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Abstract. We developed a thermomechanical devulcanization process of ground tire rubber
(GTR) by incorporating chemicals to achieve better devulcanization. The samples were
devulcanized in a twin-screw extruder with the help of three types of chemicals that aid
devulcanization: N-(cyclohexylthio) phthalimide (PV1), dibenzamid diphenyl disulfide (DBD)
and dialkyl-pentasulfide (DPS, commercialized as Aktiplast 79). We characterized the resulting
devulcanizates by Soxhlet-extraction, and produced vulcanized sheets, which we characterized
mechanically and examined the vulcanization process. We found that all chemicals facilitated
better devulcanization and the devulcanizate had a more rubber-like behavior during mixing.
Vulcanization was also slightly improved and reversion was reduced. When revulcanized, the
rubber had improved strain at break and tear strength.

Introduction

The upcycling of elastomers is one of the most critical problems in the recycling of polymers [1]. This
is due to the structure of elastomers: their high elasticity is provided by crosslinks between their
molecule chains. These crosslinks, however, make them hard to recycle as they hinder reversible
meltability. The most pressing issue of elastomer recycling is the recycling of the tire rubbers. Tire
rubbers are composite materials consisting of metallic and textile reinforcements and different types of
rubbers. First, the elastomeric part must be ground, producing ground tire rubber (GTR). This GTR is
easy to handle, and it can be used to toughen different kinds of polymers, for example, thermoplastics
[2-5], thermosets [6, 7], and rubbers as well [8-11]. The problem with this kind of use is that the GTR
is not compatible with the matrix, so these materials cannot be high-performance materials. While this
use of GTR is viable, it cannot be considered optimal as it cannot handle the increasing mass of rubber
waste. A better way of recycling is devulcanization and reclamation, both of which aim to break up the
crosslinked structure of rubbers, thus enabling primary recycling [12]. Devulcanization achieves this
goal by selective crosslink scission; reclamation is also accompanied by significant chain scission [13].
There are several ways of devulcanization, the most widespread of which are the thermomechanical [14-
16], thermochemical [17, 18] and microwave [19, 20] methods. The most straightforward of these is
thermomechanical devulcanization because it is continuous, highly productive, and does not necessarily
involve chemical agents [15]. Thermomechanical devulcanization is carried out mainly in a twin-screw
extruder, where combining heat and shear produces enough energy to break crosslinks. [21]. Heat and
shear can be altered easily in the extruder as extruder screws are modular and thus easily customizable.
Thermomechanical devulcanization can be aided with chemical additives that help break crosslinks and
they also influence recombination [13]. The degree of devulcanization can be rated by soluble content
and cross-link density. Soluble fraction can be used to quantify the degree of devulcanization since
devulcanizates are more soluble than crosslinked elastomers [14, 22, 23].

The main disadvantage of devulcanizates is that if they are revulcanized, their properties are inferior to
those of primary rubbers. Researchers also found that revulcanizing is significantly faster than in the
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case of conventional rubbers due to the accelerator residue remaining after devulcanization [24]. This
fast revulcanization is also facilitated by residual carbon black as it has oxygen, nitrogen, and sulphur
on its surface [25]. Fast revulcanization might also result from devulcanization itself, as reduced cross-
linking density increases polymeric chain mobility, leading to more effective collisions among
molecules and a more rapid revulcanization reaction [26].

In this study, our aim was to improve thermomechanical devulcanization by incorporating different
types of devulcanization aids. Additionally, we aimed to improve the consistency of the devulcanizate,
to create a more rubber-like material that can be processed more easily by the rubber industry.

Materials and methods
Materials

We used ground tire rubber (GTR) from Aqualet Ltd. (Budapest, Hungary), produced by water jet
milling with a particle size under 0.4 mm. The pellets were made from truck tire treads, they were clean
and contained only a small amount of contaminants.

We used three types of devulcanization agents:
e PVI: N-(cyclohexylthio)phthalimide
e DBD: Dibenzamid diphenyl disulfide
o Aktiplast 79: Dialkyl-pentasulfide
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Figure 1.: The chemical composition of the devulcanization aids (a): PVI, b): DBD, c): Aktiplast 79).

PVIis used in the rubber industry as a retarder, DBD is a known peptizer used in the treatment of natural
rubber, and Aktiplast 79 is a reclamation agent for natural and synthetic rubbers. We formulated six
recipes using these materials (Table 1).

Table 1.: The compounds formulated for devulcanization.

Amount (phr)
Content
1 2 3 4 5 6
GTR 100 100 100 100 100 100
PVI 0 2 0 0 1 1
DBD 0 0 2 0 1 0
Aktiplast 79 0 0 0 2 0 1

We constructed a simple recipe for revulcanizing the devulcanized GTRs (dGTRs) (Table 2). Zinc oxide
(Werco Metal (Zlatna, Romania)) and stearic acid (Oleon (Ertvelde, Belgium)) were used as activators,
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CBS (N-Cyclohexyl-2-benzothiazolesulfenamide) (Rhein Chemie (Mannheim, Germany)) was used as
accelerator, and sulphur (Ningbo Actmix Polymer (Zhejiang, China)) was used for cross-linking.

Table 2.: Recipes for revulcanization.

Amount

Content (phr)
dGTR 100
(with devulcanization aids)
Zinc oxide 5
Stearic acid 2
CBS 1.5
Sulphur 15

Methods
The devulcanizing agents were mixed with GTR in a Henschel FM/A10 Fluid Mixer (Henschel (Kassen,
Germany) at 1000 rpm for 5 min.
Devulcanization was carried out with a twin-screw extruder LTE 26-44 (Labtech Engineering Co., Ltd.,
Samutprakarn, Thailand) with unidirectionally rotating screws at a barrel temperature of 190 °C and a
speed of 60 rpm.
The vulcanizing agents were mixed to dGTR with a Brabender Lab-Station internal mixer (Brabender
GmbH & Co. KG, Duisburg, Germany). We used the Intermix (Mixer type 350 SX) mixing module.
Mixing was performed at a speed of 40 rpm for 6 min in a chamber at 50 °C with the chamber filled
approximately 60%.
The dGTR samples were characterized by Soxhlet extraction and compared based on soluble content,
which allowed a comparison of their degree of devulcanization. Measurements were performed in a
Soxhlet extractor with a hot toluene solvent for 18 h and then dried for 12 h. The soluble solid content
is given by the formula below:

Sol content (%) = (1 — %) -100

L
where M; and Mg stand for sample mass before and after extraction.

We used a D-RPA 3000 moving die rheometer (MonTech, Buchen, Germany) to record the
vulcanization curves of dGTR samples and determine the vulcanization times. Measurements were
performed at 160 and 180 °C.

Then the revulcanized rubbers were tested. Square sheets of 160x160 mm and 2 mm thickness were
pressed with a Teach-Line Platen Press 200E (Dr. Collin GmbH, Munich, Germany) hydraulic press at
180 °C for the typical vulcanization time tg + 30 seconds. This ensured that the whole volume of the
sample was vulcanized. The pressure was 16 bar.

We performed tensile and tear tests to characterize the revulcanized rubbers using a Zwick Z005 (Zwick,
Ulm, Germany) universal tensile tester with a speed of 500 mm/min. Tensile strength and elongation at
break were calculated with the following equations:

Fg
%= 7,
0
Ly—L
g = BL %.100
0

where gy is tensile strength (MPa), Fp is the force measured at break (N), A, is the initial cross-section
of the specimens (mm?), &5 is elongation at break (%), Ly is the length measured at break (mm), and L,
is the initial gauge length of the specimen (mm). Tear tests were performed on standardized specimens
with a 1 mm nick. We characterized the samples by tear strength, which can be calculated in the
following way:
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where Ty is tear force (N/mm), E,, is the maximal force (N), and a, is the initial thickness of the samples
(mm).

Results and discussion

Soluble content

The soluble content of the samples (Table 3) showed that the additives incorporated into the GTR were
almost completely dissolved without devulcanization, as the soluble content before devulcanization
typically increased by 2%, which was equal to the amount of additives. This suggests that elevated
temperatures are indeed required for the mechanism of action of the devulcanization agents. After
devulcanization, the soluble content of all devulcanizates increased significantly compared to the
reference dGTR, so the devulcanization agents facilitated devulcanization. This effect was most
pronounced with DBD, which proved to be the most effective additive, while the least increase was
produced by PVI. This can be explained with the fact that DBD decreases the molecular weight of
crosslinked elastomers, and this facilitates a better degree of devulcanization.

Table 3.: Soluble content.

Sample (before devulcanization)  Sol content (%) Sample (after devulcanization)  Sol content (%)

GTRo 10.8+1.0 dGTRg 13.3+0.7
GTRpy 123+£1.0 dGTRpv 17.0£1.0
GTRoeDp 12.7+0.3 dGTRpeD 20.5+0.9
GTRAKktiplast 79 122+0.6  dGTRA«iplast 79 19.0+0.6
GTRpvi+pBD 125409 dGTRpvi+pED 18.6 £ 0.1
GTRpvi+Aktiplast 79 11.9+0.8  dGTRpvi+aktiplast 79 17.0+0.7

The increase in devulcanization was also apparent from the consistency of the dGTRs: using
devulcanization aids produced a rubber-like devulcanizate instead of rubber granules (Figure 2).

Figure 2.: Comparison of the consistency of devulcanizates (a): without devulcanization aids, b): with
devulcanization aids).
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Mixing

During the preparation of the rubber mixtures, we registered the torque and temperature of the mixture,
and drew conclusions from them. The mixing curves (Figure 3) indicate that all devulcanization agents
increased the torque at the end of mixing. This can be attributed to a more rubber-like behavior, since
rubbers have higher viscosity than other plastics, and this can increase mixing torque. Increasing torque
also results in growing temperatures at the end of mixing. This effect is most pronounced in the case of
Aktiplast 79, which seems to increase viscosity of the devulcanizates, and this also showed in the
presence of dGTRs: while all others came out of the extruder in a powdery form, the Aktiplast 79 helped
to create a more consistent material.
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Figure 3.: The recorded plastograms.
Vulcanization

In our analysis of the vulcanization process (Figure 4, Table 4), we observed a consistent decrease in
torque with all additives. This decrease suggests that these additives produce a softer behavior in the
material, which indicates shorter molecules. Notably, Aktiplast 79 produced the most substantial
reduction in torque, showing its significant impact.

However, despite the use of these additives, there was no significant improvement in the vulcanization
times of dGTR blends. Only a marginal deceleration was noticed with the application of PVI, failing to
alter the inherently rapid vulcanization process notably.

Furthermore, the combined use of PVI with other additives like DBD or Aktiplast 79 did not yield any
synergistic effects on the vulcanization process.
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Figure 4.: Vulcanization curves recorded at 180 °C.
Table 4.: Characteristics of the vulcanization process.

Samples S'min (ANM)  S'max (ANM)  tio (Min) tso (Min) tso (Min) tzo (Min) too (Min)
dGTRo 12.07 32.52 0.26 0.36 0.44 0.54 0.75
dGTRpvi 9.92 28.52 0.31 0.41 0.49 0.59 0.81
dGTRpep 10.03 29.52 0.25 0.35 0.43 0.53 0.73
dGTRAktiplast 79 7.46 24.91 0.28 0.37 0.45 0.54 0.73
dGTRpvi+DBD 9.53 28.23 0.27 0.37 0.44 0.55 0.76
dGTRepvi+Aktiplast 79 8.98 26.92 0.27 0.36 0.44 0.54 0.72

Tensile tests

The tensile test results (Figure 5, Table 5) showed that the devulcanizing aids led to a noteworthy
increase in elongation at break for the revulcanized rubbers. This enhancement, however, came at the
cost of reduced tensile strength. Among the tested chemicals, Aktiplast 79 improved elongation at break
most, which can be attributed to the enhanced devulcanization produced by Aktiplast 79. Interestingly,
there was no synergistic effect observed with the simultaneous use of PVI and Aktiplast 79.
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Figure 5.: Typical tensile curves.

Table 5.: Mechanical properties of the revulcanized rubbers.

Samples Maximal stress (MPa)  Strain at break (%)  Tear strength (N/mm)
dGTRo 54+04 984+1.5 44+0.2
dGTRpv 4.7+0.3 109.6 + 6.6 52+02
dGTRopep 3.9+04 89.7+5.0 54+0.6
dGTRAktiplast 79 48 +0.1 1142 +£8.2 6.1 £0.8
dGTRpvi+DBD 4.6+0.4 108.1+7.5 49+0.2
dGTRevi+Aktiplast 79 44+09 109.1 +19.9 50£0.1
Tear tests

The results of the tear tests (Figure 6, Table 5) clearly show that the devulcanization aids increased tear
propagation strength, and improved resistance against crack propagation in all cases. This improvement
was most striking with Aktiplast 79, there was no synergistic effect when it was used with PVI. This
behavior was most likely in connection with the higher rate of devulcanization, which yielded better
revulcanizates as well.
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Figure 6.: Typical tear curves.
Conclusions

We presented a way of enhancing thermomechanical devulcanization by using devulcanization
chemicals, PVI, DBD, and Aktiplast 79, and examined devulcanization, mixing, and revulcanization.
We also characterized the revulcanized rubbers with mechanical tests and concluded that all of the
chemicals increased the degree of devulcanization, and the revulcanized rubbers were also improved
when devulcanized in the presence of these chemicals. The greatest improvement was observed with
Aktiplast 79, which also produced a rubber-like devulcanizate instead of rubber granules.

Acknowledgments

The project supported by the Doctoral Excellence Fellowship Programme (DCEP) is funded by the
National Research Development and Innovation Fund of the Ministry of Culture and Innovation and the
Budapest University of Technology and Economics under a grant agreement with the National Research,
Development and Innovation Office. This work was supported by the National Research, Development
and Innovation Office, Hungary (K128268).

The authors would like to express their gratitude towards Dr. Tibor Nagy for his advice and valuable
help.

References

[1] Valentini F., Pegoretti A.: End-of-life options of tyres. A review. Advanced Industrial and
Engineering Polymer Research, 5, 203-213 (2022).

[2] Karger-Kocsis J., Mészaros L., Barany T.: Ground tyre rubber (gtr) in thermoplastics, thermosets,
and rubbers. Journal of Materials Science, 48, 1-38 (2012).

[3]Kiss L., Simon D. A., Petrény R., Kocsis D., Barany T., Mészaros L.: Ground tire rubber filled low-
density polyethylene: The effect of particle size. Advanced Industrial and Engineering Polymer
Research, 5, 12-17 (2022).



14th Hungarian Conference on Materials Science IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1313 (2024) 012008 doi:10.1088/1757-899X/1313/1/012008

[4] Kumar C. R., Fuhrmann I., Karger-Kocsis J.: Ldpe-based thermoplastic elastomers containing
ground tire rubber with and without dynamic curing. Polymer Degradation and Stability, 76, 137-144
(2002).

[5] Ramarad S., Khalid M., Ratnam C., Chuah A. L., Rashmi W.: Waste tire rubber in polymer blends:
A review on the evolution, properties and future. Progress in Materials Science, 72, 100-140 (2015).
[6] Hejna A., Korol J., Przybysz-Romatowska M., Zedler L., Chmielnicki B., Formela K.: Waste tire
rubber as low-cost and environmentally-friendly modifier in thermoset polymers - a review. Waste
Management, 108, 106-118 (2020).

[7] Taurino R., Bondioli F., Messori M.: Use of different kinds of waste in the construction of new
polymer composites: Review. Materials Today Sustainability, 21, (2023).

[8] Candau N., Leblanc R., Maspoch M. L.: A comparison of the mechanical behaviour of natural
rubber-based blends using waste rubber particles obtained by cryogrinding and high-shear mixing.
Express Polymer Letters, 17, 1135-1153 (2023).

[9] Pastor L. E. A., Carrero K. C. N., Gonzalez M., Araujo-Morera J., Peters G., Pastor J. M., Santana
M. H.: Life cycle assessment applied to a self-healing elastomer filled with ground tire rubber. Journal
of Cleaner Production, 419, (2023).

[10] Fazli A., Rodrigue D.: Recycling waste tires into ground tire rubber (gtr)/rubber compounds: A
review. Journal of Composites Science, 4, 103 (2020).

[11] Karabork: Investigation of the mechanical, tribological and corrosive properties of epoxy composite
coatings reinforced with recycled waste tire products. Express Polymer Letters, 16, 1114-1127 (2022).
[12] Saputra R., Walvekar R., Khalid M., Mubarak N. M., Sillanpdd M.: Current progress in waste tire
rubber devulcanization. Chemosphere, 265, 129033 (2021).

[13] Bockstal L., Berchem T., Schmetz Q., Richel A.: Devulcanisation and reclaiming of tires and rubber
by physical and chemical processes: A review. Journal of Cleaner Production, 236, 117574 (2019).
[14] Simon D. A., Barany T.: Effective thermomechanical devulcanization of ground tire rubber with a
co-rotating twin-screw extruder. Polymer Degradation and Stability, 190, 109626 (2021).

[15] Seghar S., Asaro L., Rolland-Monnet M., Hocine N. A.: Thermo-mechanical devulcanization and
recycling of rubber industry waste. Resources, Conservation and Recycling, 144, 180-186 (2019).

[16] Asaro L., Gratton M., Seghar S., Hocine N. A.: Recycling of rubber wastes by devulcanization.
Resources, Conservation and Recycling, 133, 250-262 (2018).

[17] Ghorai S., Bhunia S., Roy M., De D.: Mechanochemical devulcanization of natural rubber
vulcanizate by dual function disulfide chemicals. Polymer Degradation and Stability, 129, 34-46 (2016).
[18] Gumede J. I., Hlangothi B. G., Woolard C. D., Hlangothi S. P.: Organic chemical devulcanization
of rubber vulcanizates in supercritical carbon dioxide and associated less eco-unfriendly approaches: A
review. Waste Management & Research, 40, 490-503 (2022).

[19] Simon D. A., Barany T.: Microwave devulcanization of ground tire rubber and its improved
utilization in natural rubber compounds. ACS Sustainable Chemistry & Engineering, 11, 1797-1808
(2023).

[20] Garcia P., De Sousa F., De Lima J., Cruz S., Scuracchio C.: Devulcanization of ground tire rubber:
Physical and chemical changes after different microwave exposure times. Express Polymer Letters, 9,
(2015).

[21] Formela K., Cysewska M.: Efficiency of thermomechanical reclaiming of ground tire rubber
conducted in counter-rotating and co-rotating twin screw extruder. Polimery, 59, 231-238 (2014).

[22] Horikx M.: Chain scissions in a polymer network. Journal of Polymer Science, 19, 445-454 (1956).
[23] Formela K., Cysewska M., Haponiuk J. T.: Thermomechanical reclaiming of ground tire rubber via
extrusion at low temperature: Efficiency and limits. Journal of Vinyl and Additive Technology, 22, 213-
221 (2016).

[24] Ismail H., Ishak S., Hamid Z.: Effect of blend ratio on cure characteristics, tensile properties,
thermal and swelling properties of mica-filled (ethylene-propylene-diene monomer)/(recycled ethylene-
propylene-diene monomer)(epdm/r-epdm) blends. Journal of Vinyl and Additive Technology, 21, 1-6
(2015).

[25] Roychoudhury A., De P.: Reinforcement of epoxidized natural rubber by carbon black: Effect of
surface oxidation of carbon black particles. Journal of applied polymer science, 50, 181-186 (1993).



14th Hungarian Conference on Materials Science IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1313 (2024) 012008 doi:10.1088/1757-899X/1313/1/012008

[26] de Sousa F. D. B., Zanchet A., Ornaghi Junior H. L., Ornaghi F. G.: Revulcanization kinetics of
waste tire rubber devulcanized by microwaves: Challenges in getting recycled tire rubber for technical
application. ACS Sustainable Chemistry & Engineering, 7, 15413-15426 (2019).

10



