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Abstract

A systematic study was performed to understand the effects of the devulcanizing

agent dibenzamido diphenyl disulfide (DBD) on the vulcanization and dev-

ulcanization process of a sulfur-cured ethylene-propylene-diene monomer

(EPDM) rubber. The influence of DBD on vulcanization was investigated by

mixing DBD with virgin rubber and curative system. The devulcanization of

rubber waste was achieved with varying amounts of DBD ranging from 0.4 to

13.8 wt% and temperatures from 150 to 200�C. The quality of vulcanizates and

devulcanizates was evaluated by rheometer tests, temperature scanning stress

relaxation measurements, and analysis of mechanical properties. During vulca-

nization, DBD acts as an accelerator in the presence of sulfur. When accelerators

are added, the scorch time increases, and the cure rate decreases. Thus, DBD

acts as a retarder. In the presence of activators, DBD leads to a significant reduc-

tion of crosslink density. This results in composites with high elongation at

break and poor compression set values. The efficiency of the devulcanization of

rubber waste depends strongly on DBD concentration and temperature. The

monosulfidic crosslinks are cleaved by low concentrations of DBD, while poly-

sulfidic crosslinks require higher concentrations. These results show that DBD is

effective as a devulcanizing agent and degrades the network below 200�C.
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1 | INTRODUCTION

The recycling of rubber waste is still considered a chal-
lenge due to its chemically cross-linked three-dimensional
structure. Intensive studies have been carried out in the
last decades to break down the crosslinked rubber network

by devulcanization. This involves treating rubber waste
thermo-mechanical,1,2 chemically,3–5 biologically,6–8 with
ultrasound9,10 and microwaves,11,12 or by a combination13

of such methods to achieve selective cleavage of C-S and
S-S bonds without additional damage of C-C bonds in
the polymer backbone. Devulcanization as a reversible
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process of vulcanization is the standard processing
method for the material recovery of rubber waste. In the
ideal case, a melt-processable material is obtained after
devulcanization, which can later be used to produce new
industrial rubber goods and composites.14,15 Despite all
efforts in current rubber waste recycling research, the
selectivity of S-S cleavage is challenging to achieve. There-
fore, poor quality of the recycled material is often the
result.16 The efficiency of devulcanization is influenced by
the type and amount of sulfidic crosslinks in the elasto-
mer.17,18,19 To better understand the mechanism of the
devulcanization process and the function of devulcanizing
agents (DAs), several models have been proposed. The
main difficulty in elucidating the mechanism at the molec-
ular level is the complexity of the devulcanization process
due to various phenomena co-occurring and the large
number of chemicals used in a rubber compound.20

Besides, side reactions and crosslinks can occur depending
on the DA and the devulcanization parameters.17,18,21

One of the first mechanisms for thermo-mechanical
devulcanization under shear was formulated by Mouri
et al.22 In the case of sulfur-crosslinked rubbers, the heat
converts the polysulfidic (PS) and disulfidic (DS) crosslinks
into monosulfidic (MS) crosslinks.22,23 The shear is used to
cleave the MS crosslinks. Another model for selective net-
work scission by thermo-mechanical devulcanization is
based on different elastic constants and binding energies
of S-S, C-S, and C-C bonds.24,25 The differences between
the binding energies are minor, and a purely thermal pro-
cess leads to unselective cleavage. Since the elastic con-
stant of S-S bonds is much smaller than that of C-C bonds,
S-S bonds are the most extended under shear. As a result,
the elastic energy generated by shear stress is most signifi-
cant at S-S bonds leading to selective cleavage of cross-
links. However, this cleavage occurs only at high shear
stress; otherwise, the entropic effect predominates.

By treating rubber waste particles with heat and pres-
sure, as in the case of high-pressure high-temperature
sintering (HPHTS), the devulcanization occurs by rearr-
angement of crosslinking bonds.26 During the sintering
process, heat is required to provide energy to break the
bonds, and pressure brings the particles into close contact.
The rearrangement on the particle surface and within the
particles leads to new crosslinking sites, which results in
one single piece of rubber. Using dienophiles or dipolar
organic additives during HPHTS improves the recycled nat-
ural rubber (NR), as reversion is slowed down, the main
factor for property losses.27

Physical devulcanization methods, such as thermo-
mechanical, ultrasonic or microwave techniques, are
often combined with chemicals to increase selective net-
work scission.28–31

Depending on the type of DA, the degradation of the
network is either nucleophilic, radical, or in the case of
inorganic systems like phenylhydrazine chloride oxida-
tive.3,32 In the presence of a free accelerator, the mecha-
nism is a substitution reaction, where the rubber
molecule on one side of the crosslinking site is exchanged
with part of the accelerator.32 These reactions could be
compared to metathesis reactions used in materials with
self-assembling properties.33

The devulcanization with amines is according to a
nucleophilic mechanism.34 However, high temperatures
and the excess of amines break the cyclic form of sulfur
(octa form) and promote re-crosslinking.17 Furthermore,
amine like hexadecylamine (HDA) degrade less PS bonds
because it forms complexes with zinc ions that stabilize
the PS bonds. HDA is an effective DA at temperatures
between 200 and 350�C.35

The radical degradation of PS crosslinks occurs
easier than that of MS crosslinks due to different
binding energies.36,37 Movahed et al. suggested that
2-mercaptobenzothiazole disulfide and the polymer chain
are cleaved under shear force.38 The disulfide radical then
reacts with the polymer radical. The devulcanization with
diallyl disulphide,39 tetrabenzyl thiuram disulphide,40 bis
(3-triethoxysilyl propyl) tetra- sulphide,41 or the DeLink42

proceeds according to a similar mechanism. In contrast,
Joseph et al. proposed a radical mechanism, with diphenyl
disulfide (DPDS) acting as a cleavage reagent rather than a
free radical scavenger for the scission of an NR network.32

Devulcanization of EPDM with disulfides was performed
at temperatures higher than 200�C.18,31,43,44 Compared to
100% rubber waste powder, the mechanical properties
were improved and were not significantly decreased when
compounded with more than 50% virgin rubber. In the
case of virgin rubber blended with DPDS devulcanized
NR, the properties were even better than the properties of
the raw rubber.45

The mentioned issues show that the devulcanization
parameters and the type and concentration of DAs can lead
to either degradation or crosslinking of the rubber waste
network. In general, the path of rubber proceeds from vul-
canization to devulcanization back to re-vulcanization. The
term re-vulcanization describes the process of vulcanization
after devulcanization. Devulcanization approach to improve
is necessary to understand the function of DAs during dev-
ulcanization and re-vulcanization. The devulcanization
mechanisms are complex, and simplified models are
needed to represent and understand the processes.

Based on the previous remarks, two model systems
are studied in this work to provide more information on
the effects of DBD on network formation (vulcanization)
and network degradation (devulcanization). The
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influence of DBD on the network formation during vul-
canization was investigated on samples consisting of vir-
gin EPDM rubber, carbon black, oil, curative system, and
different 2 wt% of DBD. The DBD interaction with each
component of the curing system was studied and com-
pared with the formulation without DBD. This model
system helps to understand how residues of DBD behave
during re-vulcanization and how DBD interacts with the
residues of the curative system in the rubber waste dur-
ing devulcanization. The effect of DAs on network degra-
dation was analyzed by mixing rubber waste particles
(RWP) with different amounts of DBD. For this purpose,
thermo-chemical devulcanization was carried out in a
heating press to eliminate external factors such as shear
and atmospheric air, which further affect the dev-
ulcanization and complicate the mechanism. Curing
characteristics and mechanical properties of resulting
composites were evaluated. Furthermore, temperature
scanning stress relaxation (TSSR) measurements were
performed to examine the network structure and
crosslink density. The gained knowledge can be used for
recycling rubber waste to produce a high-quality, usable
secondary raw material.

2 | EXPERIMENTAL

2.1 | Materials

Sulfur vulcanized EPDM rubber waste with a particle
size distribution between 250 and 850 μm and a den-
sity of 1.1 g/cm3 were obtained by milling at room tem-
perature from M.D.S. Meyer GmbH, Germany. The
main components of the rubber waste are EPDM raw
rubber Keltan 9650Q (Lanxess GmbH, Germany), Car-
bon Black of type N550 (Avokal GmbH, Germany),
and paraffinic oil Mabanol Base oil 500 MSN (Mebanol

GmbH & Co. KG, Germany). The curing system con-
sists of sulfur (S) from Melos GmbH Germany, Stearic
acid (SAc) supplied by Carl Roth GmbH & Co. KG
Germany, Zinc oxide (ZnO) from Melos GmbH
Germany, Zinc bis(dibenzyl dithiocarbamate) (ZBEC)
from Weber & Schaer GmbH & Co. KG, and
N-cyclohexyl-2-benzothiazole-sulfenamide (CBS) from
Sun & Bright Industrial Ltd., China. The devulcanized
agent Dibenzamido diphenyl disulfide (DBD) was
provided by Schill & Seilacher GmbH, Germany.

2.2 | Methods

Thermogravimetric Analysis was carried out using a TG
209 F1 Libra® from Netzsch-Gerätebau GmbH, Germany.
The heating rate was 2 K/min, and argon was used from
room temperature to 650�C, while oxygen was used from
650 to 900�C. The temperature was held for 5 min each
for argon and oxygen at 650�C.

2.2.1 | Sample preparation and
compounding

The formulation of samples S1–S5 is given in Table 1 and
should mimic that of RWP. Sample 5 has the same com-
position as RWP. The samples are obtained in a

TABLE 1 Formulations of the rubber compound S1–S5

Sample no. designation S1, BC/ZS S2, BC/S S3, BC/ZS/S S4, BC/Acc S5 (reference), BC/ZS/Acc/S

Ingredients Amount in phr (per hundred rubber)

EPDM 100 100 100 100 100

Carbon black 120 120 120 120 120

Oil 100 100 100 100 100

ZnO 4 — — 4 4

SAc 2 — — 2 2

CBS — — 2.5 — 2.5

ZBEC — — 0.7 — 0.7

Sulfur — 1.2 1.2 1.2 1.2

Abbreviations: Acc, accelerator (CBS and ZBEC); BC, base compound (EPDM, carbon black, oil); S, sulfur; ZS, ZnO plus SAc.

TABLE 2 Formulations of the rubber compound S6–S11

Amount in wt%

S6 S7 S8 S9 S10 S11

RWP 100 99.6 98.0 96.1 92.6 86.2

DBD 0 0.4 2.0 3.9 7.4 13.8
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laboratory internal mixer type Haake PolyLab QC from
ThermoScientific, Germany. 90�C, 40 rpm, and a fill fac-
tor of 0.7. After 15 min of mixing raw EPDM, carbon
black, and oil, a curative system was added. The curative
system is systematically varied.

The samples S7–S11 were prepared using RWP and
different amounts of DBD, according to Table 2 in a
household mixer KCC9061S at room temperature for
10 min. Sample 6 consists of only RWP.

2.2.2 | Cure behavior

The curing characteristics were analyzed by DIN 53529–1/
�2/�3:1983 using a Dynamic Moving Die Rheometer Type
D-MDR 3000 from MonTech Werkstoffprüfmaschinen
GmbH, Germany. The samples S6-S11 are in powder form,
making it impossible to die-cut the samples with a defined
volume. The samples were prepared according to the stan-
dard for the rheometer test method: 4 g of rubber waste
powder was formed to pile and put between two plastic foils
and vulcanized for 30 min at 180�C. In addition to studying
temperature's influence on the network degradation, sam-
ple 9 was tested at 150, 160, 170, 180, 190, and 200�C.

2.2.3 | Preparation of test plates for thermo-
chemical experiment

The samples S1a–S5a with a constant amount of 2 wt%
DBD were prepared analogously to S1–S5 as plates of
2 mm thickness by compression molding at 180�C and
10 MPa with an electrical heated hydraulic press Polystat
200 T from Schwabenthan, Germany.

According to standard procedure, samples S3 and S5a
were cured with the t90 cure time + 2 min, obtained from
D-MDR measurements for 30 min vulcanized time. The

usual curing time t90 could not be determined for samples
S2, S2a, S3a, S4, S4a, and S5, respectively. The vulcaniza-
tion is still not achieved after 120 min (see supporting
materials A1). The vulcanization is very slow when the
curative system is not complete. The results of samples
S2–S5 without DBD and S2a–S5a with DBD are shown in
Table 3. Samples S6–S11 consisting of RWP were treated
for 15 min in the heating press using the conditions
described below. For this sample, the vulcanization and
devulcanization take place at the same time.

2.2.4 | Characterization of EPDM rubber
waste particles

The particle size distribution (PSD) shown in Figure 1 is
similar to PSD reported by Hoyer et al.46 when rubber
waste is ground by ambient temperature.

TABLE 3 Results of rheometer

tests obtained from samples S1–S5
(without DBD) and S1a–S5a (with
2.0 wt% DBD)

Samples t90 (min) MH (nm) ML (nm) ΔM (nm) tS2 (min)

S2 (BC/S) (26.1a) 4.1 1.8 2.2 26.1

S2a (BC/S/DBD) (27.4a) 4.8 1.7 3.1 21.4

S3 (BC/Acc/S) 2.0 8.2 1.6 6.6 1.2

S3a (BC/Acc/S/DBD) (22.5a) 6.5 1.6 4.9 2.8

S4 (BC/ZS/S) (14.9a) 12.2 1.7 10.4 1.8

S4a (BC/ZS/S/DBD) (22.1a) 7.8 1.6 6.2 6.2

S5 (BC/ZS/Acc/S) (10.0a) 14.8 1.5 13.3 1.2

S5a (BC/ZS/Acc/S/DBD) 4.4 8.7 1.4 7.3 1.6

aThe values in brackets indicate t90-values which were not determined according to DIN 53529. Due to very
slow cure and marching modulus, a plateau or maximum value of the cure curve was not approached by far,
even after 2 h of testing. Therefore, the torque obtained after 30 min was used as maximum torque to

calculate the corresponding t90-values, alternatively.

FIGURE 1 Particle size distribution of rubber waste particles

used for devulcanization
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The thermogravimetric analysis (TGA) Figure 2
shows the decomposition temperature of three main
components of RWP: EPDM, oil, and carbon black.

The mass loss of around 300�C belongs to the paraf-
finic oil, at 460�C to EPDM and 650�C to carbon black
(Figure 2a). The same results were reported by Lepadatu
et al.47 and Pistor et al.11 The mass loss of S5 and RWP, is
shown in Figure 2b. A slight difference in the mass loss is
observed despite the exact composition of the samples S5
and S6. This can be due to the partial degradation of oil
in the rubber waste powder.

2.2.5 | Characterization of network structure
and crosslinking density

TSSR measurements were performed according to ASTM
D8363-20 using a TSSR instrument from Brabender
GmbH, Germany. Tests were performed in the tempera-
ture range from 23 to 240�C at a 2 K/min heating rate
and a constant strain of 30%. The dumbbell-shaped test
specimens were conditioned for 2 h at 23�C.

According to ASTM D8363-20, crosslink density can
be deduced from TSSR-measurements by considering the
initial slope of the stress-temperature curve. This method
is based on the neo-Hookean material model, which
applies well to ideal rubber. Furthermore, instead of the
initial slope of the stress-temperature curve, the absolute
value of initial stress was used to calculate Equation (1).

ν¼ σ

R�T � λ� λ�2
� � ð1Þ

The trace of the temperature-dependent relaxation
spectrum also obtained from TSSR measurements gives
information about the network structure of the samples.
PS bridges are chemically degraded at lower tempera-
tures, and MS and DS bridges are degraded at higher
temperatures, as the thermal stability decreases with the
length of the sulfur bridges.48

2.2.6 | Characterization of mechanical
properties

Tensile tests were carried out according to DIN
53504:2009 with a universal testing machine Zwick 1120
from Zwick GmbH & Co. KG, Germany, on three
dumbbell-shaped test specimens. The preload was 1 N,
and the constant speed was 200 mm/min. The compres-
sion set was measured according to DIN ISO 815-1/-
2:2016 at 70�C and for 24 h on one test piece. Therefore,
three specimens (13 mm diameter and 2 mm thick) were
stacked on top of each other.

3 | RESULTS AND DISCUSSION

3.1 | Influence of DBD on network
formation

DBD was combined with different component groups of
a curative system–activator, accelerator, and sulfur–and
the base compound EPDM, oil, and carbon black to
understand the function of DBD during vulcanization.
The cure time (t90) after 30 min vulcanization, the maxi-
mum torque (MH), the minimum torque (ML), the differ-
ence MH – ML (ΔM), and the scorch time (tS2) are given
in Table 3. The minimum torque is related to the viscos-
ity of the samples, which is not affected by DBD.

The influence of DBD in combination with the cura-
tive system on cure behavior at 180�C vulcanization tem-
perature is depicted in Figure 3.

Without sulfur (S1), the rheometer torque does not
increase (Figure 3a), that is, vulcanization does not occur,
as expected. The addition of DBD (S1a) also shows no
crosslinking reaction, although disulfides can act as sul-
fur donors and, in combination with activators and fatty
acids, lead to crosslinking.49 In the presence of sulfur
without activators (S2) a slight increase of torque is rec-
ognizable. The reaction rate is very slow, which is typical
for non-accelerated sulfur vulcanization.

FIGURE 2 Mass loss and

DTG curve of rubber waste

particles [Color figure can be

viewed at

wileyonlinelibrary.com]
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When DBD was added (S2a), the scorch time tS2 and
the curve slope increased slightly, indicating an accelerat-
ing effect of DBD. Vega et al. reported that DPDS has an
accelerating effect in the presence of sulfur and leads to
devulcanization of squalene above 200�C.50 When accel-
erators and sulfur (S3) were combined, the slope of the
rheometer curve was steep, which is related to a fast vul-
canization reaction (Figure 3b). After reaching the maxi-
mum torque, a decrease of torque indicates reversion of
the crosslinking reaction, as it is typical for networks con-
sisting of PS crosslinks.36 Addition of DBD (Sa3) reduces
the reaction rate and increases the scorch time tS2. DBD
radicals may interact with CBS/ZBEC during the forma-
tion of the active sulfurating agent or by reacting with
the crosslink precursor,36 preventing the crosslinking
reaction and resulting in a longer scorch time. It appears
that DBD has more of an inhibitory effect when other
accelerators are present. Furthermore, reversion of the
cure reaction is prevented by the addition of DBD, and
instead, a slight increase of the torque, also known as
marching modulus, appears in the trace of the rheometer
curve.

The rheometer curve of S4 in Figure 3c shows a mod-
erate reaction rate and no reversion. The scorch time is
low, that is, the vulcanization reaction starts immedi-
ately. Both MH and ΔM are almost at the level of sample
S5, which contains the entire curative system. Since acti-
vators incorporate shorter sulfur chains and thus more

sulfur is available for further crosslinking,36 the high ΔM
is expected, as ΔM is related to the crosslink density. In
addition, shorter sulfur bridges MS and DS do not tend to
revert.36 When DBD was added (S4a), the maximum tor-
que MH and consequently ΔM decreases by almost half,
which means the crosslink density decreases. Further-
more, DBD leads to an increase in scorch time tS2 and a
decrease in the reaction rate. DBD acts again as an accel-
erator and forms an active sulfurating agent with sulfur
and the activators, resulting in a high scorch time.
Although DBD has an accelerating effect, its effectiveness
is relatively low compared to CBS/ZBEC, which explains
the low reaction rate. However, vulcanization reaction
with DBD and sulfur in the presence of activators is
improved compared to the vulcanization reaction with-
out activators (S2a).

In Figure 3d, the rheometer curve of sample S5 is
presented. The composition of S5 is the same as for RWP;
typical sulfur cured elastomer with an efficient vulcaniza-
tion system (EV). It could be considered as a reference.
The combination of accelerator and activators leads to a
sharp increase in the curve and a high ΔM implying a
fast vulcanization reaction and a high crosslink density.
A typical EV system consists of a sulfur/accelerator ratio
of less than 0.5 and usually forms MS and DS bridges,
and therefore no reversion takes place. DBD (S5a)
increases the scorch time slightly and reduces ΔM, that
is, the crosslink density. Since activators are responsible

FIGURE 3 Influence of

DBD in combination with the

curative system on cure

behavior at 180�C
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for high crosslink densities,17,51 the decrease in MH and
ΔM can be attributed to the interaction of DBD with acti-
vators. Furthermore, the vulcanization reaction is not
affected because the slope in the initial part of the curve
does not change. If other, more effective accelerators like
CBS/ZBEC are present, these determine the vulcaniza-
tion reaction.

3.1.1 | Effect on network structure and
crosslink density

TSSR-measurements were performed on the S2–S5 and
S2a–S5a samples to investigate the crosslink density and
the network structure. The rheometer curves showed that
samples S1 and S1a could not be vulcanized; no TSSR
measurements were performed for these samples. The
values of initial stress σ0, T50, and crosslink density υ are
given in Table 4. The obtained values reflect the crosslink
density of the rubber network and can be used for com-
parative purposes.

The influence of DBD interactions with the curative
system by stress temperature and relaxation measure-
ments (TSSR) are shown in Figure 4.

The normalized stress temperature curve of sample
S5 is depicted in Figure 4d on the left. S5 exhibits a
typical behavior of a fully cured rubber sample. The
stress increases slightly with increasing temperature
between 23 and 50�C due to the entropy effect. Around
50�C, the stress decreases somewhat, followed by a
section up to 150�C where the stress increases linearly
with temperature before a strong stress decay occurs at
temperatures above 150�C. The intermediate decrease
of stress in the temperature range of about 50�C reflects
physical induced stress relaxation caused by polymer-
filler interactions.52,53 After desorption of the bound
rubber layer around the filler particles, the entropy
elastic properties of the sample lead again to an

increase of stress before the stress drops down to
almost zero caused by chemical-induced relaxation
processes at high temperature.

In the relaxation spectrum of S5 (Figure 4d, right),
the center of the S5 peak is located at about 200�C. This
peak can be attributed to the cleavage of short sulfur
bridges (MS and DS) resulting from the EV system. MS
and DS bridges are thermally more stable, whereas PS
bridges chemically degrade at lower temperatures.48

Apart from crosslink density, the T50 value is another
characteristic quantity of TSSR measurements (Table 4),
equal to the temperature where the stress has decreased
50%. T50 gives information about the thermal stability of
the network structure. S5 exhibits the highest T50 value,
that is, the thermal stability of all samples (see Table 4).
Sample S2 (Figure 4a) was cured only with sulfur but
without any accelerator.

In contrast to S5 the sample S2 exhibits strongly stress
relaxation, as is seen in the stress curve of Figure 2a. The
stress decay starts directly at room temperature and over-
compensates the entropy effect, and thus no stress
increase is recognizable. The low crosslink density of S2
(Table 4) compared to S5 is the high-stress relaxation.
The network structure is incomplete, and molecular
motions of long-chain segments can occur under external
stress. In the presence of DBD (S2a), a higher crosslink
density is achieved, indicated by higher initial stress and
reduced stress relaxation. As is typical for accelerators,
more active crosslinking sites are formed than in sulfur
vulcanization without accelerators, where sulfur is con-
sumed by the formation of circular bonds or side
chains.36,54 In the relaxation spectrum of S2 and S2a a
single peak appears at about 145�C. The relatively low
peak temperature is typical for cleavage of PS and indi-
cates that PS crosslinks predominate in both cases.

The addition of accelerators to sulfur (S3) leads to a
more defined peak in the relaxation spectrum compared
to S2 (Figure 4b), indicating a uniform network caused

TABLE 4 Results of TSSR tests obtained from samples S2–S5 (without DBD) and S2a–S5a (with 2.0 wt% DBD)

Samples σ0 (MPa) T50 (�C) υa (mol/m3)

S2 (BC/S) 0.19 130.1 109

S2a (BC/S/DBD) 0.26 142.9 149

S3 (BC/Acc/S) 0.30 136.5 172

S3a (BC/Acc/S/DBD) 0.26 135.9 149

S4 (BC/ZS/S) 0.47 183.6 270

S4a (BC/ZS/S/DBD) 0.28 148.3 161

S5 (BC/ZS/Acc/S) 0.58 211.1 333

S5a (BC/ZS/Acc/S/DBD) 0.37 157.0 212

aCalculated according to Equation (1).
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by accelerators. Yet, the peak position has not changed,
implying that the formed crosslinks are still PS. The
stress relaxation is still high, which is due to the low
crosslink density. DBD shows no effect on the network
structure when the stress curve and relaxation spectrum
of S3a are considered. The slight decrease in crosslink
density (Table 4) can result from the t90 time, 4 min

without DBD, and 24.5 min with DBD due to the
marching modulus.

When activators and sulfur were combined (S4), the
crosslink density strongly increased compared to S3
(Table 4). The stress curve shows less stress relaxation,
indicating an almost fully formed network (Figure 4c). The
double peaks in the relaxation spectrum at 150 and 200�C

FIGURE 4 Influence of DBD in

combination with curative system on

TSSR stress temperature curves (left)

and relaxation spectra (right)
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suggest the formation of PS, MS, and DS crosslinks, respec-
tively. Only in the presence of activators, the crosslink pre-
cursors consisting of an accelerator, sulfur, and polymer
form after reaction with another polymer molecule again
crosslink precursors, leading to further crosslinking sites
with less sulfur atoms.36 In contrast, DBD results in a
reduction of crosslink density (Table 4). This manifests
itself in the stress relaxation in the stress curve. In addition,
T50 value and the shift of the relaxation peak to the left
indicate a decrease in thermal stability of the crosslinks.
DBD thus leads to predominantly PS bridges.

S5a shows the same characteristics as S4a. By adding
DBD the stress relaxation and crosslink density decreases
compared to S5 (Figure 4d and Table 4), and S5a shows
no entropy elastic behavior. These points indicate that
the network is not fully developed, and the plastic part is
increased in contrast to the elastic part.55 In the relaxa-
tion spectrum, the relaxation peak (Figure 4d) shifts to
the left, and the T50 value (Table 4) decreases. Both are
indications that the crosslinked species formed are ther-
mally less stable PS crosslinks.

In summary, DBD leads to lower crosslink density
and PS crosslinks even though activators are present
when an EV system is used.

3.1.2 | Effect on mechanical properties

The mechanical properties are shown in Table 5 and
compared with DIN EN 681–1: 2006 for O-ring sealing
systems. The S5 and RWP samples were obtained
according to the formulation of O-ring sealing system.
As expected, the sample S5 achieves the values
according to DIN EN 681–1: 2006. S5 has a tensile
strength of 10.7 MPa and an elongation at break of
330%, which suggests a uniform and properly formed
network in the vulcanized sample. The value of 9.9% of

the compression set indicates high elasticity and revers-
ibility of deformations.

The mechanical properties confirm the results of the
TSSR analysis. Sulfur (S2) and accelerator (S3) are not suffi-
cient to achieve a fully crosslinked material.36 The low
crosslink density can explain the compression set values as
well as the elongation at break. The increase in tensile
strength due to accelerators (S2a, S3, S3a) indicates a
homogeneous network with active crosslinking sites and
no circular bonds.36,54

The compound formulation with only activators and
sulfur (S4) fulfills the requirements of DIN EN 681-1:200.
The decrease in tensile strength when DBD was added
(S4a) indicates a not fully developed network. The com-
pression set increases as a result of the reduced crosslink
density and an increase in plasticity.

Sample S5a shows a higher elongation at break than
S5, but the tensile strength remains almost unchanged.
The compression set values also reflect the increase in
plasticity due to reducing the crosslink density indicated
by TSSR.

In summary, a homogeneous rubber network with a
high crosslink density is only guaranteed if all curative
system components are present and act together.
Although DBD can promote crosslinking of rubber, it
cannot lead to a stable rubber network. DBD acts more
as a crosslinking inhibitor and not as an accelerator.

3.1.3 | Effect on network formation

Due to the high number of components in rubber formu-
lations, the mechanisms involved in vulcanization are
very complex. Figure 5 shows a simplified model of the
vulcanization reaction.36 Based on the results and theo-
retical considerations, the potential points where DBD
can interfere in the vulcanization reaction are discussed.

TABLE 5 Mechanical properties of samples S2–S5 (without DBD) and S2a–S5a (with 2.0 wt% DBD)

Samples Compression set at 70�C for 24 h (%) Tensile strength (MPa) Elongation at break (%)

Referencea <20 >9 >300

S2 (BC/S) 58.4 3.1 482

S2a (BC/S/DBD) 40.0 7.4 674

S3 (BC/Acc/S) 47.1 9.4 716

S3a (BC/Acc/S/DBD) 49.7 6.9 769

S4 (BC/ZS/S) 20.1 13.0 452

S4a (BC/ZS/S/DBD) 37.1 8.7 692

S5 (BC/ZS/Acc/S) 9.9 10.7 330

S5a (BC/ZS/Acc/S/DBD) 30.3 11.1 668

aValues of DIN EN 681-1: 2006 for O-ring sealing systems on EPDM rubber basis.
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The results showed two main effects of DBD during
vulcanization. The inhibition of network formation,
observed by low crosslink density and stabilizing the PS
crosslinks. No reversion is observed in the rheometer
despite the zinc ions and PS crosslinks in S5a (TSSR).
This suggests that DBD interacts with activators, as they
are the reason for desulfurization and reversion.36 Two
options described in the literature might be the reason
for this observation. First, PS crosslinks can be

stabilized by forming Zn-DBD complexes,17 and sec-
ondly, it is suggested that ZnO can absorb or interact
with sulfur-based curative system components.56 In
either case, zinc ions can no longer promote reversion
(step 3). A new crosslink precursor may not occur if
zinc ions are blocked due to absorption or complexa-
tion (step 2 C). As activators lead to shorter sulfur brid-
ges by forming new crosslink precursor, without
activators, the sulfur accelerated vulcanization can be
applied, leading to PS crosslinks.36,54

Foxley investigated the accelerating function of DBD
during the polymerization of styrene.57 However, in the
presence of DBD, the reaction rate was moderate,
resulting in lower polymer conversion. DBD was found
not to form free radicals but to act as a radical acceptor.
Therefore, DBD may interact with crosslinking inter-
mediates (step 1 and step 2 A) by the formation of com-
plexes or by scavenging intermediate radicals, acting like
a retarder or pre-vulcanization inhibitor.36,58,59 This
explains the slowed crosslinking reaction and increased
scorch delay in the presence of accelerators (S3a) and
activators (S4a) when DBD was added.

Since no effects on cure rate were observed when the
entire curative system was used, DBD does not interfere
with the crosslinking reaction. Instead, DBD radicals pos-
sibly interact with PS radicals (step 2 C), preventing MS
crosslinks and resulting in low crosslink densities.

3.2 | Influence of DBD on network
degradation

In Figure 6a are depicted the rheometer curves obtained
at a temperature of 180�C from dry blends of RWP and
different amounts of DBD.

We expected that the DBD would prevent crosslinking
during network formation. In the case of S6, the rheometer
torque increases because a thermal sintering process26

takes place, and the sample is vulcanized with residues of
crosslinking system in the RWP.17,60,61 With the addition
of DBD the behavior becomes different. A small amount of

FIGURE 5 Simplified mechanism of sulfur based

vulcanization reaction

FIGURE 6 Influence of

DBD concentration (a) on trace

of rheometer torque of samples

S6–S11 at 180�C and (b) on

torque value at 15 min
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DBD (S7) results in a slight decrease of torque in the initial
part followed by an increase of torque, but significantly
lower than without DBD. Higher concentrations of DBD
(S8–S11) lead to a stronger decay of torque, indicating the
degradation of the network of the RWP. The torque mea-
sured at 15 min was plotted against DBD concentrations,
showing that small concentrations cause a significant
decrease in torque, and higher concentrations make only a
small difference (see Figure 6b). This behavior is inverse to

cure behavior, where the rheometer curves exhibit an
increase of torque, indicating a three-dimensional network
structure formation. In another study, rheometer tests
were also performed to demonstrate the devulcanization
effect due to the addition of liquid metal.62 Therefore, it
can be presumed that the addition of DBD (without sulfur)
leads to a degradation of a sulfur-cured EPDM network.

The influence of temperature on the degradation of
the polymer network can be seen in Figure 7. The RWP
blended with 3.9 wt% DBD (S9) were investigated in
the temperature range from 150 to 200�C. Vulcanization
and devulcanization are equilibrium processes and
depend on temperature. The torque of the rheometer
curve decreases with increasing temperature. Higher
temperatures promote devulcanization initially. At
200�C, however, the rheometer curve rises again after
about 10 min. Possibly, after reaching the maximum con-
centration of reactive species, recombination of radicals
takes place, and vulcanization is favored.

3.2.1 | Effect on network structure and
crosslink density

The crosslink density and the network structure of the
samples S6–S11 were investigated employing TSSR mea-
surements according to ASTM D8363-20. The values of
initial stress σ0, T50, and crosslink density υ are given in
Table 6.

Normalized stress temperature curves of
compression-molded samples containing different con-
centrations of DBD are shown in Figure 8a. The RWP
sample (S6) without DBD exhibits behavior like the vul-
canized rubber sample (reference S5). The entropy effect
is recognizable in the range from 23�C to about 40�C,
and the small step about 50�C caused by polymer-filler
interactions52,53 is only observable for S6 and S7. The
entropy effect is reduced or wholly suppressed in the
samples containing higher DBD concentrations (S8–S11).

FIGURE 7 Rheometer curves at different temperatures

obtained from sample S9

TABLE 6 Results of TSSR tests obtained from samples S6–S11
compression-molded at 180�C

Samples σ0 (MPa) T50 (�C) υa (mol/m3)

S6 (0 wt%) 0.35 222.4 201

S7 (0.4 wt%) 0.30 211.8 172

S8 (2.0 wt%) 0.19 169.8 109

S9 (3.9 wt%) 0.14 133.5 80

S10 (7.4 wt%) 0.10 93.0 57

S11 (13.8 wt%) 0.09 77.8 52

aCalculated according to Equation (1).

FIGURE 8 TSSR stress

temperature curves (a) and

relaxation spectra (b) of samples

S6–S11
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High DBD concentrations lead to strong stress relaxation,
which is comparable to the typical behavior of thermo-
plastic rubber with high plasticity.55

Figure 8b shows the corresponding relaxation spectra
of compression-molded samples containing different con-
centrations of DBD. The RWP was obtained by grinding
an EPDM rubber compound initially cured by an EV sul-
fur cure system. Therefore, it is presumed that the RWP
network consists mainly of MS and DS bridges. RWP
without DBD (S6) shows a broad relaxation peak con-
taining bridges with different amounts of sulfur atoms.
Short sulfur bridges like MS and DS crosslinks are indi-
cated by the peak position at a high temperature and a
high T50 value (Table 6). The addition of DBD leads to a
decrease of the relaxation peak height at high tempera-
tures and a shift of the peak position, which is related to
the cleavage of MS and DS crosslinks. The decrease of
thermal stability and crosslinks by an increase of DBD
concentration is also observed by decreasing the T50

values (Figure 9).

In conclusion, the MS bridges are degraded more
efficiently by a low concentration of DBD. To degrade
the PS bridges, higher amounts of DBD are necessary.
The network degradation by adding DBD is also indi-
cated by the decrease of crosslink density, depicted in
Figure 9.

The T50 value and the crosslink density are a function
of DBD concentration. These observations agree with a
previous study where an EV cured EPDM with mainly
MS and DS crosslinks was better devulcanized with
DPDS and DBD than a conventionally (CONV) cured
EPDM with mainly PS crosslinks.18 The lower crosslink
density of the EV cured rubber compared to the CONV
cured EPDM was advantageous to the better degradation
result.

The stress curves and relaxation spectra of S9
compression-molded at different temperatures are
shown in Figure 10. The values of initial stress, T50, and
crosslink density are given in Table 7.

The normalized stress curve shows no difference
between the samples treated at different temperatures dur-
ing thermo-chemical devulcanization (see Figure 10a). On
the other hand, the relaxation peaks in the relaxation spec-
tra (see Figure 10b) present a shift to the right. This means
that the crosslinks are more thermally stable the higher
the devulcanization temperature was. However, higher
temperatures lead to more network degradation, as
evidenced by the decrease in crosslink density (Table 7).
Nevertheless, the influence of devulcanization tempera-
ture on crosslink density (Table 7) is small compared to
the effect of DBD concentration (Table 6).

3.2.2 | Effect on mechanical properties

Mechanical properties were determined on samples
S6–S11 compression-molded at 180�C (see Table 8). The
compression set increases with an increase in DBD
concentration. It is expected that the plasticity is

FIGURE 9 Influence of DBD concentration (S6–S11) on
crosslink density and T50-value

FIGURE 10 TSSR stress

temperature curves (a) and

relaxation spectra (b) of sample

S9 compression-molded at

different temperatures
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increasing, and the elasticity is decreasing due to network
degradation.

The stress–strain curves are depicted in Figure 11.
Higher DBD concentrations lead to higher network
degradation, resulting in higher tensile strength and
elongation at break. If the network is degraded too
much, the tensile strength and elongation at break
decreased.

3.2.3 | Effect on network degradation

The TSSR measurements and rheometer curves show
that DBD in combination with temperature leads to net-
work degradation without mechanical shearing force.

Since the samples were compression molded, rearr-
angement of the crosslinks may occur as described for the
high-pressure high-temperature sintering (HPHTS) pro-
cess.26 In literature, the function of disulfides is mainly con-
sidered as radical scavengers.38 Therefore, DBD radicals can
scavenge radicals generated during the rearrangement of
crosslink bridges. Since DBD first specifically degrades MS
crosslinks, it is conceivable that DBD acts as a radical scav-
enger and a cleavage reagent. From a chemical point of
view, the radical scission mechanism proposed by Joseph
et al. for NR32 can also be applied to EPDM. The ther-
momechanically induced disulfide radical cleaves the sulfur
crosslinks by attacking double bonds adjacent to crosslinks.
The thiophenol radical abstracts one H atom from the poly-
mer chain. The sulfide radical splits off, creating a new

active crosslinking site that can be re-crosslinked. Radical
scavenging as well as cleavage are both feasible and can co-
occur during thermo-chemical devulcanization. Both path-
ways have in common that they lead to a reduced crosslink
density. Although residues of the curative system17,60,61 and
double bonds63 are present in the RWP, DBD can react
with the crosslinking intermediates as observed during vul-
canization, leading to fewer crosslinks.

The network degradation is dependent on the concen-
tration of DBD and temperature. The MS bridges are
favorably degraded at lower concentrations, while the PS
bridges are degraded at higher DBD concentrations. The
literature describes the opposite: PS bridges are more eas-
ily cleaved compared to MS bridges due to the difference
in binding energies.36,37 Also, the described model of
delocalization of electron radicals during the mechanical
cleavage of sulfidic crosslinks would favor the degrada-
tion of PS crosslinks since the formed radicals are better
delocalized during the cleavage of PS crosslinks.64 How-
ever, Dijkhuis found that CONV cured EPDM was more
difficult to degrade than EV cured EPDM.18 Gehrke et al.
pointed out that the angular conformations of S-S are
close to ideal at the tetrahedral angle.64 Therefore, it is
possible that the energy of the PS bridges may be lower,
and DBD prefers to attack the MS crosslinks.

TABLE 7 Results of TSSR tests obtained from sample S9

compression-molded at 150, 160, 180, and 200�C

Samples σ0 (MPa) T50 (�C) υa (mol/m3)

S9 (150�C) 0.20 141.9 115

S9 (160�C) 0.18 148.2 103

S9 (180�C) 0.14 133.5 80

S9 (200�C) 0.10 171.3 57

aCalculated according to Equation (1).

TABLE 8 Mechanical properties of samples S6–S11 cured at 180�C

Samples Compression set at 70�C for 24 h (%) Tensile strength (MPa) Elongation at break (%)

Reference S5 9.9 10.7 330

S6 (0 wt%) 14.4 2.8 144

S7 (0.4 wt%) 16.7 3.4 193

S8 (2.0 wt%) 31.4 3.7 358

S9 (3.9 wt%) 59.9 2.9 491

S10 (7.4 wt%) 76.5 1.4 519

S11 (13.8 wt%) 91.5 0.7 380

FIGURE 11 Influence of DBD concentration on stress–strain
curves of samples S6–S11
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Furthermore, the PS bridges can be stabilized by com-
plexation17 leaving the MS crosslinks to be attacked.

The mechanical tests show an improvement in prop-
erties by increasing the DBD concentration despite the
degradation of the network. Two types must be distin-
guished concerning the network: the intraparticle net-
work (in the particles) and the interparticle network
(between the particles). When the RWP are pressed
together in the heating press, the particles react at the
interface, forming a composite (interparticle network).
Degradation of the network can create free chain ends at
the edge of the particles that form bonds with neighbor-
ing particles, strengthening the composite (interparticle
network). This is one possible explanation for better
mechanical properties. Another reason may be the differ-
ent crosslinking densities of the two network types. It has
been reported that other crosslinked regions in a rubber
network, referred to as network inhomogeneities, affect
mechanical properties.51,65 Thus, non-dispersed cross-
linked domains in the network can be considered weak
points that negatively influence the stress transfer and
thus decrease tensile strength.66 Conversely, it can be con-
cluded that by reducing the crosslink density in the parti-
cles, that is, degradation of the intraparticle network, the
entire network becomes more homogeneous and uniform,
leading to better tensile properties. In addition, with fewer
crosslinking sites, the polymer chains have higher mobil-
ity, resulting in higher elongation at break.41,45

4 | CONCLUSION

In this study, the influence of DBD on network formation
(vulcanization) and network degradation (devulcanization)
was investigated. DBD acts as an accelerator during vulca-
nization if the cure system contains only sulfur but no
other additives or activators, for example, ZnO or stearic
acid. DBD acts as a retarder or pre-vulcanization inhibitor
when the accelerator is added, which is observed by an
increase in scorch time and a decrease in cure rate. In the
presence of activators, DBD leads to a distinct reduction in
crosslink density. Scorch time and cure rates are also
affected. The EV curative system leads to low crosslink
density and predominantly PS bonds formation in the pres-
ence of DBD. Strong interaction of DBD and the curative
system take place. DBD can be complexed or absorbed by
zinc and react with radical vulcanization intermediates,
preventing the formation of MS crosslinks. The conse-
quence is an elastomeric composite with low crosslinking
density, high elongation at break, and poor compression
set values. But the efficiency of the devulcanization
depends strongly on the temperature and DBD concentra-
tion. The TSSR measurements give an insight into the

network structure during devulcanization. The rheometer
curves and TSSR measurements show an evident degrada-
tion of the rubber network, that is, devulcanization even at
temperatures below 200�C. The relaxation spectra show
DBD first cleaves the MS crosslinks, and the PS crosslinks
are cleaved at higher concentrations. Since cleavage is quite
specific, it is feasible that DBD acts not only as a radical
scavenger but also as a cleavage reagent. The decrease in
crosslink density due to cleavage of sulfur bonds by DBD
leads to plastification of the rubber waste, which is
reflected in the compression set values and elongation at
break. The tensile strength is improved as network inho-
mogeneities caused by areas with different crosslink densi-
ties are reduced due to degradation. The results show that
DBD is an effective devulcanizing agent at temperatures
below 200�C. The mild reaction conditions protect the
polymer backbone, save energy during processing, and
make rubber recycling attractive and suitable for new
industrial rubber goods and composites.
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