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T
he devulcanization process of EPDM compound was carried out using a twin-

screw extruder. The effects of barrel temperature, screw speed and diphenyl

disulphide as a devulcanization agent (DVA) on the devulcanization were inves-

tigated. Percent devulcanization, sol fraction, Mooney viscosity and curing behaviour

of devulcanized samples were studied. The devulcanized samples could not cure with-

out addition of the curing agents. After the addition of curing agents into the devulcan-

izates, the general behaviour of rheometry test for rubber compounds was observed.

Percent devulcanization was dependent on DVA content and screw speed, especially

at low and middle level of barrel temperature. Barrel temperature was the most effec-

tive parameter on the amount of sol fraction and Mooney viscosity. The devulcanizates

were recured with a semi-efficient curing system. Tensile strength, elongation-at-

break, compression set, hardness and cross-link density of revulcanizates were eval-

uated. It was found that the mechanical properties were slightly inferior compared to

virgin compound.

INTRODUCTION

In the last decades, for both eco-
nomic and environmental reasons,
recycling of scrap rubber has wide-
ly been considered. Pyrolysis,
pulverization, incineration and
devulcanization of scrap rubber are
some of the recycling methods
which have been reported in com-
prehensive reviews by Adhikari,

Myhre and Isayev et al. [1-3].
Among these methods, devulcan-
ization is very viable. During this
process, the rubber network is 
broken down and the product is
revulcanized to form new rubber
articles. The most common devul-
canization methods are pan [4],
irradiation [4-7], ultrasonic [8-10],
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biological [1,4], and thermomechanical processes [4].
The technology of continuous devulcanization (ther-
momechanical process) has been developed in the last
decade. Continuity, high speed and higher efficiency
are the advantages of this approach compared to other
methods [11-13].

Isayev et al. have investigated the devulcanization
of NR, SBR, EPDM and silicone rubber in a single
screw extruder equipped with an ultrasound source on
the die. The effects of processing parameters and
ultrasonic conditions are reported, and they have
found that a single screw extruder was an efficient
method [14-16].

Bilgili et al. have reported that the partial devul-
canization can be realized through solid state shear
extrusion (SSSE) [17].

Gupta et al. have used counter-rotating twin-screw
extruder to devulcanize ground NR powder. The
mechanical properties of revulcanizate have been
studied by response surface methodology (RSM). The
results depict that by revulcanizing the devulcanized
ground NR powder, high quality product can be
achieved [18].

Using co-rotating twin-screw extruder for devul-
canization of EPDM has been reported by Mouri et al.
The effect of the devulcanization agent (DVA), tem-
perature and screw speed has been studied. Their
results indicate that devulcanization can be carried out
without DVA under suitable conditions (shear rate,
pressure and temperature) in the extruder [12].

Much effort has been done by Janssen et al. at
University of Groningen for development of EPDM
devulcanization in the extruder. They have simulated
the continuous devulcanization of EPDM by a mathe-
matical model [19] and investigated the effect of var-
ious curing systems (efficient and semi-efficient) and
processing parameters on devulcanization efficiency
[20].

Their results showed that the mechanical proper-
ties of revulcanized EPDM were comparable to the
virgin vulcanized rubber [21].

In order to increase the efficiency of devulcaniza-
tion, DVA has been used by some researchers
[12,20,22,23]. The devulcanization agents include
organic disulphides, mercaptanes, trialkyl phosphites,
triphenyl phosphine, radical-generating, aliphatic
amines and inorganic compounds. However, the most

common agents are organic disulphide and α-H con-
taining aliphatic amines.

An ideal devulcanization process is breaking the
cross-links without main chain scission which is 
hitherto not reported in the literature. According to
ASTM STP 184 A, devulcanization is a combination
of depolymerization, oxidation and cross-link break-
age. The confirmation of devulcanization has been
performed by different methods such as measuring the
changes of cross-link density, sol fraction and
reprocessability of devulcanizate [20,22,24,25].

Based on ASTM D 6814-02, the percent devulcan-
ization is calculated by cross-link density changes
after devulcanization. Moreover, the gel permeation
chromatography (GPC) and measuring the amount of
sol fraction are useful methods for studying the struc-
tural changes in the network after devulcanization
[19,20,24].

In this study, the devulcanized EPDM has been
produced by co-rotating twin-screw extruder.
Characterization of devulcanized EPDM is carried out
by measuring the percent devulcanization, sol fraction
percentage, Mooney viscosity and rheometry test. The
revulcanized EPDM has been prepared from devul-
canizates (without addition of virgin EPDM) and the
mechanical properties such as tensile properties, hard-
ness, compression set and cross-link density have
been studied. The effects of barrel temperature, screw
speed and DVA content on the aforesaid properties are
investigated.

EXPERIMENTAL

Materials

Rubber compound based on EPDM (Vistalon 7500
from ExxonMobil Co.) was vulcanized with sulphur
in an efficient system (like the automotive weather-
strip formulation) and then grinded to approximately
5 mm cubes for feeding to the extruder. Diphenyl
disulphide from Merck Co. was used as a devulcan-
ization agent. The solvents for characterization and
curing agents for revulcanization were from Merck
and Bayer Co., respectively.

Sample Preparation

By using a laboratory intermeshing co-rotating twin-
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Figure 1. Schematic screw profile.

screw extruder from Brabender Co. model TSE 20
(Germany), devulcanization was carried out. The
extruder has five heating/cooling zones and a screw
diameter of 20 mm with L/D ratio of 40. The last three
zones of extruder have been adjusted at constant tem-
perature and reported as barrel temperature. The bar-
rel temperature was set in three levels: 220, 280 and
340ºC. The screw speeds in our study were 60, 100
and 140 rpm and the DVA content was 0, 1.5 and 3
wt%. The feed rate was constant for all samples. As
observed in Figure 1, the combination of reversed
flighted section and kneader in the screw profile
builds up enough pressure for devulcanization. In
order to decrease the number of experiments, the
experimental design was used based on Box-Behnken
design. The responses have been analyzed by the
authors with the aid of response surface methodology
in another paper in more details [26]. In this paper,
our attempt is focused on the interpretation of net-
work structural changes after devulcanization. The
devulcanized samples have been pressed into sheet by
a compression moulding machine and revulcanized
after sheet forming at 160ºC and 20 MPa. The sam-
ples for characterization of devulcanizates and revul-
canizates were cut from the sheets. The formulation of
revulcanized samples is shown in Table 1.

Table 1. Revulcanization formulation of the devulcanized

samples.

Measurements

For the analysis of the network structure of devulcan-
ized samples and calculating the percent devulcaniza-
tion, the swelling test has been performed according
to ASTM D 6814-02. The swelling test has been car-
ried out using toluene as solvent. The small crumb of
devulcanizates (2-3 mm thickness) was kept
immersed in toluene for 72 h at room temperature.
Low molecular weight components were extracted by
acetone (using soxhlet) before the swelling test. The
cross-link density was calculated according to Flory-
Rehner equation for tetrafunctional networks by using
swelling data [27]:

(1)

where Vr, X1, V1, and ν are rubber volume fraction in
the swollen sample, rubber-solvent interaction param-
eter, molar volume of the solvent and the cross-link
density, respectively. The cross-link density of revul-
canized sample was also determined by this method.
Since the changes in network cross-link density were
important for the determination of the percent devul-
canization (not the absolute cross-link density of
reclaims), we assumed X1 equal to 0.429+0.218 Vr
[28]. So the percent devulcanization was calculated
according to eqn (2):

(2)

In this equation, ν1 and ν2 are the cross-link densi-
ty of the samples before and after the devulcanization,
respectively. The sample was weighed before
swelling and after removal of toluene in vacuum oven
(70ºC and for 16 h). The sol fraction percentage was
calculated according to eqn (3):

(3)

where W1 is the weight of the samples before the
swelling test and W2 is the weight of the sample after
the removal of toluene. Our experiments showed that
there was a little difference (2-3%) between the values
of sol fraction obtained by using soxhlet and immers-
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Ingredient  
Per hundred 

compounds (phc) 

Devulcanized EPDM             100 

ZnO 1.5 

Stearic acid  0.5 

TMTD 0.5 

MBT 0.5 

Sulphur 1.0 



ing in solvent.
The molecular weight of the sol component was

determined by gel permeation chromatography (GPC
model Shimadzu 6A) in toluene and expressed as
polystyrene equivalent molecular weight. The length
of the column was 30 cm (made by Waters Co.). The
type of column was 10000 Å (Waters Co.) and the
type of detector was refractive index. The temperature
of the column was 40°C and the flow rate was
1 mL/min.

The rheometry and Mooney viscosity tests of
devulcanizates were performed according to ASTM D
2084 and ASTM D 1646 (ML 1+4 @100ºC) using
Zwick machine (models 4308-B and 4309).

The compression set, hardness and tensile proper-
ties of samples were measured according to ASTM D
395, ASTM D 2240-02 and ASTM D 412-98a
(Instron machine model 6025 was used for tensile
test).

RESULTS AND DISCUSSION

Rheometry Test

To study the curing behaviour of the devulcanized
samples, rheometry test was carried out at 160ºC
(Figure 2). As it is observed, there is no rising in the
torque for devulcanized sample without curing agent
added. This may imply that the cross-linking has not
occurred in the devulcanized EPDM because of cur-
ing agent deactivation. On the other hand, with the

Figure 2. Curing behaviour of devulcanized EPDM with and

without curing agent added (sample 15); (-----) without cur-

ing agents, (___) with curing agents.

addition of the curing agent into the reclaim samples,
the general behaviour of rheometry test for rubber
compounds can be observed. It is evident that the
reclaim samples are revulcanizable because of the
presence of free elastomeric chain, which has been
produced during devulcanization in the extruder.

In addition, the amount of rise in torque (Δtorque)
in the rheometry curve, which is found by subtracting
the minimum torque from the maximum torque
(Figure 2), is related to the network cross-link density
of revulcanizates.

As it is observed from Table 2, there are two data
with very high value of Δtorque (samples 1 and 2). The
physical form of these samples was solid without the
capability of flowing, so the high torque of these sam-
ples was not attributed to the curing torque.

On the other hand, the very low Δtorque in samples
5 and 6 is related to the degradation of samples which
is discussed later. The rest of the rheometry results
was in the general range of curing of rubber com-
pounds. This type of rheometry behaviour of reclaim
revulcanization has been reported by other
researchers [11,12,21].

Percent Devulcanization

The cross-link density of rubber network decreases
during devulcanization process and the amount of
decrement is accepted as a criterion for assessing the
process by many researchers [11,20,22]. Combination
of applied shear stress by screw, temperature and
presence of DVA causes selective breakage of cross-
links in the cross-linked rubber devulcanization, while
in the absence of shear stress (just heating), only the
polysulphide and disulphide bonds convert into
monosulphide bonds [13,25].

The barrel temperature, screw speed, DVA concen-
tration, rubber crumb feed rate, rubber particle size of
rubber crumb, screw configuration and die pressure
are the parameters which have been studied as effec-
tive parameters in devulcanization process by the
extruder. In this work, the screw configuration and
rubber crumb feed rate were constant.

Comparison of data in Table 2 shows that the DVA
content and the screw speed affect the percent devul-
canization, especially at low and middle level of bar-
rel temperature. The reason for this observation is that
at low barrel temperature, the viscosity is high and
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consequently applied shear stress on the rubber crumb
increases. So with the increase of screw speed (sam-
ples 1 and 4) devulcanization process becomes more
efficient. The increase of shear stress was observed by
extruder torque detector during the process. As
expected, adding the DVA increases the percent
devulcanization, while at the high level of barrel tem-
perature it was not effective due to its evaporation.
The maximum percent devulcanization was recorded
as 86 (sample 4) which was obtained at the screw
speed of 140 rpm, 220ºC and 1.5 wt% DVA. The low-
est percent devulcanization was 21 (sample 5). It
seems, for this sample, the applied shear stress was
not enough for breaking the cross-links in the absence
of DVA. It is interesting to note that with a good com-
bination of barrel temperature and screw speed, the
devulcanization can be carried out even at 0% DVA
(samples 10 and 13).

Sol Fraction

The reclaim rubber includes cross-linked and free
chain parts. By using a suitable solvent, the free chain
part (sol fraction) can be extracted, while the cross-
linked section (gel fraction) is insoluble and just
swollen. The sol fraction percentage of samples is
indicated in Table 2 at different conditions.

The results showed that the barrel temperature was
the most effective processing parameter in changing
the sol fraction percentage. Sol fraction percentage
increased with the increase of barrel temperature and
maximum values obtained at 340ºC. The similar trend
has been reported by Mouri et al. [24].

As it is observed in Table 2, in general, sol fraction
percentage increases with the increase of screw speed,
especially at the lowest barrel temperature. This is
because of longer shear viscous heating at low tem-
perature. The low values of sol fraction percentage of
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Sample 

Barrel 

temperature 

(ºC ) 

Screw 

speed 

(rpm) 

DVA 

Content  

(wt%) 

Δtorque 

(Ibf.in) 

Percent    

devulcanization  

Sol fraction  

(wt%) 

Mooney viscosity  

(mL 1+4 @ 100ºC) 

1 220   60 1.5 751 71 6 216 

2 220 100 0.0   1413 48 5 237 

3 220 100 3.0 176 80 15 185 

4 220 140 1.5 101 86 22 158 

5 280   60 0.0       21 21 27               29 

6 280   60 3.0       30 43 24               64 

7 280 100 1.5       69 81 23 142 

8 280 100 1.5       61 81 20 148 

9 280 100 1.5 137 79 21 150 

10 280 140 0.0 161 75 27 101 

11 280 140 3.0       79 79 28 104 

12 340   60 1.5       91 80 37               79 

13 340 100 0.0       83 82 39               71 

14 340 100 3.0       71 73 41               57 

15 340 140 1.5       82 75 43               55 

Table 2. Properties of devulcanized samples.



samples 1 and 2 show that the samples are incapable
of flowing, which is confirmed by other experiments
(Mooney viscosity and recuring rheometry). Though
the percent devulcanization of sample 1 is recorded to
be 71, it is not adequate for flowing capability and
reprocessing because of high gel content.

For tracking of degradation of samples during
devulcanization process, Horikx's theory was used.
The Horikx’s theory specifies how the cross-links are
broken selectively. In Horikx’s theory, there is a rela-
tionship between the sol fraction and the relative
cross-link density reduction after network degrada-
tion, which can lead to main chain scission or decross-
linking [29].

When the main chain scission takes place, the rela-
tionship is expressed by eqn (4):

(4)

where ν and s are the cross-link density and sol frac-

tion of the samples while, subscripts 1 and 2 indicate

values before and after the devulcanization, respec-

tively. In this study S1 was 3%. It should be consid-

ered that the Horikx's theory has some limitations

which cannot explain the intermediate case between

cross-link scission and main-chain scission [30].
Figure 3 compares the experimental results and

theoretical curve from Horikx's equation. The theoret-

Figure 3. Sol fraction percentage versus the relative

decrease in cross-link density.

Figure 4. GPC chromatogram of the virgin EPDM and sam-

ple 15; (----) sample 15, (___) virgin EPDM.

ical curve reflects the variation of sol fraction with 
1-ν2/ν1, when the dominant mechanism of devulcan-
ization is chain scission. According to Horikx’s theo-
ry, the data below the chain scission curve means that
devulcanization process has occurred by selective
breakage of cross-links (different from chain scis-
sion). Some data are above and very close to the chain
scission curve. These points relate to degraded sam-
ples and those prepared at 340ºC (samples 12-15). It
can be concluded that the majority of samples have
been devulcanized under selective mechanism.

GPC Chromatogram of the virgin EPDM and sam-
ple 15 is illustrated in Figure 4. It is obvious that
molecular weight distribution (MWD) has been
broadening, which means that branching and/or
degradation has taken place. Since the sample 15 was
prepared under severe condition, the degradation is
highly expected. The number and weight average
molecular weights (Mn and Mw) and the polydispersi-
ty index (PDI) are presented in Table 3. The decrease
of Mn was about 80%, while the amount of Mw was
about 60% of virgin sample. The same result of GPC
has been reported by Janssen [19,20]. The aim of
using GPC was a qualitative comparison between the
average molecular weight of the devulcanized EPDM 

Table 3. GPC Results.
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Figure 5. The variation of Mooney viscosity versus the sol

fraction percentage.

and the virgin and it did not mean the precise average
molecular weight of these materials.

Mooney Viscosity

Mooney viscosity is a criterion for flowability and
processability of elastomeric compounds. The
Mooney viscosity of samples is shown in Table 2,
which shows this property decreases with the increase
of sol fraction. The variation of Mooney viscosity
with respect to the sol fraction is shown in Figure 5.
As it is observed, the Mooney viscosity of samples
drops dramatically in two points due to severe degra-
dation. Similar to the sol fraction, the Mooney viscos-
ity is mostly dependent on barrel temperature. The
Mooney viscosity values of samples 1 and 2 mean that
there is a very weak flowability.

Mechanical Properties

Table 4 depicts the values of tensile strength, elonga-
tion-at-break, hardness, compression set and the
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Sample Barrel 

temperature 

(ºC ) 

Screw 

speed 

(rpm) 

DVA Content 

(wt%) 

Tensile 

strength 

(MPa) 

Elongation - 

at-break 

(%) 

Hardness 

Shore A 

Compression 

set at 70ºC 

(%) 

Compression 

set at 25ºC 

(%) 

Cross-link 

density 

(×10
4
mol/cm

3
) 

1 220  60 1.5  9.2 148 62 14 4 5.0 

2 220 100 0.0  8.6 151 65 20 8 5.2 

3 220 100 3.0 14.0 240 62 14 6 4.0 

4 220 140 1.5 12.2 213 63 12 3 3.9 

5 280  60 0.0  2.1  84 49 42        22 3.3 

6 280  60 3.0  3.7 212 52 49        19 2.7 

7 280 100 1.5 15.5 280 60 20 6 3.4 

8 280 100 1.5 14.6 269 60 20 9 3.4 

9 280 100 1.5 14.5 271 61 15 5 3.6 

10 280 140 0.0 14.3 199 65     8.5 6 4.4 

11 280 140 3.0 13.6 301 57 17 8 2.7 

12 340  60 1.5 12.4 294 58 13 4 2.7 

13 340 100 0.0 12.0 282 57 12 6 2.8 

14 340 100 3.0 11.9 329 55 18 8 2.8 

15 340 140 1.5 11.3 334 57 17 9 2.9 

virgin __ __ __ 16.1 354 67 12 6 4.0 

Table 4. Mechanical properties and cross-link density of revulcanized samples.



cross-link density of revulcanized samples and virgin
compound. The prepared samples at the middle level
of barrel temperature (280ºC) had the highest values
of tensile strength. As it is observed from Table 2,
these samples show a high value of percent devulcan-
ization. Therefore, after revulcanization, cross-link
density could be achieved to an amount close to virgin
compound (the cross-link density in Table 4.) The
effects of screw speed and DVA content are significant
at low level of barrel temperature. With the increase of
the screw speed at a constant low temperature, the
amount of percent devulcanization increases and
therefore, revulcanization can be performed efficient-
ly, and therefore, tensile strength increases. Addition
of devulcanization agent causes a decrease in the
cross-link density of gel fraction and therefore, revul-
canization takes place easier. The low values of sam-
ples 5 and 6 show that the samples are under degrada-
tion during devulcanization process. It seems that the
relative high temperature and shear stress accompa-
nied by sufficient residence time could be the reasons
of degradation of these samples.

Our results showed that higher values of elonga-
tion-at-break are related to the samples with lower
cross-link density. Three considered processing
parameters in this study had a positive effect on the
elongation-at-break.

Compression set data at 25 and 70ºC are listed in
Table 4. With the exception of the degraded samples,
the revulcanizates showed the compression set close
to the value of virgin compound at ambient tempera-
ture, while at 70ºC the differences between these data
were higher. The variation of hardness is a function of
cross-link density and therefore with the increase of
revulcanizate cross-link density, the amount of hard-
ness increased.

CONCLUSION

In this study, devulcanized rubber was produced using
a co-rotating twin-screw extruder with special config-
uration. Combination of screw speed, barrel tempera-
ture and DVA could break the cross-links selectively.
However, in some cases, severe degradations have
occurred. Some results are listed below:

1. Percent devulcanization was strongly dependent

on shear stress.
2. Barrel temperature was the most important

parameter in changing sol fraction and Mooney vis-
cosity.

3. Devulcanized samples were recured successful-
ly with semi-efficient curing system.

4. According to Horikx’s theory, the mechanism of
devulcanization was selective breakage of cross-links.

5. Mechanical properties of revulcanizates were
close to those of virgin compound.
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