfer to polymer (Kip):
R, + P, = P+ Ry,

Kinetic modeling

Firstly, it was intended to model a purely phenomenological free-radical polymerization using the
traditional elementary reactions expressed by the mechanism described previously. However, to the
detriment of intense and not perfectly known chain transfer reactions, a semi-empirical system was also
explored, which considers the propagation reactions involving the monomer and chain transfers to be non-
elementary, because the previous set of elementary reactions that could be involved in this process is not
known.

The idea of using non-elementary reactions was to achieve a repeatable and at the same time simple
model of mathematical implementation. Equations 1-8 represent the molar balances developed for the
reaction mechanism proposed in this work, together with the method of moments [7-9] to predict the molar
masses. Y; are the moments for the radical chains, Qo are the moments for the dead chains (i = 0, 1 and 2,
for orders 0, 1 and 2, respectively).

dln
- —kqll] (1)
% - _(k'p[M]n + kfm[M]m)Yo @
dy,
d — = 2f kall] = ke¥¢ )
Y,
— = kM1 + ki [MI™ (Yo = Y1) = e Yo¥s + g (Y002 = Y1Q1) )
dy.
d_t2 =k, [M]™(2Y; + Y10) + kpp [MI™ (Yy — V) — ki YoYs (5)
+ kep (YoQ3 — Y201)
d kic
% = ke [M]™Y, + (7t + ktd) Yy? )
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aqQ
d_tl = ke [MI™Y) + keYoYy — kpp (YoQ2 — Y101) (7)
aqQ

Equations 1-8 were solved using the 4th order Runge-Kutta method, which the number-average molar
mass (M,,), weight-average molar mass (M,,) and dispersity (D) were calculated using Equations 9-11. The
monomer conversion (X) was determined by Equation 12.

, 0, +Y;
M, = MM — 9
" Qo+ Y ©)
M —MM2+Y2
v 1+Y (10)
M
P=—"= (11)
M,
X =
(12)

The Kkinetic parameters were obtained by adjusting the proposed model to the experimental data from
literature [4]. The experimental results considered the polymerization of D-limonene in xylene solution, using
benzoyl peroxide (BPO) as initiator under an inert nitrogen atmosphere at 85 °C. The model's kinetic
parameters were determined by minimizing least square between the experimental and predicted data using
the EXCEL® Solver. Table 1 provides the parameters estimated in this work and used in all simulations.

Table 1. The best kinetic parameters determined and used in all simulations.

Reaction step Constant Value unit
Initiation Kd 1.0x10° st
Propagation Kp 146.10 L molt st
Termination by combination Kic 1.0x108 L molt st
Termination by disproportionation Kid 1.0x108 L mol? st
Chain transfer to monomer Kfm 1.612 L molt st
Chain transfer to polymer kip 0.000 L molt st
Reaction order related to monomer chain transfer m 4.036 -
Reaction order related to propagation n 1.000 -
Initiation efficiency f 0.600 -

RESULTS AND DISCUSSION

Parameter estimation

In this work, modeling scenarios were designed to determine the best parameters and also understand
the kinetic behavior. The central idea was to evaluate the non-ideal polymerization nature, identifying
directions for the reaction mechanism adaptation. The following models were evaluated:

e Model 1 (M1): Polymerization with chain transfer to monomer (elementary reaction) and monomer
propagation as elementary reaction. Estimated parameters: ki and k, (n = m = 1). Classical free-
radical polymerization.

¢ Model 2 (M2): Chain transfer to monomer (non-elemental) with non-elemental monomer propagation.
Estimated parameters: n, m, kim and kp.

e Model 3 (M3): Chain transfer to monomer (elemental) with non-elemental monomer propagation.
Estimated parameters: n, kimand kp, (m = 1).

e Model 4 (M4): Chain transfer polymerization to monomer (non-elemental) with elemental monomer
propagation. Estimated parameters: m, kim and kp (n = 1).

From the minimization of least square residuals between experimental results and predicted by the

model, the parameters of each model were obtained (Table 2).
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Table 2. Least squares calculated between predicted and experimental values; and estimated kinetic parameters for
each of the proposed models.

Model Leastsquare kp(L molts?)  kim(L molts?) n m
M1 50.88 165.9 4.021 1.000 1.000
M2 32.80 0.006099 141.0 7.897 1.179
M3 33.86 1.783 145.5 3.960 1.000
M4 33.86 146.1 1.612 1.000 4.033

From Table 2, it is verified that M1 (classical model) is not a good representation for the experimental
data, since the residual sum obtained by this model is considerably larger than the one obtained by the
others. In addition, the monomer conversion for this model is independent of the initial monomer
concentration and it is not possible to accurately assess the effect of the initial monomer concentration on
the conversion.

When investigating the second model, it is initially suggested that it is the model that best represents the
process, because its residual sum is the smallest. It is noted that the chain transfer to monomer kinetic rate
constant is 5 orders of magnitude larger than the propagation rate constant, which is inconsistent, since
usually the propagation constants are larger than the chain transfer constants. Even in limonene
polymerization, where chain transfer is so crucial, such a large discrepancy is not expected. Another

[T 1]

parameter that draws attention is the high value obtained for the reaction order “n”. It is well known that these
exponents are usually ranging between -3 and 3 [17]. Thus, the value close to 7 obtained for “n” in this model
is far above what is seen in practice, showing that this model is just a mathematical fit without physical
significance.

The values obtained for the non-elemental reaction exponent of M3 and M4 models, one can see that
they are close to each other and both are relatively high, not yet as high as the largest exponent of M2,
showing that in fact the model to be chosen is not entirely deterministic. Finally, it turns out that ki, is only
smaller than k, for M4. Since the propagation rate constant is usually larger than the chain transfer kinetic
rate constant, M4 is more adequate than M3. M4 was considered the most suitable model to simulate the D-
limonene free-radical polymerization, in which were considered that chain transfer to monomer a is non-
elemental reaction, and monomer propagation is elementary. The research in literature [5], considered the
solution limonene polymerization, and the kp obtained was 0.325 L mol* s™. In this present work, bulk radical
polymerization was considered, which could explain the higher k;, value obtained in M4. Several studies point
to the strong feature of chain termination in this polymerization, with hypotheses for chain transfer to the
monomer, with immediate termination of polymeric growth. However, it is not perfectly understood and
described whether, in fact, only this type of reaction is influencing the process.

In this context, the model proposed in this paper considers this reaction step with an empirical
adjustment, in order to guarantee a better experimental data reproducibility. It was considered only one more
reaction in the process, and possibly there could be numerous other chain transfer reactions influencing
together. Thus, the model proposed in this paper stands out for presenting a good general process
reproducibility when the initial monomer and initiator concentrations are varied and, at the same time, of
numerical simplicity, allowing faster and easier simulation responses. Figure 2 presents a comparison
between the simulation results using the M4 model (best fit) with the experimental data obtained from the
literature [4]. In this figure, the effect of initial monomer and initiator concentrations on monomer conversion
was evaluated.

Figure 2 (a) illustrates that the proposed model provides a good reproduction of the experimental points
for intermediate initiator concentrations (13.7 and 20.6 mmol L™?). In radical polymerization it is common to
observe a period of inactivity — or low activity — between the moment the reagents are introduced and the
moment when the polymerization actually starts. This time is known as the induction period and may be a
possible reason for the low conversions obtained for that set of initial conditions [10]. The induction period
can be controlled by parameters such as initiator concentration, presence of impurities and catalyst
concentration [11]. The induction effect temporarily slows the polymer propagation rate and consequently the
monomer conversion, which is not predicted by the proposed models, thus causing this difference between
the theoretical and the calculated one.
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Figure 2. Monomer conversion profile using the M4 model for: (a) various initial initiator concentrations, keeping the
initial monomer concentration fixed; (b) various initial monomer concentrations, keeping the initiator concentration fixed.
Experimental data from literature [4].

Figure 2 (b) shows that the monomer conversion is dependent on its initial concentration. This result
indicates that other terms with greater contribution to the rate monomer concentration change should be
included in the traditional model, configuring strong non-ideality of D-limonene free-radical polymerization.
By including a reaction order (m) in the chain transfer to monomer reaction (M4), the objective was to
overcome the impossibility of adjustment caused by the ideal models, which consider all reaction steps as
elementary. This strategy proved satisfactory since the experimental monomer conversion results are well
represented.

Effect of initial monomer and initiator concentrations

Figure 3 provides the effect of reagent concentrations on the monomer conversion and in molar mass
and dispersity values. Analyzing the dispersity profile, it can be seen that it varies, but the range of variation
in all curves is between 1.9 and 2.0. This value is quite consistent with the expected, since in the free-radical
polymerization the dispersity values are around 1.5 and 2.0 at low monomer conversions [13].

By analyzing both number-average and weight-average molar mass profiles, it is possible to detect that
for a fixed initiator concentration there is a monomer concentration at which the polymer molar mass is
maximum. Interestingly, these values are at lower initial monomer concentrations. This result suggests that
higher monomer concentrations may negatively influence the evolution of molar mass. In fact, the increase
in monomer concentration favors an increase in chain transfer reaction rate, which tends to reduce the molar
mass of the final polymer. It is important to highlight that the molar mass results presented here are just a
guide that could be able to maximize these values. However, in practice, it is unlikely that the molar mass
values of the poly(limonene) could exceed 2000 g mol.
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Figure 3. Dispersity profile (green), number-average molar mass (blue) and weight-average molar mass (red) for various
monomer concentrations, varying the initiator concentration by 1 (a), 5 (b), 15 (c) and (d) 30 mmol L.

Even reaching a maximum molar mass value at an intermediate point, it is difficult to reach high values,
characterizing the polymers obtained as oligomers. The concentration of monomer to reach this maximum
depends on the amount of initiator, however, for the experimental results used, it varies between 0.7 to 1.2
mol L1. Another interesting effect is the strong influence of initiator concentration on molar mass. This effect
can be better seen in Figure 4.

10000
V| =

8000 >

6000

4000

2000

g > 2 °
1
(1] (mol/L) &
mol/ 0.6
0.4 [M] (mol/L)
@ 8000-10000 H6000-8000 2 4000-6000 2 2000-4000 @ 0-2000

Figure 4. Number-average molar mass profile of the polymer obtained during 4 hours polymerization, as a function of
the initial monomer and initiator concentrations.

Figure 4 shows that the initial concentration of initiator has a strong impact on the final average molar
mass: the smaller this amount the greater the molar mass. A classic work in the literature, for example,
verified the effect of BPO concentration (same proposed for limonene polymerization in this present research)
on the polystyrene molar mass and found similar results [14]. This inverse relationship was expected, based
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on the theory that one initiator molecule generates one polymer molecule. Thus, the higher the initiator
concentration, the higher the rate of free-radical formation, which contributes to greater monomer conversion.
However, this larger number of free radicals interferes with polymer propagation, making it difficult to have
high molar mass. It is also possible to see in Figure 4 the maximum molar mass points by varying the
monomer concentration to a fixed initiator concentration.

Table 3. Monomer conversion (%) obtained as a function of initial concentrations of initiator ([IJo) and monomer ([M]o)
after 4 hours of polymerization.

[lo = 0.001 M [lJo = 0.005 M [lo=0.015 M [lo = 0.03 M
Mlo=0.4 M 1.5611 3.4570 5.9116 8.2565
[Mlo=0.6 M 1.5636 3.4623 5.9203 8.2681
[Mlo=0.8 M 1.5685 3.4728 5.9373 8.2907
Mo=1.0 M 1.5767 3.4903 5.9657 8.3284
Mo=1.2 M 1.5890 3.5165 6.0081 8.3848
Mlo=1.6 M 1.6293 3.6021 6.1469 8.5687

The simulation results presented in Table 3 demonstrate that monomer conversion increases by
increasing monomer and initiator concentration. However, monomer conversion is more sensitive to variation
in initiator concentration. Thus, an antagonistic behavior is perceived: to synthesize a polymer with high molar
mass, a low concentration of initiator and an ideal concentration of monomer must be used; In order to have
a high conversion polymer, both concentrations must be maximized. This result is different from that reported
for atom-transfer radical polymerization and its variations [15,16], as well as other radical polymerizations
[18].

Thus, in order to choose the optimal operating conditions, one must determine what is expected to be
obtained with the highest priority. If a high molar mass is a priority, an initiator concentration of 1 mmol L*
and monomer 0.8 mol L can be chosen. Theoretically, one way to further increase molar mass and even
conversion is to increase reaction time. Despite these indications, some questions still persist. For example,
could long polymerization times continuously increase molar mass and monomer conversion in practice?
Theoretically, the model fitted to the available dataset suggests yes. However, experimental molar mass data
at higher monomer conversions should be adjusted to enable a safer analysis of process behavior at higher
conversions. In this context, the modeling of this work will be considered valid to simulate D-limonene
polymerization data only at low conversions.

CONCLUSION

The monomer conversion in D-limonene polymerization is strongly dependent on its initial concentration,
showing a monomer consumption rate with order different form unity. This result indicated that other terms
with greater contribution in the rate of monomer concentration consumption were necessary to improve the
classical model, configuring strong non-ideality of D-limonene free-radical polymerization. Thus, it was
concluded that the model which considered chain transfer to monomer (non-elemental), with elemental
monomer propagation to be the most suitable. The proposed stands out for presenting a good general
process reproducibility when the initial monomer and initiator concentrations are varied and, at the same
time, of numerical simplicity, allowing faster and easier simulation responses.

In general, for experiments and simulations, monomer conversion increased by increasing monomer and
initiator concentration. However, monomer conversion is more sensitive to variation of initiator concentration.
Thus, an antagonistic behavior was verified: to synthesize a polymer with high molar mass, it is necessary to
use low concentration of initiator and an ideal concentration of monomer; In order to have a high conversion
polymer, both concentrations must be maximized. Thus, in order to choose the optimal operating conditions,
one must determine what is expected to be obtained with the highest priority.
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