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Sustainable EPM rubber compounds
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ABSTRACT
Two important aspects that should be considered when designing new, sustainable rubber
products are the bio-based character of the rubber compound ingredients and the recyclability
of the vulcanized rubber product. In this work, both are addressed by compounding
a thermoreversible cross-linked EPM rubber with pyrolysis carbon black and squalane as sustain-
able filler and plasticizer, respectively. The resulting rubber product is fully reprocessable in the
melt and it displays material properties comparable to those of compounds with conventional
additives with high retention of the material properties upon reprocessing.
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1. Introduction

Sustainability has become a very important and una-
voidable topic when designing new (chemical) materi-
als or products. Sustainable products can broadly be
defined as products that can be produced and re-used
indefinitely without affecting the natural eco-system
equilibrium. The carbon footprint, the carbon dioxide
greenhouse gas emission, and the recycle potential of
the material after the product life have become key
issues that should be taken into consideration in the
development of new, sustainable materials.

Obviously, natural rubber is fully bio-based and has
found widespread application because of its high strength
and abrasion resistance. Synthetic rubbers have been espe-
cially developed to meet higher demanding requirements,
particularly with respect to resistance against heat, oxygen,

ozone and/or polar media. Currently, thermoset, synthetic
rubber products are fossil-fuel-based and not recyclable via
simple melt processing. In principle, these synthetic rubber
products can be produced from bio-based monomer ana-
logues. A good example is the recently developed, partly
bio-based Keltan® Eco EPDM rubber[1], which contains
ethylene that is produced from sugar cane. The resulting
EPDM rubber polymers have a bio-based ethylene content
ranging from 50 to 70 wt% and provide the same material
properties as their synthetic analogues.[2] EPDM products
may contain up to 400 parts per hundred rubber (phr) of
compounding ingredients such as (reinforcing) fillers and
plasticizers.[3] Sustainable alternatives for (reinforcing) fil-
lers and traditional plasticizer oils are required as traditional
carbon black (CB) is typically produced through the incom-
plete combustion of hydrocarbons with natural gas, while
traditional oil plasticizers are typically refinery fractions of
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crude oil. Recycled CB produced by the pyrolysis of waste
rubber tires appears to be a suitable, sustainable alternative
for N550 medium reinforcing CB fillers.[4] These pyrolysis
CBs are considered sustainable because rubber waste is
viewed as a major environmental issue and pyrolysis
seems to be one of the preferred recycling technologies
with respect to the relatively low CO2 emission.
2,6,10,15,19,23-Hexamethyltetracosane, i.e. squalane, is
a fully saturated, apolar liquid, originally collected from
shark livers, but today produced via fermentation of
biomass.[5,6] It is considered as a bio-based alternative for
mineral oil plasticizers for apolar rubbers, such as EPDM.
Combining partly bio-based EPDM with pyrolysis CB and
squalane has resulted in EPDM compounds for automotive
sealing applications with a sustainable content of up to 90%
and a technical performance similar to that of traditional
EPDM compounds.[7]

Even if rubbers and compounding ingredients
would be completely “green,” the resulting rubber
products are not fully sustainable, as they will still
result in the accumulation of rubber waste.
Unfortunately, the chemical reactions typically used
to cross-link elastomers, such as sulfur vulcanization
and peroxide curing, are irreversible and, thus, pro-
hibit the re-use of rubber scrap via simple melt
reprocessing. This problem is particularly evident
for rubber tires, which is often still dumped in land-
fills, placing a burden on the environment.[8] In the
last decades, considerable efforts have been devoted
to the de-vulcanization of a variety of sulfur vulca-
nized rubbers.[9–14] For some isoprene-based rubbers,
such as NR and IIR, reclaiming processes are com-
mercially practiced for decades and devulcanization
in high shear/temperature processes using devulca-
nizing agents is now a common technology.[15,16] It
appears to be more difficult to apply the devulcaniza-
tion technology to hydrocarbon elastomers with
a saturated main chain, such as EPDM.[17,18] An
appealing, alternative approach that allows for cradle-
to-cradle reprocessing of rubber products was found
in thermoreversible cross-linking[19–23], which yields
rubber materials that combine the material properties

of permanently cross-linked rubbers with the recycl-
ability of no n-cross-linked thermoplastics.
Thermoreversible cross-linking of maleated EPM
rubber modified with furfurylamine (FFA) has suc-
cessfully been performed using the thermoreversible
furan/maleimide Diels-Alder (DA) reaction (Figure
1).[20,24] These DA cross-linked rubbers show mate-
rial properties similar to those of conventionally
cross-linked EP(D)M rubbers and can be reprocessed
with high retention of the material properties.[20,24]

Furthermore, practical EPM rubber compounds with
carbon black fillers and oil plasticizer can also be
recycled.[25]

The goal of this work is to combine both aspects of
sustainability described above by compounding
a thermoreversibly cross-linked EPM rubber for recy-
cling with pyrolysis CB and squalane as sustainable
filler and plasticizer, respectively.

2. Experimental

2.1. Materials

An EPDM with a medium 5-ethylidene-2-norbornene
content (ENB-EPDM, Keltan® 8550 C, 48 wt% ethylene,
5.5 wt% ENB, Mn = 80 kg/mol, PDI = 4.0), maleated EPM
(EPM-g-MA, Keltan® 1519 R, 49 wt% ethylene, 2.1 wt%
MA,Mn = 50 kg/mol, PDI = 2.0) and Sunpar 2280 oil were
kindly provided by ARLANXEO Performance Elastomers.
Carbon black (CB) N550 and N772 were kindly provided
by Teijin Aramid. Recycle carbon black BBC500was kindly
provided by Black Bear. Furfurylamine (FFA, Aldrich,
≥99%) was freshly distilled. Squalane (Amyris), octadecyl-
1-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate (Sigma-
Aldrich, 99%), bis(tert-butylperoxy-i-propyl)-benzene
(Perkadox14-40, AkzoNobel), 1,1-(methylenedi-4,1-phe-
nylene)bismaleimide (Sigma-Aldrich, BM, 95%) and dec-
ahydronaphthalene (decalin, mixture of cis and trans,
Sigma-Aldrich, >98%) were used as received as bio-based
oil, phenolic antioxidant, peroxide curative, thermorever-
sible cross-linker and swelling solvent, respectively.

Figure 1. Furan-functionalization of maleated EPM rubber and subsequent thermoreversible cross-linking with bismaleimide via
(retro-) Diels–Alder chemistry.
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2.2. Methods

2.2.1. Compounding and peroxide curing of
ENB-EPDM rubber
First, a filler/oil pre-mixture of 70 phr N550 and 70 phr
N772 CB with 50 phr Sunpar 2280 oil was prepared.
Alternatively, a sustainable filler/oil pre-mixture of 140
phr of carbon black BBC500 with 50 phr squalane was
prepared. Ten grams of ENB-EPDM was homogenized
in a 50 mL Brabender internal mixer. Then, 19 g of the
dry (sustainable) filler/oil mixture was added at 50 rpm
and 70°C for 4 min. After 3 min, 2.5 phr of peroxide
was added slowly to the mixture and the rubber com-
pound was mixed for 4 more min. Finally, this rubber
compound was vulcanized by pre-heating in a mold at
160°C for 5 min and compression molding at 160°C
and 50 bar for 35 min.

2.2.2. Functionalization, compounding, and BM
cross-linking of EPM-g-MA
First 10 g of EPM-g-MA was functionalized with 0.57 g
of FFA (1.25 molar eq.) in an internal mixer at 130°C
and 50 rpm for 3 min. Next, the temperature of the
mixer was increased to 180°C to ensure the complete
conversion of the amide-acid intermediate to the imide,
the full evaporation of unreacted FFA and the further
compounding with oil/filler and the BM cross-linker
(Tm = 176°C). After homogenizing the EPM-g-furan
product at 180°C for 3 min, 19 g of a dry (sustainable)
filler/oil mixture (see above) was added. After 3 min,
0.80 g BM cross-linker (1 molar eq. based on MA
content) was added and mixing was continued for
2 min before the compound was removed from the
mixer. Sample bars of the obtained products were
obtained by pre-heating the samples in a mold at 140°
C for 5 min and compression molding them at 140°C
and 100 bar for 15 min. The resulting sample bars were
thermally annealed in an oven at 50°C for 72 h to
ensure complete cross-linking.

2.2.3. Reprocessing of BM cross-linked EPM-g-furan
rubber compounds
Thermally annealed sample bars of BM cross-linked
EPM-g-furan rubber compound were cut in small
pieces (~10-50 mm3), fed into the internal mixer,
and mixed at 130°C and 50 rpm for 3 min, when
a stable torque indicated that a homogeneous mix-
ture was obtained. The reprocessed material
obtained from the internal mixer was compression
molded and yielded coherent samples. The result-
ing, new sample bars were thermally annealed in an
oven at 50°C for 72 h to ensure complete re-cross-
linking.

2.3. Characterization

Equilibrium swelling experiments were performed in
decalin. The rubber sample (approximately 500 mg)
was weighed in 20 mL vials (W0) and immersed in
15 mL solvent until equilibrium swelling was reached
(3 days). The sample was weighed after removing the
solvent on the surface with a tissue (W1) and was
then dried in a vacuum oven at 110°C until
a constant weight was reached (W2). Next, W0,
W1, and W2 were corrected for the presence of CB
and W0 was also corrected for the presence of plas-
ticizer to enable the calculation of the rubber gel
content (Eq. 1). The overall cross-link density
[XLD]0 was calculated from W1 and W2 applying
the Flory-Rehner equation (Eq. 2) . [26] Next,
a correction for the adsorption of decalin by CB
was performed via the Kraus equation (Eq. 3), yield-
ing the value for the corrected cross-link density
[XLD]c.

[27] Three samples were measured for each
vulcanizate to determine an average [XLD]c.

rubber gel content ¼ W2 �W0fCB
W0 1� foil � fCBð Þ � 100% (1)

fCB Weight fraction of CB in original compound
(140/290 = 0.483)

foil Weight fraction of oil in original compound
(70/290 = 0.241)

XLD½ �0 ¼
ln 1� VRð Þ þ VR þ χV2

R

2VS 0:5VR � V1=3
R

� � withVR

¼ W2

W2 þ W1 �W2ð Þ � ρr
ρdecalin

(2)

VR Volume fraction of rubber in swollen sample
VS Molar volume of solvent (decalin: 154 mL/mol at

room temperature)
χ Flory–Huggins interaction parameter (decalin-

EPDM: 0.121 + 0.278VR)
[28]

ρ Density (ρr = 0.860 g/mL for EPDM and EPM-
g-furan, ρdecalin = 0.896 g/mL for decalin)

XLD½ �c ¼
XLD½ �0

1þ K � ϕwith ϕ ¼ fcb2 � ρres �Wr

ρcb �W1
(3)

K Kraus correction factor for the given filler (roughly
2.3 for both CBs used)[29,30]

fCB2 Weight fraction of CB in dried residue
Wr Weight of rubber present in dried residue (g)
ρres Density of dried residue (1.4 g/mL as a weighted

average)
ρcb Density of CB (~1.8 g/mL for both BBC500[30] and

a N550/N770 50/50 mixture[31])
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Square samples (5 x 5 cm and a thickness of 2 mm) for
hardness measurements and dumbbell test samples
(45 mm long, 5 mm wide and 1 mm thick) for tensile
testing were prepared by compression molding. Discs
with a diameter of 13.0 ± 0.1 mm were cut out of the
latter samples for compression set (CS) testing. Hardness
(Hs) was measured using a Bareiss Durometer, according
to the ASTM D2240 standard. Average values were
obtained from 10 measurements. Tensile tests were per-
formed on an Instron 5565 with a clamp length of
15 mm, according to the ASTM D4-112 standard.
A strain rate of 500 ± 50 mm/min was applied. For
each measurement, 10 samples were tested and the two
outliers were excluded for calculating the averages. The
median stress–strain curves are shown in the figures. CS
tests were performed according to the ASTM D931 stan-
dard, using a home-made device and the cylindrical
sample discs. The samples were compressed to 75% of
their original thickness at room temperature for 70 h and
then relaxed at 50°C for 30 min.

3. Results and discussion

The calculated, sustainable content of the peroxide-
cured reference compound is obviously 0% (Table 1).
The sustainable content of the sustainable peroxide-
cured EPDM compound and the BM crosslinked EPM
compound is 65%. The sustainable content could be
further increased to 82.5% if the EPDM and maleated
EPM would be bio-ethylene based as in Keltan® Eco.

While the non-cross-linked starting EPDM rubber is
fully soluble in decalin at 23°C, the reference samples of
peroxide-cured EPDM gum[25] and compound have a gel
content of 100% (Table 1), indicating that they are fully
cross-linked. The situation is similar for the fully soluble
EPM-g-furan precursors as the BM cross-linked EPM-
g-furan gums and compounds display rubber gel contents
of >75%. This indicates a high level of DA cross-linking.
The presence of a considerable amount of sol fraction in
the BM cross-linked EPM-g-furan gum and compound
samples may be the result of the reversible character of

the DA cross-links, which are in a dynamic equilibrium
and may allow part of the polymer to dissolve over time
during the swelling experiment. The soluble fraction of
the conventional and sustainable rubber compounds is
rather similar, assuming that Sunpar 2280 oil and squa-
lane are both fully soluble and that all CB types used are
completely insoluble.

The cross-link density of the various rubber gum and
compound samples [XLD]0 was determined by equili-
brium swelling. The Krauss correction of [XLD]0 to
[XLD]c for the presence of filler results in a decrease by
roughly a factor 5 for all rubber compounds (Table 1). The
relatively small standard deviation (approximately 1-5% for
all samples) demonstrates that the obtained values for the
cross-link density are highly reproducible. The cross-link
densities of the gel fractions of all rubber compounds were
found to be 7–9.10−5 mol./mL after the Krauss correction.
These values are rather similar to that of the BM cross-
linked EPM-g-furan gum rubber 11.10−5 mol./mL), indi-
cating that the compounding with (sustainable) plasticizer
and filler hardly affects the crosslink density and, thus, the
conversion of the DA crosslinking reaction.

DA chemistry was used to thermoreversibly cross-
link the maleated EPM rubber in such a way that the
products will combine the material properties of
a permanently cross-linked rubber with the recyclability
of a non-cross-linked thermoplastic. Compression mold-
ing of cut samples is a practical method to assess the
effects of cross-linking and de-cross-linking.[20] After
cross-linking, gum rubber and rubber compounds are
generally no longer melt processable. This was evident
for the samples of the peroxide-cured EPDM com-
pounds that simply turned into crumbs after heating
and shearing them in an internal mixer. In contrast,
the samples of BM cross-linked EPM-g-furan compound
turned into a homogeneous batch in the mixer that
allowed for the compression molding of new, coherent
samples, demonstrating the thermoreversibility of the
DA cross-linking (Figure 2).

The recovery of the cross-link density upon reproces-
sing of both the conventional and the sustainable, BM
cross-linked EPM-g-furan compounds (85% and 95%,

Table 1. The sustainable content, gel content, and (Krauss corrected) cross-link density of various EP(D)M samples.

Compound
Sustainable content

(%) Gel content (%)
[XLD]0

(10−4 mol/mL)
[XLD]c

(10−5 mol/mL)

(1) Conventional peroxide-cured EPDM compound 0 100 3.0 ± 0.1 8.6 ± 0.3
(2) Sustainable peroxide-cured EPDM compound 65.3 100 3.9 ± 0.1 8.7 ± 0.4
(3) BM cross-linked EPM-g-furan gum rubber[20]* 0 78 1.1 ± 0.1 11.2 ± 0.7
(4) Reprocessed (3) 0 73 0.9 ± 0.1 8.9 ± 0.6
(5) Conventional BM cross-linked EPM-g-furan compound 0 79 3.7 ± 0.2 9.3 ± 0.1
(6) Reprocessed (5) 0 77 3.6 ± 0.4 9.0 ± 0.2
(7) Sustainable BM cross-linked EPM-g-furan compound 65.1 77 3.5 ± 0.1 7.9 ± 0.4
(8) Reprocessed (7) 65.1 74 3.2 ± 0.2 6.7 ± 0.6

*Gum rubber is defined as the polymer without any additives and a Krauss correction is not required for the calculation of their
cross-link density.
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respectively) is larger than that of the BM cross-linked
EPM-g-furan gum rubber (80%). This somewhat better
recovery may be the result of a reversible interaction
between the rubber-pendant furan groups and the carbon
black filler[25] and indicates that the compounding with
the (sustainable) plasticizer and filler does also not affect
the thermoreversibility of the BM cross-links.

The cross-link density is one of the main character-
istics affecting the material properties of cross-linked
rubbers.[32] Thus, the similar cross-link density of the
various samples (cf. Table 1) allows for a fair comparison
of the material properties of these samples mutually, but
also with the peroxide-cured EPDM samples (Figure 3).

The tensile strength (TS) of both peroxide-cured
compounds is relatively low with respect to values
found in the literature (12 MPa).[33] This may be
because the use of 1 phr peroxide in the absence of
coagents is simply too small[33], but may also be related
to the use of a different type of EPDM or formulation
recipe. The hardness (Hs), Young’s modulus (MY) and
TS of the sustainable, peroxide-cured EPDM com-
pound are smaller than those of the conventional per-
oxide compound and the compression set (CS) is
somewhat larger. This was also observed in sulfur-
vulcanized EPDM compounds[7] and is attributed to
the somewhat lower surface area and surface structure
of the pyrolysis black compared to N550.[7] This is not
the case though for the BM cross-linked EPM-g-furan
compounds, as the sustainable compound displays
slightly larger Hs, TS, and elongation at break (EAB)
compared to the conventional BM compound. This
may be related to the way the rubber-pendant furan
groups interact with the filler.[25] MY and CS are simi-
lar for both compounds.

The smaller Hs, MY, and TS of both BM cross-linked
compoundswith respect to the peroxide-cured compounds
may be related to the larger number-average molecular
weight of the ENB-EPDM (80 kg/mol) compared to that

of EPM-g-MA (50 kg/mol). Ways to overcome this are, for
example, using other BM cross-linkers[34], the addition of
multi-functional cross-linking aids[35], increasing the ethy-
lene content[23] and, thereby, increasing the crystallinity
(and also the bio-based content) and/or simply using
a higher molecular weight starting, maleated EPM.
Finally, reprocessing appears not to significantly influence
the material properties of the sustainable, BM cross-linked
EPM-g-furan product. This means that the investigated
pyrolysis CB and squalane are indeed sustainable alterna-
tives for conventional filler and oil, respectively, and, thus,
allow the development of “green” cradle-to-cradle rubber
compounds without affecting the recyclability of the rubber
products.

4. Conclusions

Two important aspects that should be considered when
designing new, sustainable rubber products are the bio-

Figure 2. Sample bars of the same compound before and after
reprocessing.

Figure 3. Hardness and compression set (top) and Young’s
modulus, tensile strength and elongation at break (bottom) of
conventional and sustainable compounds of peroxide-cured
EPDM and BM cross-linked EPM-g-furan. The error bars indicate
± 1 standard deviation.
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based character of the rubber compound ingredients and
its recyclability. In this work, both aspects are addressed
by compounding a thermoreversibly cross-linked EPM
rubber with sustainable components, viz. pyrolysis car-
bon black and squalane as sustainable filler and plastici-
zer, respectively. The resulting product is fully
reprocessable in the melt and it displays material proper-
ties comparable to those of products with conventional
additives with high retention of material properties upon
reprocessing. The material properties as such are some-
what inferior when compared to those of the peroxide-
cured EPDM reference compound though, which is
probably related to the lower molecular weight of the
starting EPM-g-furan rubber. The overall conclusion is
that pyrolysis black and squalane can be considered
technical alternatives for medium reinforcing furnace
black and processing oil, respectively. In combination
with thermoreversible DA cross-linking, they can signif-
icantly contribute to the development of new, sustain-
able rubber products.
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