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ARTICLE INFO ABSTRACT

Keywords: Thermomechanical devulcanization is a possible solution for the circular economy of EPDM rubber, as it removes

EPDM rubber covalent crosslinks from vulcanizates, resulting in a material similar to uncured rubber mixes. In this paper,

Eevuica“}zatfon sulfur-cured EPDM rubber was treated with thermomechanical stimuli: a) processing on a two-roll mill and in an
evulcanization

internal mixer, and b) twin-screw extrusion. Horikx’s analysis indicated a 75 % decrease in crosslink density with
little polymer chain degradation. The resulting devulcanizates and non-devulcanized rubber crumb were added
to the original rubber mix, yielding samples with 0, 25, 50, 75 and 100 wt% recycled rubber contents. Revul-
canizates with up to 50 wt% devulcanizate content retained the tensile strength of the original rubber with a
slight increase in modulus. Ultimately, batch devulcanization had the most promising results, and extrusion
devulcanization was also more beneficial than using non-devulcanized rubber crumb. Crosslink density and

Horikx’s analysis
Rubber recycling

morphological tests also support these findings.

1. Introduction

Ethylene propylene diene monomer (EPDM) rubber is the most
common synthetic elastomer used outside the vehicle tyre industry [1].
It was developed from ethylene-propylene copolymer in order to make
traditional sulfur curing possible. Consequently, a cheap, widely avail-
able synthetic elastomer was created. Similarly to other elastomers, it is
used in compounds that are heavily filled with inorganic particles such
as carbon black, silica, dolomite, etc. Most EPDM products exploit the
material’s excellent chemical stability, resistance to UV, heat and ozone,
allowing outdoor applications with lifecycles reaching up to 50 years [2,
3]. Consequently, the global demand for EPDM rubber has reached 1.5
million tonnes per year, and this sheer volume makes EPDM recycling a
hot research topic. Similarly to other elastomers, the circular economy
of EPDM rubber cannot be achieved at the moment, as covalent cross-
links do not allow the traditional, value-conserving reprocessing of
elastomer products [4,5]. Covalent adaptable networks may offer a
long-term solution, but they are not commercially available due to their
high costs [6-8].

Current rubber waste management practices revolve around recy-
cling as ground rubber, and incineration [9]. However, full recovery

whereby waste rubber can completely replace primary rubber in-
gredients has not been achieved. While natural rubber is a renewable,
bio-based resource, most synthetic rubbers are crude oil derivatives.
Therefore, the waste management of synthetic rubbers is especially
critical [10-12]. Devulcanization may become the ultimate solution, as
it is the process of converting rubber waste into its original uncured form
via the selective scission of covalent crosslinks in the elastomer matrix.
Ideally, devulcanization would yield an uncured rubber mixture ready
to be vulcanized with intact polymer chains. In practice, however,
devulcanization is always accompanied by undesired side reactions such
as chain degradation and oxidation, hindering the mechanical proper-
ties of devulcanized rubber. The type of curatives also has a significant
effect on the devulcanization of rubber. Considering that the bond en-
ergy of C-C covalent bonds is larger than that of C-S and S-S bonds,
peroxide-cured rubbers are more prone to side reactions (i.e. degrada-
tion) during devulcanization than sulfur-cured rubbers [4,13-16]. The
reactions occurring during devulcanization are not fully understood yet,
but it is generally accepted that radical formation, rearrangement,
substitution and oxidation are the main pathways. Devulcanization
promoting chemicals can trigger further mechanisms, but their presence
limits the application of the devulcanizates. The various reaction types

* Corresponding author at: Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and Economics,

Mtegyetem rkp. 3., Budapest H-1111, Hungary.
E-mail address: barany@pt.bme.hu (T. Barany).

https://doi.org/10.1016/j.polymdegradstab.2024.111014

Received 23 April 2024; Received in revised form 19 September 2024; Accepted 19 September 2024

Available online 20 September 2024

0141-3910/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:barany@pt.bme.hu
www.sciencedirect.com/science/journal/01413910
https://www.journals.elsevier.com/polymer-degradation-and-stability
https://doi.org/10.1016/j.polymdegradstab.2024.111014
https://doi.org/10.1016/j.polymdegradstab.2024.111014
https://doi.org/10.1016/j.polymdegradstab.2024.111014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2024.111014&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

D.Z. Pirityi et al.

Polymer Degradation and Stability 230 (2024) 111014

. . EPDM after EPDM after
Original EPDM Type of . .
. . reaction at reaction along the
vulcanizate reaction . .
crosslinks polymer chain
R
R
Substitution A N/A
R =
R
R
R
Rearrange R SR N/A
R
R =
R
R
S
R R
R =
R R
P
R N
Oxidation P S
S
R Z R
R R
R R
R R
Radical .
formation i
R 7 R w/@/\
R R

Fig. 1. Reaction mechanisms during EPDM devulcanization.

can occur along the polymer chain or specifically at crosslinks as shown
in Fig. 1.

It is impossible to isolate these mechanisms, they are occurring
simultaneously. However, processing technologies and conditions have
a crucial role in promoting the desired reaction pathways over those that
reduce the quality of the devulcanizate. Overall, exposure to air at
temperatures above 240 °C is the main driver of oxo-degradation while
exposure to temperatures above 280 °C can trigger the random scission
of polymer chains via radical formation. Furthermore, Fukumori and
Matsushita [15] have suggested that the elastic constants of covalent
bonds also affect the selectivity for the breakage of sulfur-containing
bonds. Their reasoning is based on the fact that the bond energies of
C-C, C-S and S-S bonds are of similar magnitude, the respective elastic
constants show a larger variation. Consequently, heating alone causes

the random scission of covalent bonds, while mechanical treatment and
shearing can induce the selective breakdown of sulfur crosslinks [15,
17-20].

Several distinct devulcanization techniques have been developed
over the past decades, and they can be evaluated based on their yield,
conversion rate and selectivity. During microbial devulcanization,
certain strains of bacteria digest the sulfur components of rubber to fuel
themselves. It is a highly selective process with little side reactions, but it
is only effective near the surface of rubber and it is not easily scalable
[21,22]. Microwave devulcanization induces uniform heat generation
throughout the rubber matrix, thus the surface effect is significantly
reduced compared to microbial devulcanization. However, microwave
devulcanization is also difficult to scale [23,24]. It is possible to achieve
high selectivity and conversion via chemical devulcanization. However,
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this technique is difficult to scale and requires the use of organic solvents
in many cases, so it has gained little attention from industry lately [22,
25-27]. Several distinct thermomechanical devulcanization techniques
have also been developed. They are widely adaptable and can be com-
bined with other stimuli (such as devulcanization agents, ultrasounds or
supercritical carbon dioxide). Batch devulcanization normally occurs in
conventional rubber processing equipment (two-roll mill or internal
mixer), while a continuous operation is normally conducted in ex-
truders. Thermomechanical devulcanization offers a good balance in
yield, conversion and selectivity, thus it is regarded as a promising
technology. Extrusion devulcanization is often considered the scaled-up
version of batch thermomechanical devulcanization [28-32].

Horikx’s analysis has been proven as a reliable tool to evaluate the
effectiveness of devulcanization [33-35]. This method is based on the
Flory-Huggins theory, and correlates the degree of devulcanization
(percent decrease in crosslink density) with the sol content of rubber.
Two theoretical curves can be generated: a) one corresponding to ideal
devulcanization, b) the other corresponding to polymer degradation.
Experimental data can be plotted between these curves and the data
points’ relative distance from these curves can indicate the selectivity of
the devulcanization technology.

Sutanto et al. [13,18] developed kinetic models on the thermo-
mechanical devulcanization of EPDM rubber. They found that EPDM can
be devulcanized even at temperatures exceeding 200 °C, due to its
excellent heat resistance. Macsiniuc et al. [30] achieved high degrees of
devulcanization: ~75 % in batch operation and ~80 % in continuous
operations. However, they did not analyze the extent of side reactions.
Other studies reported either lower degrees of devulcanization with a
low extent of side reactions or higher degrees of devulcanization
accompanied by severe oxidative degradation processes [36,37].
Treatment temperature, residence time, shearing rate and fill ratio have
been identified as the most important parameters affecting the success of
devulcanization.

Though Horikx’s analysis is an excellent tool to analyze devulcani-
zation, it is not adequate on its own without studying the applicability of
the devulcanizates. Four distinct uses of devulcanized rubber have been
identified [26,38]: (a) blending with thermoset resins to increase their
stiffness [39]; (b) blending with thermoplastic polymers to form ther-
moplastic elastomers [40]; (c) mixing with virgin rubber to form partly
recycled rubber products [41,42]; and (d) revulcanization to yield 100
% recycled rubber [43]. However, from a circular economy point of
view, waste rubber should end up in recycled rubber products with
similar purposes to those of the original product.

Seghar et al. [44] experimented with the application of devulcani-
zates in virgin rubber. They found that 20 wt% recycled content would
result in a 20 % decrease in the samples’ Young’s modulus and tensile
strength. Movahed et al. [45] also reported a quasi-linear decrease in
mechanical properties of recycled rubber at increasing devulcanizate
contents.

Previously, our research group has reported results on the micro-
wave and thermomechanical devulcanization of ground tire rubber and
EPDM rubber [23,46-48]. We have reported up to 80 % decrease in
crosslink density during the batch thermomechanical devulcanization of
EPDM rubber on a two-roll mill with a low extent of side reactions. The
current paper is aimed at scaling up these findings on an extruder while
comparing the two thermomechanical technologies based on the ob-
tained recycled materials. Devulcanizates were characterized via
Horikx’s analysis. Subsequently, they were mixed into virgin rubber
mixtures to form partially recycled rubber samples with various recycled
contents. Mechanical, morphological and swelling tests were performed
on the obtained revulcanizates to investigate the effectiveness of EPDM
recycling via batch and continuous thermomechanical devulcanization.
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Table 1
Composition of the EPDM mixture used for the experiments.

Component Amount (phr)
Dutral TER 4047 100
Dolomite B 30
N550 carbon black 45
N772 carbon black 40
DK 350 oil 15
UltraLube UL160 3
PEG 4000* 1
Zinc oxide 4
Zinc stearate 1
TBTD** 0.8
MBT 1.5
ZDBC**** 0.8
Sulfur 1
Total 243.1

“ Polyethylene glycol with an average molecular weight of
4000 Da.

" Tetrabutylthiuram disulphide.

" Mercaptobenzothiazole.

" Zinc dibutyl dithiocarbamate.

2. Experimental
2.1. Materials

Throughout the experiments, the same EPDM-based sulfuric rubber
mixture was used. The base polymer was Dutral TER 4047 (ML(1+4 at
125°C): 55) with 54.0 wt% ethylene, 41.5 wt% propylene and 4.5 wt%
ethylidene norbornene contents. The rubber mixture was produced and
provided by Palotas Mix Kft. (KemeneshOgyész, Hungary), and its
composition is presented in Table 1.

Revulcanization experiments required the use of the same curing
agents as used in the original recipe: zinc oxide (produced by S.C. Werco
Metal S.r.1., Zlatna, Romania), zinc stearate (produced by Merck KGaA,
Darmstadt, Germany), TBTD, MBT, ZDBC, and sulfur (all produced by
Ningbo Actmix Rubber Chemicals Co., Ltd., Ningbo, China).

2.2. Sample preparation

First, the EPDM reference rubber was cured with a Collin Teach-Line
Platen Press 200E (Dr. Collin GmbH, Ebersberg, Germany) hot press.
Curing took place at 180 °C with a 2.8 MPa closing pressure. A 2 mm
thick mold was used for curing, and the rubber mixture was kept in the
mold for tgg, which was previously determined via rheometer mea-
surements. The resulting 2 mm thick rubber sheets were pulverized in a
RETSCH ZM200 (Retsch GmbH, Haan, Germany) cryogenic mill at a
12,000 rpm rotor speed. The mill was equipped with a ring sieve with 2
mm trapezoid holes. 55 wt% of the resulting powder had a particle size
larger than 710 mm, and only this fraction was chosen for devulcani-
zation to maximize the shearing rate during devulcanization [47].

A previously reported two-step devulcanization technique was used
for the preparation of batch devulcanizates. This technique was used
because of its high degree of devulcanization and low extent of chain
degradation [48]. The first step took place on a Labtech LRM-SC-11/3E
(Labtech Engineering Co. Ltd., Samutprakarn, Thailand) two-roll mill.
EPDM rubber crumb was fed to the rolls in batches of 50 g and each
batch was allowed to pass through the gap 20 times. The gap size was 0.5
mm for the first round, which was decreased to 0.1 mm to maximize the
shearing rate over the course of the remaining 19 rounds. Roll speeds
were set at 4 and 2 rpm for the front and rear rolls, respectively. Three
temperature settings were applied: (a) 170 and 190 °C, (b) 190 and 210
°C, and (c) 210 and 230 °C at the front and rear rolls, respectively. The
second step of devulcanization took place in a Brabender Plasti-Corder
(Brabender Technologie GmbH & Co., Duisburg, Germany) internal
mixer. Throughout the procedure, the mixer was equipped with
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Table 2
Summary of the devulcanized samples.
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Batch samples

Sample name Temperature of front roll (°C)

Temperature of rear roll ( °C) Temperature of internal mixer (°C)

dEPDM},; 170 190 N/A

dEPDM}, 190 210 N/A

dEPDM3 210 230 N/A

dEPDMp4 170 190 180

dEPDM,5 190 210 180

dEPDMe 210 230 180

dEPDM},; 170 190 200

dEPDM,g 190 210 200

dEPDM;e 210 230 200

Extruded samples
Sample name Extruder zone temperatures (°C)
Zone 10 Zone 9 Zone 8 Zone 7 Zone 6 Zone 5 Zone 4 Zone 3 Zone 2 Zone 1

dEPDM,, 160 155 155 155 150 150 150 145 145 145
dEPDM_o 170 165 165 165 160 160 160 155 155 155
dEPDM_3 180 175 175 175 170 170 170 165 165 165
dEPDM_4 190 185 185 185 180 180 180 175 175 175
dEPDM.5 200 195 195 195 190 190 190 185 185 185
dEPDM_¢ 210 205 205 205 200 200 200 195 195 195

tangential rotors, a 50 cm® chamber, and a fill factor of 75 % was
applied. This step of devulcanization lasted for 15 min with a 150 rpm
rotor speed. Three settings were tested: (a) no treatment in internal
mixer, (b) 180 °C, and (c) 200 °C.

The continuous devulcanization took place in a Labtech LTE 26-44
(Labtech Engineering Co. Ltd., Samutprakarn, Thailand) twin-screw
extruder. The die was removed from the end of the extruder to
decrease the pressure build-up in the barrel. The screw speed was set to
60 rpm, based on our previous results [23]. All devulcanization pa-
rameters and the nomenclature of the resulting samples are presented in
Table 2.

The applicability of the most promising devulcanizates was tested via
reintegration into the original virgin rubber mixture introduced in
Table 1. dEPDMpe and dEPDM_ ¢ were selected based on Horikx’s anal-
ysis (see later in Section 3.1.), and as reference, non-devulcanized rub-
ber crumb was also mixed into virgin rubber to show the positive effects
of devulcanization on the recyclability of EPDM rubber. For this pro-
cedure, a two-step mixing strategy was applied to make sure that the
curatives are adequately dispersed in the recycled rubber crumbs [23,
47]. The devulcanized or non-devulcanized rubber crumbs were first
mixed with the original curing system: 4 phr of zinc oxide, 1 phr of zinc
stearate, 0.8 phr of TBTD, 1.5 phr of MBT, 0.8 phr of ZDBC and 1 phr of
sulfur. The amounts were measured for polymer content, not for the
overall weight of the rubber crumbs. Then these mixtures were added to
the virgin rubber mixture introduced in Table 1. Mixing took place in a
Brabender Plasti-Corder internal mixer for 10 min at 60 °C with a 75 %
fill factor and a 45 rpm rotor speed.

Rubber samples with 0, 25, 50, 75, and 100 wt% recycled rubber
contents were prepared. These mixtures were tested in the rheometer
and vulcanized until their respective tgy values in the hot press
mentioned earlier. The revulcanized samples were named based on the
type and amount of recycled rubber they contain. crumb_25, crumb_50,
crumb_75, and crumb_100 contain non-devulcanized rubber crumb at
25, 50, 75 and 100 wt%, respectively. rEPDMpg_25, rEPDMpg_50,
rEPDMy¢_75, and rEPDMpg_100 contain the selected batch-devulcanized
sample (dEPDMyg) at 25, 50, 75 and 100 wt%, respectively.
rEPDMg_25, rEPDM¢_50, rEPDM,4_75, and rEPDM.c_100 contain the
selected continuously devulcanized sample (dEPDM,¢) at 25, 50, 75 and
100 wt%, respectively.

2.3. Testing

Curing properties were determined with a MonTech Monsanto

R100S (MonTech Werkstoffpriifmaschinen GmbH, Buchen, Germany)
rheometer. Isothermal (T = 180 °C) time sweep mode (1.667 Hz, 1°
amplitude) was run for 30 min.

For Horikx’s analysis, the sol content and the crosslink density of all
rubber samples had to be determined. Sol content was measured via
Soxhlet extraction in toluene. For each sample, 5 parallel tests were run
to minimize experimental error. A correction had to be applied to the
measured sol content values to account for the completely extractable
rubber components [47]. The crosslink density of the rubber samples
was evaluated via swelling tests in toluene according to the ASTM
D6814-02 standard [49]. EPDM rubber was immersed into toluene for
72 h, and the crosslink density can be calculated based on the amount of
toluene it absorbs, based on the Flory-Rehner equation. The determi-
nation of the crosslink density and sol content of rubber samples
required the use of toluene (supplied by Fisher Scientific UK, Lough-
borough, United Kingdom). The polymer-solvent interaction parameter
for the EPDM-toluene system was assumed to be 0.496 [16,30,33,50].

Test specimens for tensile and tear strength tests were prepared via
die cutting with a ball press. Tensile tests were performed on a Zwick
7005 (ZwickRoell GmbH & Co. KG, Ulm, Germany) tensile tester with a
5 kN load cell, as per ISO 37:2017. The clamping distance was 60 mm,
and the crosshead speed was 500 mm/min. The same tensile tester was
used for the tear strength tests, which were performed according to ISO
34-1:2015. The clamping distance was 56 mm and the crosshead speed
was 500 mm/min. The Shore A hardness of the rubber samples was
determined with a Zwick H04.3150.000 (ZwickRoell GmbH & Co. KG,
Ulm, Germany) hardness tester, according to ISO 48-4:2018 [51-53].

Scanning electron micrographs (SEM) were taken with a Jeol JSM-
6380LA (Jeol LTD., Tokyo, Japan) microscope. The fracture surfaces
of tensile test specimens were first sputter-coated with gold, and then
analyzed in the microscope.

3. Results and discussion
3.1. Evaluation of devulcanization

To perform Horikx’s analysis, the degree of devulcanization and the
sol content of each devulcanizate were determined. To separate the ef-
fects of thermomechanical processing from cryogenic milling, the cryo-
milled rubber crumbs were also tested accordingly. Cryo-milled rubber
crumbs had a 4.5 % sol content, and showed a 2 % decrease in cross-link
density. These values make the milled rubber virtually identical to the
bulk virgin rubber. Cryogenic milling is proven to be a gentle size-
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Fig. 3. Curing curves for selected revulcanizates: (a) for 30 min, (b) zoomed in for the scorch period.

reduction method that keeps the molecular structure of rubber intact.
The sol content and crosslink density values of devulcanizates are
plotted in Fig. 2. In general, both batch devulcanization and extrusion
decreased the crosslink density of EPDM rubber by around 70 %. The
operating temperature of the two-roll mill had a stronger influence on
devulcanization than the temperature of the internal mixer. The higher
the temperature of the milling rolls, the higher the degree of devulca-
nization. All sol content values are in the range of 9-14 %, and extruded
samples have a slightly higher sol content than batch devulcanizates. All
data points lie between the two theoretical curves, but the ones repre-
senting batch devulcanizates are closer to the theoretical curve corre-
sponding to devulcanization than points representing extruded samples.
Ultimately, it means that these devulcanization processes eliminate
around 70 % of crosslinks from the rubber matrix while keeping the
polymer chains mostly intact. Extrusion would cause a slightly larger

extent of polymer degradation than batch devulcanization, which can be
attributed to the higher temperatures reached in the extruder. Batch
devulcanization took 30 min overall, but the rubber crumbs only stayed
in the high-shear zone of the mill for only a few seconds each time they
were passed through the rolls, approximately 60-100 s overall. The
residence time of rubber crumbs in the extruder were around 80-100 s.
While shearing times were comparable for the two technologies, the
samples were allowed to cool down between passes through the roll
during batch devulcanization. Consequently, the samples would reach a
lower maximum temperature during milling than in the extruder. Even
though batch devulcanization took place in open air, the lower tem-
peratures limited the risk of oxidation. Overall, it can be concluded that
the reaction pathways introduced in Fig. 1 were indeed occurring
simultaneously in both cases, since the data points do not lie on either
theoretical curve but in between. However, radical formation along the
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Table 3

Curing parameters of the revulcanizates.
Sample name Scorch time (s) too (min) Smin (dANm) Smax (ANm)
ref 14 1.8 5.4 44.6
crumb_25 13 3.4 11.3 45.7
crumb_50 14 4.6 15.7 47.8
crumb_75 12 5.7 26.5 51.5
crumb_100 13 2.6 35.4 55.1
rEPDMy6_25 15 2.9 8.5 38.8
rEPDMy6_50 16 4.8 14.0 41.6
rEPDMy6_75 13 4.1 24.8 48.1
rEPDM},6_100 17 2.5 33.7 48.5
rEPDM¢_25 13 3.2 6.9 34.3
rEPDM6_50 15 4.5 11.9 34.7
rEPDMc6.75 13 4.7 25.2 48.7
rEPDM6_100 19 2.7 30.3 41.7

polymer chain was more prevalent during extrusion, due to the higher
temperatures arising within the samples.

3.2. Revulcanization

Based on Fig. 2, dEPDMyg and dEPDM, ¢ were selected as the most
promising samples among batch and continuous devulcanizates,
respectively. Along with these two devulcanizates, non-devulcanized
rubber crumb was also mixed with the same virgin rubber mixture to
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form partially recycled EPDM rubber. In Fig. 3, the curing curves of
rEPDMp¢_25, rEPDMyg_50, rEPDM}6_75 and rEPDMy,_100 are compared
with that of virgin EPDM rubber. The minimum torque value signifi-
cantly increases at higher devulcanizate contents. Also, the virgin rubber
mixture is more prone to reversion than the devulcanizate-containing
samples. This phenomenon can be attributed to the migration of
curing agents between the virgin and the recycled phases of these
samples [54]. Curatives that were initially mixed with the devulcanized
rubber particles can diffuse into the virgin rubber phase, thus counter-
acting the torque-decreasing effects of reversion. Diffusion is more
prominent in samples containing large amounts of virgin rubber,
consequently the curves of rEPDMype 25 and rEPDMpe 50 appear
marching, while the curing curves of rEPDMps_75 and rEPDMyg_100
indicate very slight reversion.

The curing properties for all revulcanizates are presented in Table 3.
Scorch times showed little variation, while optimal curing times slightly
increased at increasing devulcanizate contents. This phenomenon is
caused by the diffusion of curing agents between the two rubber phases,
as the trend stops for samples containing 100 wt% recycled rubber.
Based on the measured minimum and maximum torque values, recycled
EPDM content seems to have a hardening effect, and it hinders the
processability of rubber mixtures when used in large quantities.

After curing, the revulcanizates were subject to mechanical tests, and
the characteristic tensile curves are plotted in Fig. 4. Since all samples
have very similar compositions, the onset of the stress-strain curves is

—— rEPDMb6_50 rEPDMc6_50

b)

crumb_50 ref

12

10 A
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Fig. 4. Characteristic stress-strain curves for the EPDM revulcanizates: (a) with 25 wt%, (b) 50 wt%, (c) 75 wt% recycled content, and (d) 100 wt% recycled content.
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Fig. 5. Measured properties of revulcanized rubber vs. recycled rubber content: (a) tensile strength, (b) elongation at break, (c) tear strength, (d) Shore A hardness,

(e) crosslink density.

almost identical. Recycled rubber content somewhat increased the
modulus, yet it had detrimental effects on the elongation at break values
of the samples, especially above 75 wt% content. Samples containing
extruded devulcanizates consistently performed worse than the samples
with batch devulcanizates, yet still outperformed the non-devulcanized

samples at their respective recycled rubber contents. This can be
attributed to the slightly higher extent of degradation during extrusion
compared to batch devulcanization.

The tensile strength and elongation at break of the samples are
plotted in Fig. 5 against the samples’ recycled rubber content. It is shown
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Fig. 6. SEM micrographs of the fracture surfaces of the revulcanizates: (a) ref,
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188 188,

(b) rEPDMp_25, (¢) rEPDM6_25, (d) crumb_25, (e) rEPDMy_50, (f) rEPDM_¢_50, (g) crumb_50, (h) rEPDMye_75, (i) rEPDM6_75, (j) crumb_75, (k) rEPDMye_100, (1)

rEPDM_6_100, (m) crumb_100.

that revulcanizates containing devulcanized rubber have better tensile
properties than samples containing non-devulcanized EPDM rubber
crumb. Also, the tensile strength of the reference rubber can be retained
up to around 50 wt% recycled content, above which it drops sharply.
Revulcanizates with 100 wt% recycled rubber content had barely any
strength, some specimens would break under the load of their own
weight. Surprisingly, the tensile strength and elongation at break values
of crumb_50 are higher than those of crumb_25. The corresponding
standard deviation values are also higher, indicating irregular sample
failures during the tests, which might be due to improper mixing, or a
few larger than average rubber crumbs present in one of the test spec-
imens of crumb_25.

The tear strength values of the recycled samples are shown in Fig. 5c.
Compared to the tensile strength, the tear strength of the samples is not
hindered as much at increasing recycled contents. Revulcanizates con-
taining batch devulcanizates outperformed the other two experimental
sets in this case as well. Crack propagation behaviour does not depend
only on the overall mechanical properties of the sample, but also on the
dispersion quality of smaller, harder recycled particles within the virgin
rubber matrix. Cracks mostly appear within the softer virgin rubber
phase along the virgin-recycled interface. At increasing recycled con-
tents, crack propagation is more often obstructed by the hard recycled
particles [23,55]. Even though the overall strength of the samples
decrease, the tear strength is not impacted as strongly. As adhesion
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between the phases is stronger for samples containing
batch-devulcanized rubber crumbs, these samples have superior tear
strength. Tear strength is only fully compromised when there is no virgin
rubber present in the sample, as voids are inevitable in this case.

The Shore A hardness of the revulcanizates is summarized in Fig. 5d.
While the hardness of the rubber samples barely changes up to 50 wt%
recycled rubber content, a sharp decrease can be observed above 75 wt
%. This drop is especially significant in the case of the samples con-
taining non-devulcanized rubber crumbs. The standard deviation of the
experimental data increases significantly at larger recycled rubber
contents, due to the voids present in the system. The voids can justify the
fact why the larger recycled content would decrease the hardness of
rubber despite increasing its overall crosslink density. The Shore A probe
can inflict cracks in the samples more easily when the adhesion between
phases is weaker.

The crosslink density of the revulcanizates was also measured to
analyze the curing process further. It is shown that the addition of
recycled rubber to the mixture increased the overall crosslink density of
the revulcanizates (Fig. 5e). Since the non-devulcanized EPDM crumb
had the largest initial crosslink density, crumb_25, crumb_50, crumb_75,
and crumb_100 had larger crosslink densities than their counterparts
containing previously devulcanized rubber. A similar trend is observed
for the difference between the revulcanizates from the continuous and
the batch devulcanization processes. It should be noted that even though
the average crosslink density for each sample was evaluated, the
crosslink density within partially recycled rubber samples was not ho-
mogeneous: the recycled and revulcanized rubber crumb phases are
expected to have higher crosslink densities than the virgin matrix, which
provides further explanation to the trends of mechanical properties of
the partially recycled rubber samples.

Scanning electron micrographs were taken of the fracture surfaces of
each tensile test specimen (Fig. 6). The reference sample can be char-
acterized with a smooth fracture surface. This smooth surface is
apparent in all samples with up to 25 wt% recycled content. However,
when non-devulcanized EPDM crumbs were used, they clearly stood out
from the virgin rubber matrix at 50 and 75 wt% recycled contents. The
samples containing batch-devulcanized rubber had a more homoge-
neous surface even at larger filling ratios. However, these devulcanized
crumbs did not fully integrate when revulcanized without virgin matrix
(Fig. 6k). The morphology observed correlates well with the mechanical
tests: the more homogeneous revulcanizates containing batch-
devulcanized rubber had better tensile properties than their extruded
or non-devulcanized counterparts.

4. Conclusions

A sulfur-cured EPDM rubber, formulated for profile production was
subjected to two kinds of thermomechanical devulcanization. The first
method involved the combination of batch processes: two-roll milling
and mixing in an internal mixer. The second method was twin-screw
extrusion. Each devulcanized rubber was tested according to Horikx’s
theory and it was found that the batch processes were more effective in
cleaving the sulfuric crosslinks of the rubber samples. For the batch
processes, a 75 % degree of devulcanization was achieved, while
extrusion broke 72.5 % of crosslinks. Also, extrusion caused a larger
extent of chain degradation events, indicated by the slightly larger sol
content of extruded devulcanizates.

To assess the effects of devulcanization further, the devulcanizates
were mixed with curing agents and the resulting mixture was added to
virgin EPDM rubber in order to produce recycled and partially recycled
rubber samples with 25, 50, 75 and 100 wt% recycled contents. The
same was performed with non-devulcanized EPDM rubber crumb to see
how devulcanization benefits the mechanical properties of recycled
rubber. Based on mechanical and morphological tests, batch devulca-
nization seemed to have outperformed extrusion devulcanization, while
both devulcanization processes were more advantageous than the use of
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non-devulcanized rubber crumb. The tensile strength barely changed
with up to 50 wt% batch devulcanizate content, while the elongation at
break value decreased by around 30 %, indicating an increase in
modulus. This phenomenon correlates well with the observed increase
in crosslink density. Scanning electron micrographs further proved that
batch devulcanization resulted in a homogeneous revulcanizate with
uniform properties, while extruded and non-devulcanized rubber crumb
would introduce local defects in the recycled rubber. These findings are
especially pronounced at 75 and 100 wt% recycled rubber contents.
However, batch devulcanization is more labor-intensive even on an in-
dustrial scale; the only viable thermomechanical devulcanization
method that can be economically scaled is extrusion. Consequently, it is
vital to optimize shear rates and residence times during extrusion. By
controlling the maximum temperature the rubber reaches in the
extruder, the adverse effects of degradation can be minimized. Screw
design can also play an important role in achieving superior devulca-
nizate quality.

In summary, the thermomechanical devulcanization of EPDM rubber
is suitable for recycling. Batch devulcanization only causes a slight
deterioration in product quality at up to 50 wt% recycled rubber con-
tent. Its scaled up version of extrusion devulcanization causes a slightly
larger reduction in mechanical properties, but extrusion devulcanization
is still more beneficial than simply adding non-devulcanized EPDM
rubber crumb to virgin rubber.
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