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Abstract
The kinetic developments of the free-radical bulk polymerization of styrene in the presence

of recycled rubber tire particles are studied by isothermal differential scanning calorimetry
(DSC). Two different chemical initiators, namely benzoyl peroxide (BPO) and 2,2’-Azobis(2-
methylbutyronitrile) (AMBN), are tested in a series of variable-composition experiments, un-
der three different polymerization temperatures, in order to selectively address the role of the
different species on the evolution of the polymerization reaction. The variation of the overall
effective kinetic rate constant and activation energy of the polymerization are also calculated
to quantify the effect of the addition of the particulate filler. The results of the study demon-
strate that the combination of the peroxide initiator agent with a composition of the reacting
mixture in the order of 30 mass%, in terms of the rubber tire particles, results in a significant
deviation of the evolution of the rate of polymerization and monomer conversion, with respect
to that of the pure homopolymerization system in the absence of tire particles. The observed
phenomena are consistent with previous studies reported in the literature and are mainly at-
tributed to the chemical interactions taking place between the initiator agent and additives of
the formulation of the tire particles.

Keywords DSC, polymerization kinetics, styrene, ground rubber particles, tire recycling.

1 Introduction
The over-accumulation of used tires has become, over the last decades, a significant ecological issue
drawing the attention of scientists on a worldwide scale. Among the different routes of treatment of
end-of-life tires (e.g., land-filling, energy recovery, reuse, etc.), the recycling of these tires appears
as a sustainable solution offering significant benefits related to its low environmental impact and
important production of secondary raw materials with high economic value [1, 2]. In this context,
one method for tires’ recycling consists in the mechanical grinding of the rubber-containing parts to
fabricate micrometric powders, commercially called ground tire rubber (GTR). These particles are
constituted of a three-dimensional network of natural and synthetic cross-linked elastomer chains,
reinforcing agents, curatives and additives [3]. It is exactly because of its elastomeric properties
that GTR has found widespread applications as filler agent in the formulation of polymer compos-
ites [4, 5].

Polystyrene (PS) is a thermoplastic commodity, widely used in several consumer products,
whose mechanical properties (i.e., notably related to its hardness and stiffness) can be modified
by the addition of rubber into the polymer matrix, thus producing a polystyrene grade known
as high-impact polystyrene [6]. Hence, several research studies have been focused on the idea
of replacing fresh rubber with GTR particles in order to achieve a similar improvement on the
mechanical properties of PS and to recycle used tires at the same time [4]. The main issue with
this concept is that the two phases (i.e., the GTR particles and polystyrene matrix) display low
adhesion towards one another, making it difficult to produce an homogeneous compound simply
by blending them. A commonly adopted strategy to overcome this obstacle and render the two
phases compatible is to graft the polymer directly onto the surface of the GTR particles via in-situ
free-radical polymerization.[6–8].
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The presence of particulate fillers in a free-radical polymerization system may often alter,
directly or indirectly, the mechanism of the reaction [9–11]. In fact, depending on their physico-
chemical characteristics, the fillers can interact with other reactive species present in the mixture,
in a series of parallel and/or competitive chemical reactions, resulting in the modification of the
expected evolution of the system in terms of the measured conversion, yield and product proper-
ties. As a result, the polymerization can be either accelerated or severely retarded and/or inhibited
solely by the presence of an additive that displays strong interactions with the initiator agent(s)
and/or the monomer(s). This seems to be also the case for free-radical polymerization systems in
the presence of GTR since, depending on the nature of the initiator agent, the type of the monomer
and the amount and composition of GTR, an important acceleration or inhibition can be observed
on the polymerization reaction. For example, Coai and coworkers [8] have observed a significant
decrease in the final monomer conversion of styrene, when using bezoyl-peroxide (BPO) as initia-
tor agent, contrary to organic azo-initiators such as azobis(isobutyronitrile) (AIBN) that displayed
no significant effect. In contrast, Xiong [12] demonstrated that in the presence of scrap tire rub-
ber powder, the overall polymerization rate of acrylate monomers such as methyl methacrylate
(MMA), glycidyl methacrylate (GMA) and hydroxy ethyl methacrylate (HEMA) is accelerated,
if the reaction is initiated with BPO. In these studies, the observed effects were attributed to
the interactions between the initiators, the monomers and several additives present in the GTR
formulation, such as carbon black, the most widespread rubber tire reinforcing agent [3].

The main purpose of this study is to investigate the effects of the presence of GTR particles
on the free-radical polymerization kinetics of styrene by using differential scanning calorimetry
(DSC). DSC is a sensitive and precise thermal analysis technique that has proven to be a useful
tool in the measuring of polymerization kinetics [9–11, 13]. In this technique, the heat flow, which
is assumed to be proportional to the reaction rate evolution, is recorded during the course of the
reaction. In the case of the polymerization of vinyl monomers, variations in the polymerization
rate exhibit a significant exothermic heat release. Although some research has been carried out
on the preparation and characterization of composites based on PS and GTR [4, 6, 8], to the best
of the authors’ knowledge, it is the first time that a systematic study of the kinetics of the bulk
free-radical polymerization of styrene in the presence of GTR particles is carried out using DSC,
under different conditions of temperature and composition.

2 Experimental
2.1 Materials and reagents
All the reagents used, namely, styrene monomer (with a purity ≥ 99.5 % and stabilized with
∼ 0.005 % of 4-tert-butylcatechol), 2,2’-Azobis(2-methylbutyronitrile) AMBN (with a purity ≥ 98
%) and BPO (75 % remainder water), were purchased from Sigma-Aldrich and used without fur-
ther purification. Commercial GTR was obtained from DeltaGom France and was used without
purification, unless otherwise stated. This specific grade of GTR was derived from the recycling
of end-of-life tires of different categories (light, heavy goods and agricultural vehicles, motorcycles,
etc.) and is mainly constituted of a blend of styrene-butadiene rubber and natural rubber, and
several additives (such as aromatic oils, organic chemicals, vulcanizing and reinforcing agents). It
came in the form of powder with a mean particle size in the order of 635 µm. The purification of
GTR particles, for some measurements, was carried out by extraction with chloroform during 48
hours, under permanent stirring, followed by vacuum drying until constant weight.

2.2 Methods
The GTR particles used in this study are able to absorb more than twice their weight in styrene.
To ensure homogeneous repartition of styrene around and within the GTR particles, particular
attention was paid to the preparation of the reaction medium. Hence, before each measurement,
the monomer solution was initially prepared by dissolving the desired amount of initiator agent
in styrene under constant stirring during 15 minutes. In parallel, the required amount of GTR
particles, according to the desired composition, was uniformly deposited, in the form of a thin
layer, on the internal surface of a cylindrical shaped glass container. The monomer solution was
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subsequently added drop by drop, for samples containing 30 wt% of GTR, or sprayed over the
particles, for samples with 50 wt% of GTR. Finally, the glass flask was sealed and stored at 4 ◦C
for 6 hours before measurement.

All DSC thermograms of the styrene free-radical bulk polymerization, in the presence and ab-
sence of GTR, were recorded using a DSC device from Texas Instruments, model Q2000. The
samples were placed into hermetic aluminum pans, specially adapted for volatile products, and
scanned in two consecutive runs. The isothermal reactions were conducted during the first scan;
subsequently, the samples were cooled down to 50 ◦C before a second, non-isothermal scan at 5
◦C min−1 from 50 ◦C to 220 ◦C, to assure complete monomer conversion. During the scans, the
sample temperature (±0.01 ◦C) and the heat flow (W g−1) were recorded as a function of time.
Before any further treatment and exploitation of the results, the recorded heat flow data were nor-
malized with respect to the mass of styrene, (W g−1

sty). Finally, the total sample mass was verified
before and after each measurement. Eventual losses in mass, recorded for certain samples, were
always inferior to 2%.

On the basis of the recorded curves, the time-evolution of monomer conversion can be directly
determined from the heat flow rate by the following expression [10, 13]:

dx

dt
= 1

∆HT

d(∆H)
dt

(1)

where d(∆H) is the instantaneous reaction enthalpy, assigned to the corresponding area under
the DSC curve, and ∆HT is the total enthalpy defined as the sum of the recorded enthalpies. Note
that, when GTR was present in the samples, the volatile substances present in its formulation
caused a burst-off of the lid of the pans during the second dynamic scan, resulting in greater
mass losses. Hence, in these cases, only the first isothermal scan was carried out and the total
reaction enthalpy, recorded for the homopolymerization samples and which was in agreement with
the published literature values, was used as reference.

3 Results and discussion
3.1 Monitoring of the styrene-free radical polymerization.
At a first stage, the course of the isothermal free-radical bulk polymerization of styrene, in the
absence of GTR, was monitored by DSC at three different temperatures, ranging from 85 ◦C to
120 ◦C. Chemical initiation was promoted by the use of two different initiator agents, namely
BPO and AMBN, which were implemented separately (i.e, a single initiator agent was used in
each polymerization experiment, either AMBN or BPO). The DSC thermograms shown in Figure
1a display the evolution of the heat flow with time for four different polymerizations carried out
at 85 ◦C and 90 ◦C and in the presence of the two initiator agents. On these curves, one can
distinguish the inflection point that follows the initial polymerization stage and marks the onset
of the auto-acceleration stage; in this stage, termination reactions become diffusion-controlled and
a marked increase on the rate of polymerization is observed, evident by the parallel increase in
the released heat-flow. Subsequently, at very high monomer conversion, even the propagation
reactions become diffusion-controlled resulting in a decrease on the rate of polymerization until
complete monomer conversion [10, 13–15]. The dynamic evolution of monomer conversion, calcu-
lated according to Equation (1), is plotted in Figure 1b. The existence of an autoacceleration stage
can be easily identified by the characteristic "S" shape of the curves. As expected, both AMBN-
initiated polymerizations proceed at higher reaction rates with respect to the BPO-initiated ones at
the same temperatures, due to the significantly lower half-life time of AMBN at both temperatures.

The total reaction enthalpies, calculated by numerical integration of the thermogram data,
were found to vary in the range between 74 and 79 kJ/mol for all polymerizations in the absence
of GTR. These values are in agreement with the literature values on the heat of styrene polymer-
ization, [16], thus verifying complete monomer conversion in all cases.
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(a) (b)

Figure 1: Effect of the initiator type and temperature on a) heat flow and b) monomer conversion
in function of time during isothermal free radical bulk polymerization of styrene by using a ratio
initiator to styrene of 4.6% wt.

3.2 Monitoring of the styrene-free radical polymerization in the pres-
ence of GTR.

GTR is a polymer network of elastomers reinforced with carbon black particles and several other
additives [1, 5]. As mentioned earlier, several studies have elucidated different phenomena that
take place in free-radical polymerization systems containing GTR particles. Among the phenom-
ena studied, the effects of carbon black possess a dominant position as its presence may severely
affect the chemistry of the system [17–19]. These effects can be more or less pronounced, according
to the chemical structure of the carbon black surface and to the nature of monomers and initiator
agents. At the same time, the cross-linked nature of the GTR as well as the different additives and
impurities, present in the GTR formulations, may also display a significant effect on the course of
free-radical polymerizations. These latter phenomena are present in the literature in a less system-
atic way due to the uncertainties related to the exact identification and quantification of the role of
the different additives of GTR [12]. Hence, the behavior of such systems often displays a deviation
from the commonly expected evolution of the pure free-radical polymerization systems (i.e., with-
out the presence of GTR particles) that, in certain cases might be very pronounced, depending
on the amount and the composition of the GTR as well as on the nature of the monomer(s) and
initiator agent(s). In this respect, in an attempt to identify some of the aforementioned effects,
a series of DSC thermograms has been produced for the free-radical polymerization of styrene
in the presence of GTR particles, under three different temperatures (i.e, 85 ◦C, 90 ◦C and 120
◦C) and for three different concentrations of GTR in the system (i.e., 0%, 30% and 50% wt).
At the same time, two different initiator agents were used, namely BPO and AMBN, while their
concentration was also varied. The conditions of the different experiments are presented in Table 1.

Table 1: Composition of the different polymerizations monitored. All conditions were performed
for both BPO and AMBN, varying the ratio of initiator (I) to styrene (St) at three different
temperatures.

GTR
(wt%)

Initiator
(wt%)

I/St
(wt/wt%)

I/(St+GTR)
(wt/wt%)

0 4.6 4.6
50 2.3 4.6 2.3
30 3.1 4.6 3.2
30 4.5 6.6 4.7
50 4.5 9.4 4.7
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(a) (b)

Figure 2: Effect of the GTR content on the evolution of a) heat flow and b) monomer conversion,
during the isothermal BPO-initiated polymerization of styrene in the presence of GTR particles.
(T=90 ◦C; ratio BPO/St=4.6 wt%).

3.2.1 Effect of the GTR content

An initial assessment of the primary effect of the presence of GTR in the free-radical bulk poly-
merization of styrene can be made by comparing the evolution of monomer conversion, produced
by the corresponding DSC thermograms, in the presence of the three different amounts of GTR
and at constant temperature and initiator content (i.e., with respect to the amount of styrene), as
shown in Figure 2. It can be seen that the addition of GTR clearly affects both the initial rate
of polymerization and the overall monomer conversion. More specifically, an increase in the GTR
content shifts the exothermic peak of the maximum polymerization rate to the left (i.e., towards
lower reaction time), as mostly evident by the heat flow curves shown in Figure 2a. At the same
time, the overall monomer conversion is reduced with the increase of the GTR content (cf. Fig.2b).

The present findings seem to be consistent with those of similar studies reported in the litera-
ture. Coiai et al., 2006 [8], found that the BPO-initiated polymerization of styrene in the presence
of 10 wt% GTR did not exceed 54% in monomer conversion, even after 24 hours at 85 ◦C, in
contrast to the homopolymerization case (i.e., in the absence of GTR) where the final conversion
reached 99.6% under the same conditions. They also observed another almost two-fold decrease in
the final monomer conversion when increasing the GTR content up to 30 wt%. In a different study
[17], it was found that carbon black significantly increased the decomposition rate of peroxide ini-
tiators such as BPO [19]. Finally, numerous studies have demonstrated that the peroxide-initiated
polymerization of vinyl monomers is catalyzed, inhibited and/or retarded in the presence of carbon
black [12, 17–20].

In fact, the surface of carbon black is mainly covered with oxygen-containing groups, such as
carboxyl-carbonate structures, phenolic or alcoholic hydroxyl groups and carbonyl groups, isolated
or present in quinone groups. At the same time, some of the carbon atoms have unsatisfied va-
lencies, leading to a high electron transfer reactivity [21]. As a result, when the polymerization
is initiated by an organic peroxide, such as BPO, the dissociated benzoyl acid radicals may react
with the unpaired electrons to give rise to new surface-active sites, to which primary and growing
polymer radicals compete to react. The reactivity of the newly formed radicals is not completely
inert and can therefore undergo further reactions mainly with propagating chains. On the other
hand, it is well known that the combination of peroxides with reducing agents is common in pro-
ducing radicals at reasonable rates over a wide temperature range [15]. Therefore, when BPO
gets in contact with the numerous oxide groups on the surface of carbon black, it suffers a strong
redox reaction [19]. The redox decomposition reaction is favored at relatively low temperatures
due to its activation energy (i.e., 40-60 kJ/mol) that is significantly lower than that of the thermal
decomposition one (i.e., 120-150 kJ/mol) [12, 15].
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From the above it becomes apparent that carbon black, present in the composition of GTR,
can produce various and sometimes even antagonistic effects within the polymerization system
[17, 18, 20, 22, 23]. Besides its catalytic effect on the decomposition of peroxide agents, it can
also display an inhibitive or promoting effect on the polymerization, depending on the nature and
the polarity of the participating monomer(s). Hence, peroxide-initiated polymerizations of vinyl
monomers with negative e-value 1 [24], are commonly inhibited in the presence of GTR, whilst
peroxide-initiated polymerizations of positive e-valued monomers are rather favored in the presence
of GTR. For example, Xiong (2010) reported that in the BPO initiated-polymerization of acrylate
monomers such as MMA, in the presence of 4 wt% of GTR and 0.375 mol% of BPO at only 50 ◦C,
the reaction was significantly accelerated and the conversion was almost eight times higher than
those of the pure monomer (i.e. in absence of GTR). In contrast, when replacing the GTR by the
same rubber tire formulation (elastomer, aromatic oils, curatives and additives) but without carbon
black, the reaction was moderately retarded in regard to the neat monomer at the same conditions.

It is exactly the combination of the above phenomena that can explain the effects of the ad-
dition of GTR in the bulk free-radical polymerization of styrene, as observed in Figure 2. The
acceleration observed with the addition of GTR can be attributed to the catalytic effect of car-
bon black on the decomposition of BPO, increasing the generation of primary radicals from the
early stages of polymerization. Ideally, the produced primary radicals should react either with
monomer molecules to initiate polymer radicals, either with the unsaturated bonds at the surface
of GTR (i.e., that exist within the polymer chains of the elastomers of GTR) and subsequently
with monomer molecules in order to initiate grafted polymer radicals. Nonetheless, a third class
of reactions, parallel and antagonistic to the previous ones, seems to contain the aforementioned
reactions of BPO (and primary radicals) with the surface of carbon black, leading to low reac-
tive radicals and non-reactive species. It is this latter class of chemical reactions that may be
responsible for the significant inhibition of the polymerization and the overall decrease of the final
monomer conversion.

Finally, another reason that could partially contribute to the initial acceleration of the reaction
rate is the morphological three-dimensional structure of the rubber particles. Similar to the well-
known auto-acceleration or gel-effect (or Trommsdorff effect) [25], commonly observed in certain
bulk free-radical polymerization systems, the cross-linked structure of the elastomer network of
GTR could also limit the mobility of long radicals, thus producing a decrease of their apparent
termination rate. To prove this, Xiong [12] increased the viscosity of the reacting media by dissolv-
ing a certain amount of poly(methyl methacrylate) (PMMA) into the initial MMA-BPO solution.
His findings confirmed that the polymerization rate was accelerated from the start to the end and
therefore, the course of the reaction exhibited a similar behavior to that observed in presence of
rubber particles.

3.2.2 Effect of the initiator nature

In order to further investigate and eventually confirm the above effects of BPO, a set of DSC
thermograms has been produced under the same conditions, but using a different initiator agent,
namely AMBN. The corresponding monomer conversion evolution curves are shown in Figure 3.
As can be seen, the effect of the amount of GTR on the evolution of the polymerization is markedly
less pronounced; in fact, the previous acceleration effect seems to have disappeared while the in-
hibition effect is severely diminished, with the final monomer conversion reaching 100% in both
0% and 30% GTR content, while being reduced only to about 91% at 50% GTR content. At
the same time, the presence of GTR seems to display a retardation effect on the evolution of the
polymerization.

Unlike peroxides that, as mentioned above, are highly reactive with the surface of carbon black
resulting in pronounced effects on the evolution of peroxide-initiated polymerization systems, azo-
compounds are less active towards the surface of carbon black. Hence, regardless of the monomer
e-value, polymerizations initiated by azo-compounds are only moderately retarded in the presence

1 According to the Alfred and Price’s Q and e scheme, the e-value is a constant characteristic value for each
individual vinyl monomers that takes into account for the polarity of their double bonds; electron-rich (negative e)
and electron-poor (positive e), and which influences their reactivity [24].
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Figure 3: Effect of the GTR content on the evolution of monomer conversion during the isothermal
AMBN-initiated radical polymerization of styrene, in the presence of GTR particles. (T=90◦C;
ratio AMBN/St=4.6 wt%).

of GTR [20, 26]. This difference in the behavior and in the effects of the two types of initiator agents
has been reported in numerous studies in the literature. Ohkita et al., (1975) [18] observed that
the BPO initiated radical polymerization of styrene was inhibited in presence of furnace blacks. In
this study, the overall monomer conversion was limited to only 2% when adding 2 wt% of carbon
black (1.5 · 10−4 mol% of BPO), instead of 18% in the absence of carbon black after 10 hours
of reaction. Inversely, when AIBN was used as initiator agent, only a moderate retardation was
observed on the evolution of monomer conversion under the presence of carbon black of approx.
25% with respect to that of the case without carbon black. Coiai et al., 2006[8], in contrast to
their aforementioned observations regarding the inhibition effect of GTR on the BPO-initiated
polymerization of styrene (i.e., 54% monomer conversion after 24 hours at 85 ◦C, in the presence
of 10 wt% GTR), observed complete monomer conversion under the same conditions, simply by
switching the initiator agent to AIBN.

3.2.3 Effect of the GTR formulation

The role of carbon black, existing in the formulation of GTR, is certainly important as shown pre-
viously and as reported by numerous studies [17, 20, 22, 23, 26]. Nevertheless, it is expected that
other additives in GTR might also display an effect, either positive or negative, on the rate and the
extent of the polymerization. For example, the antioxidant agents, added in the tires formulation,
are designed to scavenge and destroy oxy radicals in order to slow-down the rubber aging process
[27]. Hence, a certain interaction with the polymerization primary radicals and macroradicals is
expected to take place. On the other hand, it is also expected that some of the GTR additives
might also interact with the carbon black surface, thus partially "masking" its effects. Unfortu-
nately, it is very difficult to isolate the extent of the positive or negative contributions of each
component.

In the present study, the phenomena related to the formulation of GTR, in terms of the exis-
tence of additives and impurities, has been assessed by running a series of identical BPO-initialized
polymerizations as the ones presented above, with the difference of having purified (i.e., by treat-
ment with chloroform, cf. Sec. 2.2) the GTR particles before the experiments. Figure 4 presents
a comparison of the monomer conversion curves produced by the respective thermograms, for the
pure homopolymerization case and for the 30% and 50% treated (dashed lines) and non-treated
(solid lines) GTR compositions. As can be seen, the inhibition effect seems to be more pronounced
in the case of the "purified" GTR, with respect to the non-treated GTR.

This can be attributed to possible interactions of the additives and impurities of the GTR
formulation (i.e., for the non-treated GTR) with the surface of carbon black, thus reducing the
extent of interactions with the benzoyl radicals of BPO. When these additives are removed (i.e.,
for the treated GTR), a greater number of active radicals on the carbon-black surface are exposed,
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Figure 4: Styrene conversion vs time in presence of 30 wt% of untreated GTR and chloroform-
treated GTR (pur-GTR) at 90◦C(BPO/St=4.6 wt%).

able to scavenge the free benzoyl radicals and the growing polystyrene chains. Note that this
does not exclude that, in the case of non-treated GTR, a part of the benzoyl radicals might be
deactivated in reactions with certain additives and impurities, thus resulting in a partial inhibition
of the polymerization reaction as well. But it seems that the net overall prevailing effect, when
removing these additives and impurities of the GTR formulation, is an increase on the initially
observed effect of GTR (i.e., in this case, a more pronounced inhibition). Similar observations
have been reported in the literature. For example, Xiong (2010) [12] observed that, the promoting
effect of GTR on the bulk polymerization of MMA, attributed to the interactions with the surface
of carbon black, was further amplified upon purification of the rubber particles by methyl ethyl
ketone. On the other hand, when removing carbon black from the GTR formulation, a significant
retardation (i.e., of about 40% at 50 ◦C) on the monomer conversion was observed, that could be
attributed to eventual interactions of the radicals with the other additives and impurities of the
GTR formulation.

3.2.4 Effect of the initiator content and reaction temperature

In the above Figures, the initiator content, with respect to the monomer content, and the reaction
temperature have been kept constant in order to isolate their eventual influence on the rate and
extent of the polymerization from the studied effects of the GTR content, the initiator agent type
and the GTR formulation. To assess the effect of the initiator content, the thermograms of the
polymerization have been recorded for a constant ratio of BPO over the total sample mass, in con-
trast to the initial measurements where the content of BPO was kept constant only with respect
to the mass of styrene (c.f. Table 1). Figure 5 shows the comparison between the final monomer
conversion values, achieved under the three different GTR contents in the case of constant BPO
to styrene ratio (filled circles) and in the case of constant BPO to [styrene+GTR] ratio (open
squares). As discussed previously, when the mass of initiator is constant with respect to the mass
of styrene, a monotonous decrease is observed in the final monomer conversion. On the other hand,
when the ratio of BPO to total sample mass is kept constant, meaning that the amount of initiator
is higher in comparison to the previous case (i.e., except for the pure styrene polymerization), a
rather surprising phenomenon is observed; the final monomer conversion drops very rapidly to a
value around 20%, even for the 30% composition in GTR, and then remains relatively invariant
when increasing the GTR content to 50%.

Previous studies [12] have suggested that there might exist a range of GTR content where its
effects on the polymerization reactions are more pronounced, while being relatively insensitive to
variations in the GTR content outside this range. The same phenomenon is observed in Figure 6,
where the variation of the final monomer conversion with respect to the GTR content is depicted
for a constant BPO to styrene ratio and for three different temperatures. Once again, the case
of 30% GTR content seems to display the highest sensitivity towards the temperature variations,
in contrast to the 50% GTR content where the monomer conversion remains rather constant with
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Figure 5: Influence of the GTR content on the final conversion of the BPO-initiated styrene
polymerization at 90 ◦Cfor two different cases: BPO/St and BPO/[St+GTR] equal to 4.6wt%.

respect to the temperature changes.

In both of the above cases, it is seen that an increase in either GTR content or reaction tem-
perature brings about a more pronounced decrease on the final monomer conversion of styrene,
hence a more amplified effect of GTR on the course of polymerization, as identified by the initial
measurements with varying GTR content (cf. Fig. 2). Should the initial hypothesis of dominant
interactions between the benzoyl radicals and the growing polymer radicals with the surface of
carbon black hold true, the above observations are consistent with this hypothesis in the sense
that these interactions should be more pronounced at higher GTR content or temperature. At the
same time, a continuous increase in the GTR content, after a certain point, probably results in
diffusional and/or steric limitations that partially compensate the above interactions, making the
effects less pronounced. Since only the 30% and 50% GTR contents were tested in this study, it is
not possible to better identify the range of highest sensitivity, which seems to be located between
the 0% and 30% contents.

Figure 6: Influence of the temperature on the final monomer conversion of the BPO-initiated
styrene polymerization in presence of GTR (BPO/St 4.6% wt).

3.3 Kinetics of the polymerization of styrene in the presence of GTR.
Overall kinetic rate constants and activation energies

As illustrated in the previous sections, the free-radical polymerization of styrene in the presence
of GTR is a system that presents a complex kinetic mechanism that has not been completely
elucidated. Nevertheless, in an effort to quantify the effect of GTR on the reaction kinetics, the
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overall effective kinetic rate constant and activation energy of the polymerization can be calculated
on the basis of the DSC data [9, 10, 28]. Accordingly, considering an oversimplified general kinetic
scheme (i.e., containing only the radical initiation, propagation and termination reactions), the
polymerization rate Rp will be given by:

Rp = −
d[M ]
dt

= Ri −Rt
(2)

where [M ], Ri and Rt denote the monomer’s concentration and the radical initiation and termi-
nation rates, respectively. Note however, that the form of this expression depend on the possible
existence of inhibition phenomena, in which case the rate of the inhibition reaction Rz should
be also considered (subtraction on the right side of Eq. (2)) and, in turn, the overall inhibition
rate constant, kz, needs to be determined. Unfortunately, prediction of kz involves difficult ex-
perimentation, since the rates to be detected are very small, in particular when the inhibition is
considerably strong (e.g., BPO initiated styrene polymerization with 50 wt% of GTR, see figure
2b) [15]. Despite this difficulty, data from DSC measurements were treated (as described in the
Appendix at the end of this paper), in an attempt to quantify the effect of the inhibitor on the
overall kinetics. Nevertheless, the results obtained for the BPO-initiated reactions were not con-
clusive and further data collection is required to determine with confidence the constants of the
inhibited polymerization.

By considering the aforementioned limitations and therefore, assuming that the effects of GTR
inhibition are already implicit in the values of ki, kp and kt, the overall effective kinetic constants
were predicted. Under the hypothesis of LCH (i.e., Long-Chain Hypothesis) and QSSA (i.e., Quasi
Steady-State Assumption) for the polymer radicals [29], the differential equation above can then
be written as Eq. (3) and then integrated over the initial instances of polymerization (i.e., for
low monomer conversion values), by considering that the variation of the initiator concentration is
negligible, to yield the expression in Eq. (4):

Rp = −
d[M ]
dt

= kp

(
fkd

kt

)1/2
[I]1/2 (3)

−ln(1 − x) = kt; k = kp

(
fkd

kt

)1/2
[I]1/2 ∼= const (4)

Equation (4) can be implemented to estimate the overall kinetic constant, k, by plotting the
linear relation −ln(1−x) versus t. Note that expressions in Eq. (3) and (4) are valid only under the
aforementioned assumptions and their applicability should be limited to low monomer conversion
values, to avoid significant variation of the value of the initiator concentration. Once the value
of k has been estimated for different reaction temperatures, the overall effective activation energy
Eeff of the polymerization can be inferred by considering an Arrhenius-type variation of k and
plotting the values of ln(k) vs 1/T . The above procedure was implemented to calculate the values
of Eeff , under different GTR and initiator contents. Figure 7 shows the curves obtained for the
BPO-initiated styrene polymerization with 30 wt% of GTR while the rest of the calculated values
of Eeff are presented in Table 2.

In general, for the estimation of k and Eeff , the linear regression fitted well to the data in the
ranges considered, as indicated also by the calculated values of the determination coefficient,R2.
The calculated activation energy of the homopolymerization case (i.e., in the absence of GTR) was
92.7 kJ/mol (R2 = 0.999) for the BPO initiator and 94.9 kJ/mol (R2 = 0.999) for AMBN, which
are consistent with the reported literature values (i.e. 96.6 kJ/mol for the BPO-initiated styrene
polymerization) [30] and with the difference of the activation energies of the two initiators (i.e.,
about 124 and 128 kJ/mol for the thermal decomposition of BPO and AMBN, respectively) [15, 31].

As can be seen, the addition of GTR results in a decrease in the Eeff value for the BPO-
initiated polymerization. This can be attributed to the strong interactions between the peroxide
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(a) (b)

Figure 7: Calculation of the a) overall kinetic constant k and b) effective activation energy Eeff

for the BPO-initiated styrene polymerization, in the presence of GTR (30 wt%).

initiator and the surface of carbon black that, as described earlier, may induce a redox initia-
tion, thus accelerating the decomposition of BPO. According to Eq. (2), the effective activation
energy of the polymerization will be given by the expression: Eeff=Ep+0.5*(Ed-Et), where the
subscripts p, d and t correspond to the propagation, decomposition and termination reactions,
respectively. As a result, a decrease of the value of Ed within the range defined by the activation
energy values of redox initiation (i.e. 40-60 kJ/mol) and thermal homolysis (i.e., around 124 and
128 kJ/mol for BPO and AMBN, respectively) [15], would result in a subsequent decrease of the
overall value of Eeff . It should be noted that at this point that, other parallel interactions are
expected to take place (e.g., inhibition and/or retardation by the additives of GTR) that might
have a positive or negative influence on the value of the effective activation energy. Hence, the
above explanation could only account for a part of the observed overall decrease. Nonetheless,
since the interactions between BPO and the surface of carbon black are extensive in this system
[17, 18], it is expected that their role will be dominant in the observed decrease of the value of Eeff .

On the other hand, the effect seems to be reversed in the case of AMBN, where an increase is
observed on the calculated values of Eeff upon addition of GTR. In this case, in the absence of
strong interactions between the initiator and carbon black, the observed behavior can be mainly
attributed to the overall inhibition effect of GTR on the course of the polymerization. This inhi-
bition, also demonstrated in Figure 3, is primarily caused by the various additives and impurities
present in the GTR formulation. In the case of strong inhibition and for low monomer conver-
sion (i.e., for negligible initiator and inhibitor(s) concentrations), the effective activation energy
will be calculated by an expression of the type: Eeff=Ep+Ed-Ez, where Ez corresponds to the
overall activation energy of the inhibition reactions. It is certainly difficult to assess the exact
contribution of the inhibition activation energy on the overall value of Eeff , but its combination
with the substantial increase induced by the decomposition term (i.e., due to the fact that Ed is
no longer multiplied by 0.5) seems to result in the overall increasing effect of the value of Eeff .
Note that, given the assumptions involved in the method used to calculate the value of Eeff and
the complexity of the associated chemical reactions mechanism, it would be rather risky to extend
this discussion further than the mentioned overall trends, on the basis of the exact calculated values.

Conclusions
In this investigation, the aim was to asses the reaction kinetics of the free-radical bulk polymer-
ization of styrene in presence of fine rubber particles from recycled used tires, used as mechanical
property modifier in stiffness polymers. For this purpose, the course of the reaction was monitored
by DSC under different conditions in terms of temperature and composition, and two chemical
initiators of different nature, BPO and AMBN. This research has shown that the addition of GTR
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Table 2: Calculated activation energy Eeff values for styrene polymerization in absence and pres-
ence of GTR for different mass ratios of initiator (I) to styrene (St). Parenthesis are R2 values of
the linear regression.

GTR (wt%) I/St
(wt/wt%)

I/GTR
(wt/wt%)

Eeff (kJ/mol)
for BPO

Eeff (kJ/mol)
for AMBN

0 4.6 92.7 (R2=0.999) 94.9 (0.999)

48 4.6 4.6 70.5 (R2=0.908) 140.3 (R2=0.998)

48 9.4 9.4 76.1 (R2=0.991) 113.3 (R2=0.998)

29 4.6 10.8 74.0 (R2=0.997) 111.8 (R2=0.999)

29 6.6 15.5 45.6 (R2=0.863) 109.9 (R2=0.999)

deviates the evolution of the polymerization and diminish the rate of reaction when using any
of the two initiators. The strongest effects were observed for the BPO initiated system, which
displays a severe retardation and inhibition that increase with the content of rubber particles and
lead to low monomer conversions. In contrast, the reaction initiated with AMBN is moderately
retarded and slightly inhibited only at high GTR percentages. These particular effects were mainly
attributed to the chemical interactions between the initiator radicals of the carbon black, additives
and impurities present in the formulation of the GTR. It was also shown that in the case of the
BPO, the effective activation energy decreases compared to the one required for the polymerization
of the neat monomer, while the effect was reversed in the case of AMBN where the final activation
energy increased.

The present study confirms previous findings and supports the idea that the mechanism of
the BPO initiated free-radical polymerization of styrene with GTR is a complex system in which
different physicochemical phenomena intervene and several and antagonistic reactions may take
place simultaneously, making it difficult to elucidate them separately. Finally, additional research
is being done to assess the general mechanism of the kinetics of the inhibition and determine the
inhibition constant values for this system.
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