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The industries that have polymers as an important raw material in their production, such as the 
construction, automotive, electrical and electronic sectors, always seek innovations to cut costs, reduce 
weight, easiness of processing, maximizing mechanical properties, and recyclability. In this context, 
this work presents the study of the kinetic parameters and viscoelastic behavior of a new thermoplastic 
system initially liquid. Through differential scanning calorimetry (DSC) analysis, Brookfield 
viscosimetry; dynamic-mechanical analysis (DMA) and mathematical modeling with consolidated 
and standardized methods, it was possible to evaluate the polymerization kinetics and viscoelastic 
behavior of the material in solutions with different concentrations. The generated equations allow the 
prediction of the kinetic and gelation behavior of the material reducing the need for laboratory tests 
to determine polymer properties. The found results showed that concentrations of benzoyl peroxide 
initiator with 1wt% in the methyl methacrylate (MMA) copolymer solution have the best viscoelastic 
and dynamic-mechanical properties with a less expensive polymerization cycle.

Keywords: polymeric matrix, thermoplastics, poly(methyl methacrylate), polymerization, kinetic 
parameters, viscoelastic behavior.

1. Introduction
According to Plastics Europe1, the biggest demands 

for plastic materials are packaging (39.7%), construction 
sector (19.8%), automotive industry (10.1%), electrical 
and electronics sector (6.2%), leisure and sports (4.1%), 
agriculture (3.4%) and the remaining 16.7% distributed among 
medical equipment, technical parts used for engineering 
and construction of machines, in addition to furniture and 
accessories1-7.

Given the many applications of polymeric materials, 
it is relevant to note that several properties of a polymer 
depend on the size of its molecule, in other words, on its 
molar mass (molecular weight). The same polymer can have 
chains with different sizes, containing a wide range of values 
for its molar mass. Thus, it is to be expected possibilities for 
the development of specific properties, meeting the specific 
needs of each one of its numerous applications8,9.

For example, poly(methyl methacrylate) (PMMA), 
popularly known as acrylic, is a thermoplastic polymer 
that can be found in liquid form and used with infusion and 
molding techniques to obtain electro-optical copolymers with 
side organic chains, which alters its electrical and optical 
characteristics, allowing its application in liquid crystals10.

Because of the versatility of this category of polymers, 
the company Arkema launched its first line of a liquid 
thermoplastic based on MMA monomers, Elium®, which 

is applicable for molding into engineering parts using the 
same processes used for thermoset resins with the advantage 
of Elium® be recyclable. According to the manufacturer, 
this MMA-based polymer has come to cut production 
costs, reduce weight on engineering parts and can be used 
in polymeric welding or gluing processes applied on an 
industrial scale11. The thermoplastic liquid resin used in this 
work presents itself as the state of the art for a new generation 
of materials. It has low viscosity and employability in the 
manufacture of engineering parts of complex shapes or not, 
in the automotive, aeronautics, sporting goods, mechanical 
components, home and construction, electronics and other 
sectors. The Elium® family of products comes with the 
main objective of replacing non-recyclable thermoset resins, 
such as epoxy resins, however, maintaining the necessary 
mechanical properties12.

Among the different polymerization mechanisms, chain 
polymerization has high reactivity, with active centers leading 
to successive additions of a large number of monomers in a 
chain reaction ensuring the growth and propagation of the 
macromolecule. After initiation through the active center, 
the chain continues to grow in the propagation stage, until 
the end of the process is achieved, a stage in which there is a 
reaction that leads to the disappearance of the active center at 
the edge of the polymeric chain by disproportion13. Polymers 
such as PMMA, based on monomers obtained from acrylic 
and methacrylic acid, pass-through this polymerization *e-mail: edson.botelho@unesp.br
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mechanism14-16, as well as the material used in this work, 
Elium 591®, composed mainly of MMA vinyl monomers.

In chain polymerization via free radicals, the mechanism 
applied in this study, thermally unstable initiators are normally 
used which, when decomposed in endothermic processes, 
will form two active centers, that is, such as benzoyl peroxide 
(BzO), a thermally unstable peroxide. As can be seen in 
Figure 1, in chain polymerization an initiator gives rise to 
the active center (R*) which may be a free radical in chain 
polymerization via free radicals or an ion (cation or anion) 
in the case of ionic chain polymerization. Polymerization 
occurs by propagating the active center through successive 
additions of a large number of monomers in a chain reaction. 
It is characteristic of polymerization that the growth of 
the chain occurs only from the monomer reacting with an 
active center18.

In the present work, the bulk polymerization of methacrylic 
esters was carried out a method widely used in the manufacture 
of sheets, tubes and materials for PMMA hot molding15,16,19.

As an example of the methodology studied, Campos-
Sanabria et al.20 obtained poly (methyl methacrylate) 
nanocomposites with hydroxyapatite nanoparticles by 
polymerization via free radicals using three different 
concentrations of benzoyl peroxide initiator, 3, 6, and 
12wt%. The results showed that the nanocomposites with the 
highest concentrations of BzO showed the best mechanical 
and tribological properties, as well as the lowest values of 
water absorption and pore percentage20.

As for polymerization kinetics, there are several 
experimental and mathematical treatment methods for 
determining enthalpies, reaction rate and respective kinetic 
parameters, such as activation energy (Ea), Arrhenius pre-
exponential factor (Z), and reaction orders (neither) of the 
system21-24.

The main objective of this work is to understand the 
polymerization kinetic characteristics and the viscoelastic 
behavior of a new thermoplastic system based on copolymers 
of methyl methacrylate (MMA) and benzoyl peroxide (PBO) 
as an initiator, forming a recyclable polymer matrix.

2. Experimental

2.1. Materials
In this work, two main products were used, the 

thermoplastic resin Elium® 591, liquid at room temperature, 
and the solid initiator Luperox® 78, both supplied by the 
company ARKEMA Inc25. The thermoplastic resin used 
in this work is a mixture composed primarily of acrylic 
copolymers with a concentration between 10 and 50wt% 
with a specific chemical identity confidential to ARKEMA 
Inc. The thermoplastic resin Elium® 591 also presents in 
its composition 2-propenoic acid and methyl esters (CAS-
No. 80-62-6) between 50 and 85wt%25. Type C organic 
peroxide, a white, granulated solid, was used as the initiator 
with benzoyl peroxide as its main component with a purity 
of 75wt% of the active component, containing 25wt% of 
stabilizing water with active oxygen equivalent to 5wt%26. 
Peroxide has a molecular formula (C6H5CO)2O2 and a molar 
mass of 242.23 g/mol with CAS number 94-36-026.

2.2. Determination of concentrations and 
preparation of solutions

To determine the kinetic parameters, samples of polymeric 
solutions were prepared with three mass concentrations of 
benzoyl peroxide initiator ( PBOIτ ) and the thermoplastic resin 
based on acrylic copolymers. Therefore, the proportions 
between initiator and resin were weighed according to the 
need of each thermal analysis and the percentages in mass 
of BzO initiator evaluated were 0.5wt%, 1wt%, and 2wt%. 
Bulk polymerization of the BzO polymer systems and acrylic 
copolymers was accomplished mixing and homogenization 
of the organic initiator in the organic solution.

2.3. Differential scanning calorimetry analysis
The temperatures at the start, peak, and end of the 

exothermic polymerization event, in addition to the initial 
temperature of degradation of the polymeric systems were 
determined through DSC analyzes in dynamic mode. 

Figure 1. Free radical chain polymerization to obtain PMMA17.
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The DSC analyzes were performed in a TA Instruments 
model Q20 calorimetric system, previously calibrated with 
indium according to ASTM E96727 standard, for temperature, 
and ASTM E96828 standard, for heat flow. All dynamic and 
isothermal analyzes were performed with a hermetically 
sealed aluminum sample holder and a controlled atmosphere 
of N2(g) with a flow rate of (50 ± 5) ml/min. The heating rate, 
for all dynamic experiments, was 5 °C/min and the average 
mass of the samples equal to 5 mg with a repetition of two 
analyzes for each reagent system.

The evaluations were performed according to 
ASTM 2070-13 standard29. After dynamic scans, the chosen 
temperatures of the isotherms were between 10-20 °C above 
the start of the reaction and below the peak of the exothermic 
event. The isothermal experiments were fulfilled by recording 
the heat flow as a function of time with a heating rate of 
20 °C/min and the isotherm time necessary to guarantee the 
complete occurrence of the exothermic phenomenon. Based 
on the empirical results, graphs with heat flow (Y-axis) as a 
function of time (X-axis) were plotted. It should be noted that the 
evolution of the heat developed by the reaction is proportional 
to the conversion rate (d dt

α ) during polymerization21,29-32.

2.4. Mathematical modeling to obtain kinetic 
parameters

In this work, mathematical modeling and calculations 
for auto-acceleration reactions were specifically applied 
according to the Sestak-Berggren reaction model and method 
B of ASTM 2070-13 standard29.

The conversion rate of a chemical reaction ( )d
dt

α  is a 
dependent variable of the rate constant (k), which in turn 
is a function of the reaction temperature [k(T)], and also 
of a function whose independent variable is the degree of 
conversion of the reaction (α), α being related to the reacted 
fraction, according to Equation 124,33.

   dα  k T   f αdt   (1)

Where:

p
0

ΔH
α  ΔH  (2)

As can be seen in Equations 1 and 2, the degree of 
conversion, α, is obtained by the ratio of the partial area/
enthalpy of the heat flow curve, that is, ∆Hp, at a given 
temperature T, by the total area/enthalpy of the exothermic 
event, ∆H0

21. In the case of systems governed by autocatalytic 
kinetics, replacing the function f(α) by    n mα  1  α  in 
Equation 1, results in Equation 3, for calculating the 
velocity of reaction34. Autocatalytic reactions are those in 
which the formed product or intermediate functions as a 
catalyst in the same process, applying to autocatalysis21,35. 
The autocatalytic kinetic mechanisms are comprehensible 
by isothermal methods33,36.

     m ndα  k T  α  1  αdt    (3)

Where m and n are orders of the reaction concerning each 
reagent, and (m + n) is the global order of the reaction37. The 

reaction speed constant as a function of the temperature is 
calculated through Equation 422-24.

( )   
aE

RTk T Z e
−

=  (4)

With Ea being the activation energy (J mol-1) required to initiate 
polymerization, T, the absolute temperature in Kelvin (K), and 
R, the universal gas constant (8.314 J mol-1 K-1)22-24,29. Z (s-1) 
is the Arrhenius pre-exponential factor and regarding the 
number of collisions per unit time to achieve the reaction Ea

38.
The basis of the isothermal and autocatalytic kinetics 

method has a function ( )f α  equal to ( ) ( )m n 1  α − α , according 
to Equation 329,32,34,35, which can be expressed in its logarithmic 
form29,39,40. The equation can be solved by multiple linear 
regression considering an equation with the form z = a + bx + 
cy, where x = ln α  , y = ln 1−α  , z = ln d / dtα  , a = ( )ln k T   , 
b = m and c = n.

 ln dα / dt ln k T mln α n ln 1 α                 (5)

Considering the Arrhenius equation, Equation 4, for the 
reaction rate as a function of temperature can be expressed 
in its logarithmic form according to Equation 6:

( ) aE
ln k T  ln Z

RT
  = −     (6)

Equations 5 and 6 can be combined in their most 
comprehensive form according to Equation 741.

aEln dα / dt ln Z  mln α n ln 1 α
RT

                   (7)

Equation 7 has the form z = a + bx + cy + dw and can also 
be solved by multiple linear regression, where z = ln d / dtα  , 
a = ln Z  , b = - aE / R, x =1/T, c = m, y = ln α  , d = n and 
w = ln 1 .−α  

In this respect, four isothermal temperatures were 
defined for each MMA/BzO system, for each of the three 
concentrations of initiator evaluated in this work resulting in 
12 DSC analyzes in isothermal mode, which was performed 
in duplicate to guarantee the repeatability of the process, 
resulting in 24 tests. Isotherms were defined between the 
start and half of the peak reactivity of the materials. Initially, 
heat flow curves were prepared as a function of time for 
each isothermal DSC and the total reaction heat ( 0H∆ ) was 
determined, for each polymeric system, by integrating the 
area under the curve and limited by the baseline, drawn 
connecting the points immediately after the exothermic event 
starts and immediately before the end of the same event. 
For each reaction time interval, the respective reaction rates 
(dH / dt) in mW and the respective partial reaction heats in 
each time ( pH∆ ) in mJ were recorded. For each fraction of 
the heat flow curve area, the degree of conversion (α) was 
determined according to Equation 2. Sequentially, the first-
order derivative was determined for each degree of conversion 
at each time (d / dtα ). Applying Equations 6 and 7 for each 
polymeric system and respective BzO content, in each of the 
defined isotherms, and respective linear multiple regressions 
calculated the values of ( )ln k T   and reaction orders.
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At sequence, graphs were plotted, in which the Y-axis 
contains values of ( )ln k T  , and the X-axis values of 1/T. 
New linear regression techniques were performed to determine 
the angular coefficient (ε’) and intersection point (ε”) with the 
Y-axis for each linear regression, considering their respective 
standard deviations, curves fitting (R2) and standard practices 
for statistical treatment of thermal analysis data according to 
ASTM E1970-16 standard42. Using the values of ε’ and ε”, 
the activation energy ( aE    ’ R= −ε ) and the pre-exponential 
collision factor (ln Z  ”=ε   ) were determined with respective 
standard deviations.

2.5. Brookfield viscosimetry
The equipment used for the evaluations was the 

Brookfield concentric rotational viscometer model RV DV-
II + Pro, connected to a Thermosel® heating chamber for 
tests and programmable temperature control defined with 
an increment of 1°C every 10 seconds. The temperature 
data were taken at each point immediately before a new 
unit increment in it, aiming at the thermal uniformity of 
the entire sample volume at each data collection point43,44. 
The SC4-34 spindle was applied for all analyzes dynamic, 
and isothermal, with a shear rate of 0.28 N and a rotation 
of 70 rpm43,44. The sample holder used for insertion into 
the heating chamber was the aluminum SC4-13RD and a 
sample volume of 9.35 mL45. The maximum viscosity limit 
of co-MMA/BzO systems during viscosimetry was set at 
600 mPa.s, for all concentrations of BzO initiator and for all 
dynamic and isothermal analyzes. In the isothermal analysis, 
the spindle rotation was 70 rpm and the taking of viscosity 
data was performed every 3 seconds.

The polymerization kinetics can be described in terms 
of system viscosity raise due to the increase of the molar 
mass of the material during the state of gelation in the 
polymerization. In this sense, it can be described by the 
Arrhenius equation according to the chemical-rheological 
model presented in Equation 846-49.

( ) ( )
( )
 

RTEln µ T, t  ln µ   t eRT

avE

vZ∞∞

 −
 
 = + +  (8)

Where:
( )µ T, t  = viscosity at thermodynamic temperature (T) and 

reaction time (t);
µ∞  = lower viscosity in the ideal state (i.e., at an infinitely 
high temperature at which the resin does not undergo a 
polymerization process);
E∞ = flow activation energy;

vZ  = pre-exponential factor in viscosimetry;
Eav = activation energy of the reaction in viscosimetry;
R = universal gas constant.

Equation 8 can be remodeled considering a fixed 
temperature in each isothermal viscosimetry experiment, 
which results in Equation 9:

avgel
Eln t  ln RTvZ= −  (9)

From Equation 9 it can be seen that at fixed temperatures 
the logarithm of the gel time ( gelln t ) varies linearly as a 

function of the inverse of the temperature (1 / T). Therefore, 
graphs of gelln t  were generated as a function of 1/T, with the 
activation energies of each polymeric system MMA/BzO 
calculated from the slope of the line ( avE

R
− ) and the logarithm 

of the pre-exponential can be obtained from the point of 
intersection of the line with the ordinate.

2.6. Dynamic mechanical analysis
The glass transition temperature (Tg) of polymerized 

samples was investigated using the DMS 6100 from SII 
Nanotechnology – SEIKO according to ASTM D702850 and 
E164051 standards. The analyses were performed at a heating 
rate of 2 °C/min, an oscillation amplitude of 10 μm, frequency 
of 1 Hz, temperature range between 30 and 200°C, nitrogen 
atmosphere with a flow of 100 mL/min, single cantilever 
mode and sample dimensions of (20 × 10 × 1.5) mm.

3. Results and Discussions

3.1. Kinetic parameters via isothermal method 
for reactions with auto-acceleration

In order to prove the kinetics of autocatalytic reactions in 
all systems, Figure 2 shows the heat flow curve as a function 
of time for the polymeric systems.

Figure 3 shows the dynamic DSC curves for MMA/BzO 
systems in different mass percentages. The analyzes had 
as objective obtain the values of the temperatures of the 
polymerization event, start temperature (Tstart) peak temperature 
(Tpeak) and end temperature (Tend) for the definition of the 
temperatures in the isothermal DSC analyzes for each 
polymeric system. Also, the curves allow the determination 
of the reaction heat, enthalpy (ΔH) through its integration.

Table 1 shows the temperatures considered for the start, 
peak and end of the polymerization event in dynamic DSC 
for each percentage of BzO initiator. Based on Table 1 and 
Figure 3, the thermal profile of all systems is similar, with 
a peak temperature of approximately 110 °C (for systems 
with 0.5wt% and 1.0wt% BzO) and the peak temperature 
around 114 °C for the 2.0wt% BzO system).

Figure 2. Heat flow vs. time curves for reactions with the autocatalytic 
mechanism of the polymeric systems.
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Evaluating the enthalpies calculated by integrating the 
heat flow curves divided by sample mass as a function of 
temperature (Figure 3), shown in Table 1, it can observed the 
exothermal decreases with the increase in the content of the 
initiator used. The total heat released in a reactive process is 
dependent on the molar mass of the polymer chains formed, so 
greater heat released can be associated with greater efficiency 
in the polymerization process which in turn significantly 
increases in the average molar mass of the polymer chains52. 
In this sense, the enthalpies determined in this work indicate 
the formation of macromolecules with higher molar masses 
for lower levels of BzO initiator. The literature reports reaction 
heat during MMA polymerization equals to -54.4 kJ/mol, 
around -544 J g-1 53. In this work, initiator contents equal 
to 0.5wt% resulted in enthalpy of -548.2 J/g suggesting the 
total conversion of the material during its polymerization 
process. In general, and based on the heat released during 
polymerization of the MMA/1.0%BzO system (-457.3 J/g) 
the polymerization process of this system was also significant. 
For the system with 2.0wt% of BzO the heat released was 
-365.8 J/g. The lower enthalpy value released during this 
polymerization indicates a lower number of chemical bonds 
formed. Higher levels of an initiator are associated with 
a greater number of free radicals and active centers for 
association with monomers, propagation mechanism with 
greater number of polymer chains but with shorter lengths 
and molar masses14,54,55 for 2wt% of BzO. Alternatively, the 
higher concentration of chemical initiator, consequently higher 
content of active centers, allowed the minimum necessary 
distance between a terminal carbon in a chain and an active 
center of the initiator causing the propagation to terminate. 
On the other hand, due to the greater number of chains of 
lower molar mass in simultaneous propagation may occur 
disproportionation termination in inhibitory character forming 
terminal unsaturation8,16,56.

Also based on Figure 3, it is observable the presence 
of small secondary exothermic events. Table 2 presents the 
heats and temperatures related to such events and the system 
with 2wt% of BzO showed less value of enthalpy for such 
events. These secondary events may be related to secondary 
polymerization reactions33,57.

Figure 4 shows the graph of percentage conversion degree 
(α) as a function of temperature for different %w/w of BzO 

initiator. The calculated values for the conversion degree of 
the MMA polymeric systems, for each BzO initiator content, 
obtained through the linear integration of the curves of the 

Table 1. Temperatures of the polymerization event via dynamic DSC for the different mass percentages of BzO initiator.

Tstart (°C) Tpeak (°C) Tend (°C) ΔH (J/g)

0.5 wt% BzO 84.5 110.1 123.8 -548.2

1.0 wt% BzO 76.6 109.9 119.9 -457.3

2.0 wt% BzO 82.5 114.7 124.7 -365.8

Table 2. Temperatures of the second polymerization event.

Tstart (°C) Tpeak (°C) Tend (°C) ΔH (J/g)

0.5 wt% BzO 123.0 139.3 156.8 -15.88

1.0 wt% BzO 119.6 138.7 162.20 -40.80

2.0 wt% BzO 130.9 137.5 145.8 -0.14

Figure 3. Dynamic DSC of MMA systems and BzO initiator in 
different concentrations.

Figure 4. Percentage conversion degree (α) as a function of 
temperature for different wt% of BzO initiator.
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exothermic events from Figure 3 are plotted as function of 
temperature in Figure 4.

In Figure 4, it is possible to observe a first plateau 
associated with the induction period, a period that precedes 
the initiation and propagation of the polymerization reactions, 
this period ranges from approximately 25 ° C to ~76 ° C for 
all polymeric systems. It is worth mentioning here that the 
system with 0.5wt% initiator starts before other systems, 
probably due to the greater mobility of the active centers 
in the polymeric solution14,54,56,58. The step of exponentially 
increasing of the degree of conversion in Figure 4 represents 
the propagation period, in which there is a gelation process 
with the formation of a polymeric sol-gel system of fast-
growing macromolecules, significantly increasing the molar 
mass (gel effect). This phase ranges from ~76 °C to ~110 °C 
for systems with 0.5wt% and 1.0wt% of BzO and up to 
115.3 °C for the system with 2 wt% of initiator. It is during 
this period that the system changes from a viscous liquid to an 
elastic gel with a relevant increase in its viscosity and shear 
stresses32,36,59. The polymerization termination phase starts at 
~120 °C for the 2.0 wt% system, the first to enter this phase 
(vitreous effect). Systems with 0.5 wt% and 1.0 wt% BzO 
enter the termination phase at 150°C. The polymerization 
process is fully complete for all systems at ~175° C.

Also, from Figure 4, the polymeric systems achieve 
maximum conversion rate at temperatures of approximately 
110°C (for systems with 0.5 wt% and 1.0 wt% PBO) and 
temperatures around 114°C (2.0 wt% PBO). Such temperatures 
must be properly correlated to the maximum reactivity of the 
polymeric systems, a fact evidenced by the peak temperatures 
in the dynamic DSC curves (Figure 3 and Table 1). The systems 
achieve 100% conversion at approximately 160 °C.

The temperatures defined for the assessments of isothermal 
DSC and autocatalytic modeling, following the isothermal 
method of ASTM E2070-13 standard29, are 80, 110 and 
120 °C for 0.5 wt% of BzO; 95, 110 and 124°C for 1.0 wt% 
and finally 80, 95 and 110 °C for the MMA system with 
2 wt% of the initiator. Table 3 presents the kinetic parameters 
obtained according to ASTM E2070-13 standard29 and method 
B, the values of 2R  ≥ 0.90 indicate good adherence to the 
Sestak-Berggren autocatalytic model and isothermal method 
in determining the parameters kinetics of each MMA/BzO 
polymeric system. After determining the reaction orders 
(m and n) and ln[k(T)], the activation energy (Ea) and the 
collision factor (Z) of each polymeric MMA/BzO system 
was calculated using a new multiple linear regression from 
graphs of ln[k(T)] as a function of the reciprocal of absolute 
temperature (1/T).

Figure 5 presents the graphs of ln [k (T)] as a function of 
1/T generated based on the DSC experiments in isothermal 
mode, Arrhenius equation expressed in its logarithmic form 
(Equation 6), and its resolution employing multiple linear 
regression. The method allows the determination of activation 
energies (Ea) and collision pre-exponential factor (Z) for 
each MMA/BzO system, with respective R2.

Through the graphs of Figure 5, the autocatalytic polymeric 
system with 1 wt% of BzO initiator presents the best linear 
curve adjustment to obtain the activation energy parameters (Ea) 
and collision factor (Z), with R2 equals to 0.95. On the other 
hand, the system with 0.5 wt% presented the lowest R2 value, 
equal to 0.79. The linear regression determines an equation 
that reduces the distance between the data points and the fitted 
line, a R2 value equal to 0.95 for the system with 1 wt% of 
BzO shows a good linear relationship between ln[k(T)] and 
the reciprocal of the absolute temperature (1/T). In this sense, 
indicating that method B for isothermal DSC experiments 
and Sestak-Berggren autocatalytic reactions of, according 
to ASTM E2070-13 standard29, was reasonably applied in 
this work, enabling the determination of the polymerization 
kinetics and respective parameters for the MMA system and 
BzO initiator, mainly for the system with 1 wt% of initiator. 
Probably, the low adjustment of R for the other concentrations 
of BzO indicates that the autocatalytic mechanism was not as 
effective to describe its polymerization kinetics in the studied 
isotherms or to be necessary to perform a larger number of 
DSC experiments in isothermal mode, obtaining a greater 
number of input data and thus enabling a better linear fit.

The dependence of the conversion rate, during 
polymerization via free radicals, concerning the kinetic 
parameters, according to the Sestak-Berggren model, for 
each system of methyl methacrylate copolymers and benzoyl 
peroxide initiator are presented in Equations 10, 11 and 
12 (based on the Equation 7).

For MMA/0.5 wt% of BzO:

 ln / 18.24 34.52 / 0.54 ln α 0.64ln 1  αd dt RT             (10)

For MMA/1.0 wt% of BzO:

 ln / 35.15  88.85 / 0.90ln α 0.61ln 1  αd dt RT             (11)

For MMA/2.0 wt% of BzO:

 ln / 25.76 60.24 / 0.22ln α 0.67ln 1  αd dt RT            (12)

The polymeric system MMA/0.5 wt% of BzO presented 
the lowest activation energy among all, Ea equals to 

Table 3. Kinetic parameters for polymerization via Sestak-Berggren autocatalytic reactions for each polymeric system in different wt% 
of BzO initiator.

wt% BzO
Kinetic parameters

Ln Z (s-1) Ea (kJ mol-1) m n Global order ΔH (J/g) 2R

0.5 18.24 ± 5.68 34.54 ± 17.7 0.54 ± 0.008 0.64 ± 0.003 1.18 -548.2* 0.94
1.0 35.15 ± 6.27 88.85 ± 19.9 0.90 ± 0.030 0.61 ± 0.004 1.51 -457.3* 0.92
2.0 25.76 ± 5.41 60.24 ± 16.6 0.22 ± 0.011 0.67 ± 0.004 0.89 -365.8* 0.90

*Enthalpies (ΔH) from the dynamic DSC experiments.
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34.52 kJ/mol. In fact, this system is the one that remains in 
levels of lower viscosity at relatively high temperatures has 
a gel temperature (Tgel) equals to 89.1 °C, and has viscosities 
below 100 mPa.s at temperatures below 79.2 °C, as shown 
in Figure 6. The low viscosity of this system allows a high 
diffusion of the active centers between the monomers, greater 
miscegenation between the reagents, consequently facilitating 
the beginning of the reaction process. Figure 4 contributes 
to such inference, observing the conversion degree curves, 
the system with 0.5 wt% of BzO leaves the induction 
and enters the initiation phase before the other polymeric 
systems, presenting relatively higher conversion at lower 
initial temperatures (α = 4.5% at 75 °C). The MMA/1.0 wt% 
BzO system has the highest activation energy (Ea = 88.85 kJ 
mol-1), therefore with the greatest energy barrier to start the 
conversion process justifying its modest α = 0.33% at 75 °C. 
According to Matyjaszewski and Davis60 the activation 
energies for polymerization reactions of MMA monomers 
via thermally unstable initiators, such as BzO, are close to 
80 kJ mol-1.

Table 3 above also shows the values   of Ln Z (s-1) for the 
MMA/BzO reaction media, with Z being the pre-exponential 
factor and relates to the average frequency of collisions 
between the reagents every second. It is from these collisions 
that the reagents obtain the necessary and sufficient energy 
(Energy ≥ Ea) to start the process of their conversion into 
the products of the polymerization process. In this work, 
satisfactory values   were obtained for the pre-exponential 
factor (Z), being Z0.5wt%BzO = 8.4 x 107 s-1; Z1.0wt%BzO = 1.8 x 
1015 s-1; Z2.0wt%BzO = 1.5 x 1011 s-1. It is again evident the 
importance of the propagation step in the system with 

1.0 wt% of BzO, the one with the largest pre-exponential 
factor. Despite its modest initial conversion rate, the last 
system to effectively exit induction and enter the initiation 
phase (mainly due to its high Ea), the same system undergoes 
major reaction progress during the propagation and gelation 
phase. Reaching a degree of conversion higher than 80% 
(~110 ° C) before the other polymeric systems growth is 
mainly related to its high Z factor15,60.

Table 4 shows the individual reaction orders for each 
system and respective standard deviations for each multiple 
linear regression, based on the performed DSC in isothermal 

Figure 5. Graphs ln [k(T)] vs. 1/T based on isothermal DSC experiments and Arrhenius equation: (a) 0.5wt% BzO; (b) 1.0 wt% BzO 
and (c) 2.0 wt% BzO.

Figure 6. Brookfield dynamic viscosimetry for polymeric MMA/
BzO systems.
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mode and, respectively, R2. From the analysis of  Table 4, it 
is confirmed that all polymeric systems can be described by 
autocatalytic reaction mechanisms, but for the formulation 
MMA/0.5 wt% of BzO the order n is predominant up to 
110 °C, so that its polymerization is much more driven by 
the consumption of reagents, concentration of monomers 
and initiator, than by autocatalysis due to the formation of 
intermediates15,47,60. Similarly, the polymeric system with 
1.0 wt% of BzO initiator shows similar behavior for isotherm of 
95°C, but for temperatures of 110 and 124°C the autocatalytic 
behavior prevails, and the formation of intermediaries in 
the process effectively self-accelerate or self-catalyze, the 
polymerization process. For the polymer system with MMA 
copolymer and BzO initiator at a concentration of 2 wt% 
prevails the order n in all the temperatures evaluated, therefore, 
this system intrinsically depends on the consumption of 
monomers ([M]) and initiator ([I]) for the development of 
their polymerization reactions15,47,60.

3.2. Viscoelastic and kinect parameters via 
brookfield viscosimetry

From the dynamic viscosimetry (Figure 6) and the 
gelation data, the increase in the BzO concentration reduces 
the gel temperature (Tgel), being 89.1 °C for the system 
with 0.5 wt% of BzO and 50.4 °C for the system with 
2.0%. The properties of a polymer vary asymptotically 
to a reference value as the molar mass of the polymer 
increases61,62. In this sense, the MMA/BzO systems reach 
maximum viscosities at lower temperatures with an increase 
in the initiator concentration.

Table 5 shows the defined isotherms for the Brookfield 
viscosimetry, and Figure 7 shows the Neperian logarithm 
of the gel time ( gelln t ) as a function of the inverse of the 
absolute temperature (1/T). In this sense, the Arrhenius 
model, presented in Equations 8 and 9, allows obtaining the 
values of activation energy of the gelation process during 
viscosimetry shown in Table 4.

The results suggest that the higher the concentration of 
benzoyl peroxide initiator, the lower the energy barrier to 
be overcome by the system to start its gelation process, thus 
the MMA/2.0 wt% BzO system achieves greater reactivity 
faster, forming a biphasic sol-gel system before the others. 

This is also in line with the results of dynamic viscosimetry 
presented and as observed during the experiments. Significant 
increases in the viscosity values   of polymeric systems are 
directly related to the formation of oligomers in the system, 
which in turn are dependent on the thermal decomposition of 
the BzO, thus increasing the concentration of active centers 
and promoting a greater union of monomeric units and their 
propagation15,47,60. Thus, an increase in the molecular mass 
of the system leads to loss of mobility of the polymer chains 
quickly for higher concentrations of BzO initiator and in 
higher isotherms. The increase in the BzO concentration from 
0.5 wt% to 2.0 wt% led to a 50% reduction in the activation 
energy needed to start the gelation process. In addition, 
this is reflected in the gel times of each system, lower tgel 
were determined for systems with a higher concentration 
of initiator for the same temperature range. As shown in 
Table 4 and Figure 8.

Note that in the same isotherm (30°C) the system with 
0.5 wt% of BzO has a gel time of 37.3 min, while the system 
with 1.0% has 20.2 min and the system with 2.0% 14.4 min. 
Also based on Figure 8, for the same MMA/ BzO system, 
higher temperatures/isotherms lead to a decrease in tgel. That 
is, both the defined isotherm and the initiator concentration are 
parameters of effect on the tgel and reactivity of the polymer 
in isothermal environments of constant rotation. On the other 
hand, due to the faster gelation, systems with higher initiator 
content have a narrower range of temperatures possible for 
isothermal experiments.

Parabolic curve adjustments were determined for all 
three MMA/ BzO systems evaluated in this work, with 
R2 greater than 0.98 for all. Based on mathematical modeling 

Table 4. Reaction orders and respective standard deviations for each DSC experiment in isothermal mode, including to the respective R2.

wt% PBO Tisotherm
(°C) M N R2

0.5

80 0.514 ± 0.007 0.750 ± 0.005 0.97

110 0.214 ± 0.004 0.591 ± 0.001 0.97

120 0.885 ± 0.012 0.583 ± 0.002 0.89

1.0

95 0.299 ± 0.012 0.794 ± 0.006 0.85

110 1.082 ± 0.025 0.605 ± 0.004 0.93

124 1.303 ± 0.051 0.430 ± 0.002 0.99

2.0

80 0.303 ± 0.007 0.713 ± 0.004 0.90

95 0.252 ± 0.017 0.661 ± 0.005 0.89

110 0.112 ± 0.008 0.626 ± 0.003 0.91

Table 5. Activation energy values for the gelation of the MMA/BzO 
systems in different wt% of initiator and gel time in the isotherms.

0.5 wt% BzO 1.0 wt% BzO 2.0 wt% BzO

avE  (kJ mol-1) 44.94 ± 2.46 28.40 ± 2.18 22.43 ± 2.67

tgel (min)

4.6 at 70 °C 10.3 at 50 °C 9.4 at 45 °C
6.3 at 65 °C 11.4 at 45 °C 10.3 at 40 °C
6.7 at 60 °C 14.6 at 40 °C 11.4 at 36 °C
37.3 at 30 °C 20.2 at 30 °C 14.4 at 30 °C
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and determined polynomial regression, the correct equation 
is applicable to predict the tgel of each MMA/BzO system 
in pre-defined isotherms, according to the Equations 13, 
14 and 15:

For MMA/0.5 wt% of BzO:

1 2102.70  2.77     0.02      gel isotherm isothermt x T x T= − +  (13)

For MMA/1.0 wt% of BzO:

1 250.09 1 .29      0.01      gel isotherm isothermt x T x T= − +  (14)

For MMA/2.0 wt% of BzO:

1 247.42 1 .62      0.02      gel isotherm isothermt x T x T= − +  (15)

Arrhenius plots of the type ln gelt  vs. 1/T can present 
points of convergence indicating temperatures in which 
the gelation process occurs slowly, in which the polymer is 
closer to a glassy state, presenting reduced mobility of their 
chains, consequently depreciating the speed of the process46. 
From Figure 9, three points of convergence of which the two 
at the edges and indicated in the graph delimit a probable 
region for estimating the glass transition temperature (Tg) 
of the polymeric MMA/BzO systems. The two points of 
convergence Tg of the studied material are between 326.8 K 
and 340.1 K (54° C ≤ Tg ≤ 67°C).

Complementary experiments of dynamic-mechanical 
analysis (DMA) were carried out to determine the glass 
transition temperature (Tg) for the MMA/BzO systems 
studied in this work. Table 6 presents the Tg results obtained 
by the peak maximum of tan δ for the MMA/BzO systems. 
Considering the processing parameters applied to MMA/
BzO systems, specifically in this work, it is observed that 

Figure 7. ln tgel vs. 1/T graphs for each MMA/BzO system: (a) 0.5wt% BzO; (b) 1.0 wt% BzO and (c) 2.0 wt% BzO

Figure 8. Gel time for each MMA/BzO polymeric system during 
isothermal viscometry and respective regressions.

Figure 9. Arrhenius graph for all MMA/BzO systems and congruence 
points.
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the average Tg of the polymer with 0.5wt% BzO is equal 
to 47.6°C and the increase in the concentration of initiator 
leads to an increase in Tg average, being 52.1°C and 61.5°C 
for 1.0 wt% and 2.0 wt% of BzO, respectively. This one 
behavior confirms that the increase in BzO hinders the 
mobility of the polymer chain, requiring more energy to 
occur the internal movement of the polymer, increasing, 
therefore, the working temperature of the same. Also, for 
processing parameters applied in the materials of this study, 
the glass transition temperatures for the polymeric systems 
with 1.0 wt% and 2.0 wt% of BzO, determined via DMA, 
show good correlation with the Tg range obtained based on 
Figure 9 and the Arrhenius graphs via viscometers Brookfield 
(54°C ≤ Tg ≤ 67°C). Thus, the values obtained indicating 
success in the mathematical correlation and viscoelastic 
modeling between Brookfield viscosimetry and dynamic-
mechanical analysis.

4. Conclusions
Copolymers based on acrylic monomers were produced 

employing bulk polymerization with the variation of the 
content of benzoyl peroxide (BzO) thermal unstable initiator. 
The three polymeric systems studied (0.5 wt%, 1 wt%, and 
2 wt% of BzO) indicate good adherence to the autocatalytic 
mathematical model of Sestak-Berggren in the determination 
of kinetic parameters. The polymeric system MMA/0.5 wt% 
of BzO showed the lowest activation energy among all 
calculated, Ea equals to 34.52 kJ mol-1, in fact, this MMA/
BzO system is the one that remains in levels of lower viscosity 
at relatively high temperatures. The same system has a gel 
temperature (Tgel) equals to 89.1 °C and has viscosities below 
100 mPa.s at temperatures below 79.2 °C. On the other hand, 
the MMA/1.0 wt% BzO system has the highest activation 
energy (Ea = 88.85 kJ mol-1), therefore with a greater energy 
barrier to start the conversion process (α = 0.31% at 75 °C). 
However, the importance of the propagation step in the 
system with 1.0 wt% of BzO is evident, it presented the 
largest pre-exponential factor (Z1.0wt%BzO = 1.8 x 1015 s-1). 
Despite its modest initial conversion rate, this being the last 
system to effectively exit induction and enter the initiation 
phase (mainly due to its high Ea), the same system undergoes 
major reaction progress during the propagation and gelation 
phase. Reaching a degree of conversion above 80% (~110 °C) 
before the other polymeric systems growth mainly related 
to its high Z factor.

Studies of dynamic and isothermal Brookfield viscosimetry 
and the application of the Arrhenius model allowed obtaining 
the activation energy values of the gelation processes during 
viscosimetry. Lower activation energies were observed 
for higher levels of BzO initiator with 44.94 kJ mol-1 for 
0.5 wt% of initiator; 28.40 kJ mol-1 for 1.0 wt%, and 22.43 for 
2.0 wt%. What in turn is reflected in the gel times of each 

system, lower tgel were observed for systems with a higher 
concentration of initiator for the same temperature range. 
Mathematical models were effectively created to describe 
the polynomial influence of the isothermal temperature on 
the gel times of the systems, parabolic curve adjustments 
were determined for all three MMA/BzO systems evaluated 
with R2 greater than 0.98 for all.

The glass transition temperatures determined via 
dynamic-mechanical analysis for the polymeric systems 
show a good correlation with the Tg range obtained based on 
the Arrhenius graphs via Brookfield viscosimetry, indicating 
success in the mathematical correlation and viscoelastic 
modeling between Brookfield viscosimetry and DMA. 
The relatively low Tg values obtained via DMA indicate the 
importance of controlling the stereochemistry (tacticity) of 
PMMA, suggesting that anionic polymerization processes 
may be preferable in obtaining PMMA with the mixture 
of copolymers used in this work allowing the formation of 
syndiotactic microstructure.
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Erratum: Kinetic and Viscoelastic Study of Liquid Thermoplastic Matrix Based on Methyl 
Methacrylate Copolymers

In the article “Kinetic and Viscoelastic Study of Liquid Thermoplastic Matrix Based on Methyl Methacrylate Copolymers”, 
with DOI: https://doi.org/10.1590/1980-5373-MR-2021-0619, published in Materials Research, 26: e20210619, in the 
affiliations where it was written:

Daniel Consoli Silveiraa, Tiago Teixeira da Silva Bragaa , Luiza dos Santos Conejoa,c ,  

Antônio Carlos Ancelotti Juniorb, Michelle Leali Costaa,c, Edson Cocchieri Botelhoa* 

aUniversidade Estadual Paulista, Departamento de Engenharia Civil, Guaratinguetá, SP, Brasil.
bUniversidade Federal de Itajubá, Instituto de Engenharia Mecânica, Itajubá, MG, Brasil.

cInstituto de Pesquisas Tecnológicas, Laboratório de Estruturas Leves, São José dos Campos, SP, Brasil.

Should read:

Daniel Consoli Silveiraa, Tiago Teixeira da Silva Bragaa , Luiza dos Santos Conejoa,c ,  

Antônio Carlos Ancelotti Juniorb, Michelle Leali Costaa,c, Edson Cocchieri Botelhoa* 

aUniversidade Estadual Paulista, Departamento de Materiais e Tecnologia, Guaratinguetá, SP, Brasil.
bUniversidade Federal de Itajubá, Instituto de Engenharia Mecânica, Itajubá, MG, Brasil.

cInstituto de Pesquisas Tecnológicas, Laboratório de Estruturas Leves, São José dos Campos, SP, Brasil.

In the legend of figures 2 and 3, where it was written:
Figure 2. Heat flow vs. time curves for reactions with the autocatalytic mechanism of the polymeric systems.
Figure 3. Dynamic DSC of MMA systems and BzO initiator in different concentrations.

Should read:
Figure 2. Heat flow vs. time curves (exo up) for reactions with the autocatalytic mechanism of the polymeric systems.
Figure 3. Dynamic DSC of MMA systems and BzO initiator in different concentrations (exo up).
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