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Abstract
The amount of rubber scraps derived from rubber goods production consists of about 20–30% of the processed material, 
so it is necessary to enhance this material by developing new recycling techniques as well as a new market for recycled 
rubber products. In the present research, nitrile-butadiene rubber (NBR) scraps are reprocessed via a calendering process 
acting with a mechanical devulcanization. Compounds were prepared with 20%, 80%, and 100% recycled rubber content 
and characterized. The experimental results highlighted that the compound prepared with 20% recycled rubber content via 
calendering and compression molding processes shows comparable mechanical properties to that of virgin NBR. The tensile 
properties are the most penalized by the increasing content of recycled material (100% recycled shows − 25% and − 50% 
stress and strain at break, respectively). Other properties remain comparable to the standard material up to 80% recycled 
material: 60 ± 5 Shore A, compression elastic modulus 8 MPa, compression set 20%. FTIR analysis revealed no changes in 
chemical structure from the recycling process. The results demonstrate that simple mechanical devulcanization can effectively 
reprocess industrial rubber waste while largely maintaining useful properties. This provides a potential pathway to enhance 
sustainability in rubber production through the valorization of process scraps.
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Introduction

The recycling and reprocessing of crosslinked elastomers are 
difficult due to their three-dimensional chemical network. 
This network makes the material insoluble and non-melting Extended author information available on the last page of the article
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after the vulcanization takes place, unlike thermoplastic 
polymer materials that are widely recycled [1, 2]. Among 
the characteristics of rubber are its elasticity and strength, 
which are made possible by vulcanization but on the other 
side the crosslinking of rubber creates a serious problem for 
recycling [3].

The global consumption of both natural and synthetic 
rubber has grown from a yearly production of about 5 
and 9.6 million tons, respectively, in 1990 to a yearly 
production of about 12.7 and 14.2 million tons in 2020 [4]. 
The expected demand for rubber is high and, therefore, an 
increase in the production of rubber waste will be inevitable, 
the improper management of which will cause problems for 
the environment [5].

The proper recycling and valorization of waste materials 
are crucial for promoting a sustainable and environmentally 
conscious society. While the reuse techniques and possible 
applications of end-of-life tire rubbers have been extensively 
studied and implemented in recent years [6, 7], the same has 
not been done for synthetic rubbers used for the production 
of general rubber goods (seals, dampers, etc.). As evidence 
of this, in Italy, recycled rubber from end-of-life rubber tires 
has been classified as a “material” since July 2020 by the 
“End of Waste” Decree [8], which details the correct ELT 
recycling procedures and the applications of recycled rubber 
as a raw material second, while the recycled rubber derived 
from general rubber goods production is not counted [9]. 
In the current scenario, the circular economy for recycled 
rubber goods is lacking [10].

Besides rubber tires, about 50% of the world’s rubber 
production is used for the production and consumption 
of general rubber goods. The effective reutilization and 
recycling of waste generated from various rubber products 
necessitate the establishment of dependable industrial 
technologies and processes on one side due to the increasing 
rubber demands and on the other side due to the more and 
more relevant problem of waste disposal [10].

Rubber waste can be classified as industrial scraps and 
consumer scraps [10]. Successful waste management mainly 
depends on cleaning and segregating the generated waste 
(to avoid compounding potentially incompatible material). 
For this reason, industrial waste (the object of the present 
research), is more suitable to be recycled.

Regardless of the type of rubber waste generated, the 
prevailing disposal methods often involve open dumping, 
landfilling, burning, or grinding the waste into powder [5, 
10, 11]. The recycled waste can be converted into cheaper 
and more sustainable products, nevertheless, it is neces-
sary to develop some specific processes for cured rubber. 
Rubber scrap management is a pressing issue in the sector, 
with only 1.5% of general rubber goods being recycled or 
reused [10]. The amount of industrial rubber scraps consists 
of about 20–30% by weight of the processed material, due 

to the presence of filling channels (in the injection mold-
ing process) and infiltrated material between the two half-
molds which creates a thin rubber film (rubber flash) from 
which the pieces will be removed by subsequent processing 
(deburring). By way of example, Fig. 1 shows a picture of 
compression molded O rings and a schematic representa-
tion of the rubber scraps and the products obtained after the 
deburring process.

The reprocessing of crosslinked elastomers is possible 
when the crosslinks formed during the vulcanization (C–S 
and S–S for sulfur curing) are cleaved without damaging 
the C–C bonds of the macromolecular chain [12]. When the 
cleavage of C–C bonds occurs, and it is predominant to that 
of C–S and S–S bonds, the degradation process takes place 
with consequent deterioration of the mechanical properties 
of the rubber [10].

The phenomena of vulcanization and degradation are 
closely linked and interdependent. In rubber reprocessing, 
both vulcanization and degradation occur simultaneously, 
making it crucial to minimize degradation and enhance 
devulcanization for better rubber recycling. Rubber waste 
management processes can be categorized into thermal, 
mechanical, physical, chemical, and biological methods 
[10]. Each method involves different processes that in turn 
involve different parameters and chemicals to make the 
rubber reprocessable via devulcanization and unavoidable 
degradation.

Regarding the mechanical properties of recycled 
rubber compounds, the literature indicates a wide variety 
of industrial rubber waste streams that can be effectively 
devulcanized and reused to replace a certain amount of 
virgin rubber while retaining useful mechanical properties. 
Rooj et al. [13] used benzoyl peroxide as a devulcanizing 
agent via a mechano-chemical process for natural rubber. At 
20% replacement, tensile strength increased by around 30% 
with a 20% reduction in strain at break. However, at 80% 
replacement, a substantial 85% reduction in tensile strength 
was observed. Sabzekar et al. [14] employed disulfide oil 
for devulcanizing waste EPDM rubber using a co-rotating 

Fig. 1  Picture of compression molded O rings and schematic repre-
sentation of the rubber scraps and the products obtained
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twin-screw. At 40% replacement with devulcanized EPDM, 
mechanical properties generally were not worsened, with 
enhancements in tensile strength and elongation at break in 
most cases. De Sousa et al. [15] treated EPDM by removing 
paraffinic oil and devulcanizing it using microwaves. Their 
findings indicated that rubber compositions containing 
67 wt.% of recycled EPDM exhibited similar mechanical 
properties to virgin EPDM.

In the present research, the NBR scraps are recycled via a 
calendering process at room temperature with no additives. 
According to the aforementioned classification of techniques 
for managing rubber waste, this technology falls within the 
category of mechanical processes [5, 16, 17].

The proposed calendering devulcanization method 
presents distinct differentiators compared to traditional 
thermal–mechanical and mechano-chemical techniques. 
Firstly, the method does not necessitate specialized or 
custom equipment. The use of calender (or open mixer), 
a standard tool in rubber processing, allows manufacturers 
to recycle their own waste without making new capital 
investments. It can represent for companies producing 
rubber items an alternative to valorise their own waste 
without the risk of compounding incompatible materials.

Several studies reported in the literature require the use 
of machines specifically designed for rubber recycling: 
Costamagna et al. [16], Macsiniuc et al. [18], Brunella et al. 
[19], and Formela et el. [20] used a twin-screw extruder, 
Guo et  al. designed a specific low-temperature rubber 
reclaiming equipment [21], and Diaz et al. [22] used two 
metallic cones with special geometries [22].

Secondly, no external heat is employed during the 
calendering process. The temperature increase arising 
from viscous heating remains below 80 °C. In contrast, 
thermal–mechanical devulcanization typically employs high 
temperatures (> 80 °C) to facilitate chain scission [23, 24]. 
Thirdly, no chemical additives or solvents are incorporated. 
Unlike mechano-chemical techniques that often introduce 
devulcanization agents to promote crosslink cleavage [25], 
the present method solely relies on mechanical shear forces.

Furthermore, the rubber waste is processed as-is, 
without requiring a grinding or micronization step. Many 
devulcanization processes initially reduce the particle size 
to increase surface area [19, 22, 26].

Different amounts of recycled NBR were characterized by 
swelling test, tensile and compression test, hardness test, and 
compression set. Also, the influence of recycling methods 
was assessed: compression molding, calendering process, 
and calendering process followed by compression molding. 
Furthermore, the characterization was also performed via 
Attenuated Total Reflection—Fourier Transform-Infrared 
Spectroscopy (ATR-FTIR) to detect if any changes due to 
oxidation related to the recycling process had occurred. 
FT-IR spectroscopy technique has been extensively applied 

in the analysis of polymers and rubber-based compounds 
[27–29].

In summary, the proposed approach seeks to provide a 
straightforward, cost-effective, and environmentally friendly 
method for manufacturers to devulcanize and recycle 
their own cured rubber waste without the need for highly 
specialized equipment or processing aids. This contributes 
new knowledge to the limited scientific literature on 
sustainably repurposing general rubber waste beyond tires.

Materials and methods

Materials

The tested material is an industrial NBR provided by 
Novotema Spa (Villongo BG, Italy). The list of ingredients 
is reported in Table 1.

It is worth noting that in an industrial context, the 
companies that mold the technical articles are often different 
from the company that compounds the material, and for this 
reason, it is probable that the complete recipe is not known.

The approach proposed in the present study aims to 
characterize the recycling process in an industrial context 
where a standard vulcanized rubber compound is purchased, 
processed into articles, and then the scrap from those articles 
is recycled back into the original compound formulation 
without any additional ingredients (neither carbon black nor 
further crosslinking agents). Even in the case the complete 
recipe is not entirely known, this process within this 
context allows for recycling the material, always remaining 
consistent with itself, without the risk of contamination, 
leveraging the well-established material traceability system 
in all industrial settings.

The industrial scraps are recycled by calendering process 
on an open mixer as 100% recycled NBR or compounded 
with different amounts of uncured virgin NBR.

Tested materials and production processes are detailed 
in Table 2.

The calendering process consists in forcing the rub-
ber between two rotating cylinders (diameter of 150 mm) 
which generate high shear stresses and extensional stress-
ing levels on the material leading to the obtaining of a 

Table 1  Composition of 
characterized NBR

Ingredient phr

NBR 100
ZnO 5
Stearic acid 1
Plasticizers 15
Carbon black 40
Sulphur 1
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rubber sheet that can be further processed via compres-
sion molding. Obviously, as the fraction of recycled rubber 
increases, the possibility of creating complex geometries 
decreases due to an ever-greater degree of crosslinking, 
however, for simple geometries and specific applications, 
it is possible to replace even only partially virgin rubber 
with recycled industrial waste. In order to produce rubber 
sheets thicker than 2 mm, the influence of further compres-
sion molding under a pressure of 40 MPa for 15 min at 
180 °C is assessed. No further curing agents or additives 
have been added. Figure 2 displays a flow diagram describ-
ing the adopted recycling process.

The calender machine employed in the process is supplied 
by Meccaniche Moderne srl (located in Busto Arsizio VA, 
Italy). During the calendering process, the rubber undergoes 
multiple steps, leading to a gradual increase in temperature 
(ranging from 70 to 80 °C). This temperature rise is a result 
of the substantial shear stresses generated by the cylinder, 
causing the material to soften and become plasticized as 
shown in Fig. 3. The rubber waste initially disintegrates 
into crumbs which are processed continuously in different 
steps in the calender. The process was considered complete 
when the material was manageable from one passage in the 
calender to another. At this point in the process, a certain 
percentage of uncured virgin NBR can be optionally added 
and appropriately compounded in a new calendering phase. 
The material obtained at the end of the calendering process 
is a sheet of about 2 mm.

Experimental methods

Swelling test

For the swelling test, samples of about 500 mg were cut 
and immersed in toluene for 48 h at room temperature. The 
samples are then dried in an oven with a suction system at 
80° C for 24 h and then they are weighted.

The equilibrium swelling index is determined by cross-
link density and the attractive forces between solvent and 
polymer. The theoretical extent of swelling is predicted by 
the Flory–Rehner equation [30–32]:

where:
ν is the crosslink density [mol/cm3], Vs = 106.52  (m3/

mol) is the toluene molar volume, f = 4 for tetra functional 
network junctions, χ is the Flory–Huggins solvent–polymer 
interaction parameter determined according to Eq. 2, vRf  is 
the volume fraction of elastomer in the swollen mass, 
determined according to Eq. 3.

The Flory–Huggins solvent–polymer interaction 
parameter is equal to 0.36 and it has been determined from 
the Bristow and Watson semi-empirical equation [33–35]:

where:
�
1
 is the lattice constant approximately 0.34 [33, 36], R 

is the universal gas constant, T is the absolute temperature, 
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=18.2 (MPa)1/2 is the solubility parameter of toluene [37].
The elastomer volume fraction vRf  is then calculated 

from the Ellis and Welding equation [38] (Eq. 3). Since 
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value of the degree of crosslinking but will not alter the 
comparison of materials.

where:

(1)ν = −
ln
(

1 − v
Rf

)

+ v
Rf
+ χv2

Rf

(v
Rf

1

3 −
2v

Rf

f
)

2

fV
s

(2)χ = β
1
+

V
S

RT

(

δ
2
− δ

1

)2

(3)v
Rf

=

m
d

ϱ
R

m
d

ϱ
R

+
m

s
−m

d

ϱ
S

Table 2  Tested materials and production process

Sample Formulation Process

% NBR scrap % Uncured virgin 
NBR

Calendering in 
open mixer

Compression 
molding

Virgin NBR compression molded 0 100 No Yes
Virgin NBR Calendered and compression molding Yes Yes
20% recycled NBR: calendered and compression molded 20 80 Yes Yes
80% recycled NBR: calendered 80 20 Yes No
80% recycled NBR: calendered and compression molded Yes Yes
100% recycled NBR: calendered 100 0 Yes No
100% recycled NBR: Calendered and compression molded Yes Yes
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md is the weight of the de-swollen sample, mf  is the 
weight of the filler.

Mechanical tests

Mechanical tensile tests were performed by an Instron 
dynamometer (mod. 3366) at a cross-head rate of 100 mm/
min according to the standard ISO 37:2017 type 2 [39]. 
The optical strain was determined by using a camera that 
captures images every 2 s. The elastic modulus has been 
determined as the slope of the tangent to the stress strain 
curve at 5% strain.

Compression tests were performed on three samples for 
each material at a strain rate of 10 mm/min. Cylindrical 

specimens with a nominal diameter of 12 mm and a thickness 
of 6 mm were produced for this test. The compression test 
was performed according to the standard ISO 7743 [40].

The compression set is determined by imposing a 
compression deformation of 25% on cylindrical samples 
(nominal diameter 12 mm and a height of 6 mm) for 24 h at 
100 °C. The compression set is defined as:

where:

(4)C% =
h
i
− h

f

h
i
− h

c

Fig. 2  Flow diagram of 
proposed vulcanized rubber 
recycling

Fig. 3  Plasticized rubber during 
calendering process



 Journal of Material Cycles and Waste Management

hi is the initial thickness of the sample,  hf is the thickness 
of the sample after removing the clamp,  hc is the thickness of 
the sample under a compression deformation of 25%.

The compression set was determined according to 
standard ASTM D395 (test method B) [41].

The mechanical tests were carried out three times for each 
compound.

The compounds’ hardness was measured according to the 
most widely used scales in the rubber industry: Shore A 
hardness and micro International Rubber Hardness Grade 
(mIRHD) [42]. The Shore A measurements were carried out 
for 3 s according to the standard ISO 48-4 [43]. The mIRHD 
measurements were carried out for 30 s according to the 
standard ISO 48-2 [44]. Since in the industrial reality, it is 
often not possible to measure the hardness in SHA because 
due to the geometry of the piece there are no thicknesses 
greater than 6 mm as required for this measurement, the 
hardness was also measured in the mIRHD scale widely 
used on rubber pieces from the geometry very variable. The 
measurement is performed five times for each compound.

FT‑IR measurements

Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy was performed with a Nicolet iN10MX 
(Thermo Scientific, Milan, Italy) Microscope equipped with 
a cooled MCT detector. Each spectrum was recorded in a 
triplicate, at 16 scans with a resolution of 8  cm−1, in the 
range of 4000–675  cm−1. For all spectra manipulations, 
OMNIC™ Specta™ (Thermo Scientific, Milan, Italy) 
software was used. The measurement is performed three 
times for each compound.

Results and discussion

Swelling test

The swelling behavior of cured rubber serves as an indicator 
of the material’s crosslink density. This characteristic holds 
particular significance in rubber recycling for two reasons. 
Firstly, the crosslink density influences the mechanical 
properties of the material, and secondly, the presence 
of crosslinks prevents the rubber compound from being 
reprocessed through conventional heating methods used 
for thermoplastic polymers. Crosslink density represents 
a crucial structural parameter for cured rubber. When 
designing a rubber formulation for a specific application, 
mechanical properties such as hardness, tensile strength, and 
modulus at a certain deformation are typically the primary 
considerations. These properties are heavily influenced by 
the network's structure, including its density and the type 
of crosslinking present in the material [45]. Due to this, it 

is crucial to assess the swelling behavior which is related to 
the crosslink density, of recycled NBR in different amounts 
compounded with virgin NBR.

Nitrile-butadiene rubber possesses a loosely arranged 
structure with ample molecular clearance and weak 
intermolecular interactions, making it susceptible to easy 
penetration by solvents like toluene. The affinity between 
toluene and NBR leads to solvation, where the solvent 
molecules interact with the surface macromolecules, and 
then permeate into the internal gaps of the macromolecular 
chains. Toluene’s affinity with NBR leads to solvation, where 
solvent molecules interact with surface macromolecules, 
permeating the internal spaces of macromolecular chains. 
As the solvent penetrates, it solvates the macromolecular 
chains, weakening inter-segment forces and increasing 
gaps between them, known as swelling. Macroscopically, 
polymeric materials undergo significant volume expansion 
and mass increase during swelling [46].

Figure  4 shows the crosslink density determined by 
the Flory-Rehner equation of virgin NBR and different 
compounds (virgin and recycled NBR mixed in different 
amounts up to 100% recycled NBR) processed by compres-
sion molding (Δ), calendering process (□) and calendering 
process followed by compression molding (●).

By observing calendered and compression molded 
materials, virgin NBR has a crosslink density similar to 
that of 80% recycled NBR, higher than that of 20% recycled 
NBR and lower than that of 100% recycled NBR.

In general, by increasing the amount of recycled rubber 
from 20 to 100%, the crosslink density increases because the 
amount of material subjected to 2 curing processes (injection 
molding and compression molding) is larger.

It is also important to consider that the calendering 
process on cured rubber damages the macromolecular 
network of cured rubber via a mechanical devulcanization 
that breaks not only the crosslinks but also the covalent 
bonds of the principal macromolecular chains causing 
material degradation.

If on the one hand devulcanization reduces the 
crosslinking density, on the other hand, the aging 
phenomenon linked to oxidation and thermal oxidation 
must be investigated because the oxidative crosslinking, may 
occur in calendering process of rubber scraps caused by the 
temperature increase by friction, resulting in an opposite 
effect on the swelling behavior.

Indeed, the presence of unsaturated double bonds in 
the butadiene units of nitrile-butadiene rubber renders 
it susceptible to becoming hard and brittle over time. 
This tendency is especially prominent during the thermal 
oxidation process, where prevailing oxidation and cross-
linking reactions occur. The unsaturated double bonds 
in NBR, particularly the carbon atoms adjacent to these 
double bonds, are vulnerable to attack due to electron 
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shifts. Consequently, radicals are formed, which then serve 
as initiators for thermal oxidation and crosslinking reactions 
during the aging process. These reactions contribute to the 
degradation of the rubber, leading to the development of 
cracks and increased brittleness in the material [47].

Nevertheless, it was found by the FT-IR analysis that 
the calendering process does not affect the NBR chemical 
structure (FT-IR Measurements).

Compared to standard NBR, which is virgin, 
the addition of 20% of recycled NBR leads to the 
devulcanization mechanism being preponderant. As the 
quantity of recycled NBR increases, the crosslink density 
increases both due to the increase of the cured rubber 
fraction.

Regarding the process, it is interesting to notice that 
the crosslink density of compression molded virgin NBR 
is slightly higher than that of calendered and compression 
molded one. This means that the macromolecular network 
of compression molded NBR is less prone to absorb the 
solvent due to lower macromolecular mobility which is 
found also in the mechanical behaviour.

For what regards the 80% recycled NBR calendered 
with no subsequent compression moulding, the lowest 
crosslink density is expected due to the presence of 20% 
of uncured material that lowers the average crosslink 
density of the compound.

This suggests that the improved distribution and 
dispersion of carbon black promote the crosslinking 
due to greater surface to which the polymer can adhere, 
forming the so-called “bond rubber” [48, 49].

Mechanical characterization

Figure 5a shows the mean the stress–strain curve for the 
tested materials.

As first, it is possible to notice that the calendering 
process affects the tensile behavior of virgin NBR. Virgin 
NBR calendered and compression molded shows the highest 
stress and strain at break (19 MPa and 530%, respectively); 
the same material processed only by compression molding 
process shows higher stress at equal strain up to break which 
occurs at 17 MPa and 380% optical strain. This behavior 
results in a higher tensile modulus (Fig. 5b).

The E values for virgin NBR compression molded and 
virgin NBR calendered and compression molded are 7 MPa 
and 5.8 MPa, respectively. The corresponding E(100%) 
values are 4 MPa and 2.5 MPa, respectively (see Fig. 5b). 
According to Boonstra et al. [50], this could be attributable 
to the carbon black dispersion. A better dispersion of the 
carbon black leads to a smaller quantity of occluded rubber 
which can contribute to deformation and to a greater surface 
area of the filler to which the polymer can adhere, leading 
to an increase in the stress at break. As the carbon black 
dispersion in the elastomeric matrix increases, the ultimate 
properties and the elastic modulus increase [51]. The 
decrease in elastic moduli for the virgin NBR calendered and 
compression molded, compared to the compression molded 
alone, may be attributed to a higher fraction of occluded 
rubber caused by the absence of the calendering process. In 
simpler terms, calendering has a dual impact on the material: 
it enhances ultimate tensile properties and elastic modulus 
by improving carbon black dispersion, while also softening 
the compound by dissolving the macromolecular structure 
and reducing the occluded rubber fraction [52].

Fig. 4  Crosslink density 
determined by Flory-Rehner 
equation (swelling in Toluene 
for 48 h at room temperature)
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The 20% recycled NBR compound processed by 
calendering and compression molding process shows a 
stress–strain curve similar to that of virgin NBR processed 
likewise with slightly lower ultimate properties, and equal 
tensile moduli (E and E(100%)) as shown in Fig. 5b.

Stress and strain at break are significantly reduced for the 
presence of 80% of recycled NBR. The material obtained by 
mixing in the calendering process recycled NBR and virgin 
unvulcanised NBR 20% shows the lowest stress at break and 
secant elastic modulus at 100% strain, and strain at break 
equal to compression molded Virgin NBR. This material is 
the one with the lowest crosslink density (as shown in Fig. 4) 
due to the presence of 20%wt of uncured NBR that promotes 
the macromolecules alignment achieving high elongation at 
break. For the same reason, 80% recycled NBR processed 
by calender shows the lowest moduli and the lowest stress 
at break.

When the same material (80% recycled NBR) is processed 
also by compression molding, its mechanical properties are 
markedly improved due to the cure of the unvulcanized 
rubber fraction according to the swelling behavior (Fig. 4).

As regards the 100% recycled NBR, the industrial scraps 
processed only by calendering process show a tensile 
behavior similar to that of 80% recycled NBR calendered 
and compression molded with slight stress and strain at 
break reduction and equal elastic moduli (Fig. 5b).

The same material processed by calendering process 
followed by compression molding shows a stiffer behavior 
(highest secant elastic modulus at 100% strain as shown 
in Fig. 5a) and marked strain hardening. This could be 
attributed to a lower macromolecular mobility, which, 
however, has not been detected in terms of crosslink 
density increase by the swelling test nor in terms of 
alteration of chemical structure due to aging by the FT-IR 
spectrum. It is then possible to relate this macromolecular 
mobility reduction to a higher entanglements presence. It 
is interesting to notice that the tensile behaviour of 80% 
recycled NBR is comparable to that of virgin NBR filled 
with 10% v/v of inert filler (calcium carbonate) usually 
added to lower the compound costs [53].

The 100% recycled NBR calendered shows lower stress 
at break and secant elastic modulus at 100% strain but 
higher strain at break than the same material calendered and 
compression molded because its macromolecular network 
mobility is not reduced by compression molding.

Figure 6b shows the compression stress strain curves 
of the materials subject to compression molding that 
allowed to obtain specimens of the required thickness. It 
is possible to notice that the calendered and compression 
molded NBR 100% recycled requires the highest compres-
sive stress to achieve a strain value of 50%. This could be 
due to its highest crosslink (see Fig. 4) and entanglement 

Fig. 5  a Tensile stress optical strain mean curve for each material (100/mm/min, ISO 37 type 2). b Tensile tangent modulus (E [MPa]) and ten-
sile secant modulus at 100% optical strain (E(100% strain) [MPa])
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density. As a general trend is it possible to state that with 
increasing the amount of recycled NBR, the compression 
resistance at 50% strain increases. Standard NBR devi-
ates from this trend. Calendered and compression molded 
standard NBR require a compression stress lower than 
that of 100% recycled NBR and higher than that of 80% 
recycled NBR, while compression molded standard NBR 
shows a compression stress–strain curve similar to that of 
80% recycled NBR.

The calendering process on standard NBR makes the 
compound softer at high strain but with higher compression 
elastic modulus E [MPa] (defined as the slope of the first 
linear section of the stress–strain curve) as shown in Fig. 5b.

At large deformations, the addition of recycled NBR 
initially makes the material softer (drop from standard 
NBR to 20% recycled NBR) after which as the amount of 
recycled NBR increases the material becomes more rigid 
until it exceeds the Standard NBR. This trend is compliant 
with that of crosslink density shown in Fig. 4.

The effect of the calendering process carried out on the 
uncured material (virgin) and on the vulcanized material 
(recycled) is different: in the first case, the macromolecular 
structure has a clearly more viscous than elastic behavior, 
while after the curing the material has a more elastic than 
viscous behavior. For this reason, calendering process 
initially crumbles the cured material into small pieces with 
consequent reduction in the macromolecular weight. After 
several passages in the calender, the crumbles of cured 
rubber are able to return to being a cohesive material. As 
regards the compounding a fraction of vulcanized rubber 
to an uncured virgin rubber fraction, during the calendering 

process, the uncured rubber fraction acts as a viscous matrix 
within which the vulcanized NBR fraction is dispersed.

Unlike what is shown in the tensile modulus of elasticity, 
the compressive modulus of elasticity of recycled and 
calendered materials slightly decreases for a recycled rubber 
fraction of 20% and then it remains about constant as shown 
in Fig. 6b. It is interesting to highlight that the compression 
elastic modulus of the recycled NBR in different amounts is 
equal to that of virgin NBR compression molded.

To determine the effect of recycled NBR on the capability 
of the material to recover an imposed deformation, the com-
pression set test was carried out. The experimental results 
are shown in Fig. 7. It was found that the presence of recy-
cled rubber up to a value of 80% does not affect significantly 
the compression set (whose value remains about 20%), but 
a slight pejorative effect was evidenced for 100% recycled 
NBR whose compression set is 24%.

This could be attributable to the highest crosslink and 
entanglement density that reduces the mobility of rubber 
chains in recovering the imposed deformation. The same 
correlation between crosslink density and compression set 
was found also by Mostafa et al. [54], Van Der Schuur et al. 
[55] and Zhao et al. [56].

Hardness is the material’s resistance to penetration 
under specific conditions. For elastomers, hardness can be 
described by two attributes: intrinsic hardness, inherent to 
the material, and processed hardness, affected by manu-
facturing methods and treatments. The elastomer's chemi-
cal structure determines its intrinsic hardness, which can 
be altered through compounding and vulcanization. The 
processed hardness of rubber articles from injection or 
compression molding is mainly influenced by crosslinking 

Fig. 6  a Compression stress–strain curves mean curve for each material  b Elastic compression modulus
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density. Greater crosslinking during vulcanization results 
in a harder material [55, 57]. Processed hardness is a fre-
quently used criterion in the rubber industry for evaluating 
molded rubber articles. However, due to limited compara-
bility between measuring scales, the concept of hardness 
lacks consistency. The absence of a universal hardness unit 
makes it challenging to establish a straightforward relation-
ship between readings on different scales, even for identical 
samples, making direct comparisons difficult. Experimental 
results of hardness measured in Shore A and micro IRHD 
are reported in Fig. 8.

The used virgin NBR is commercialized with a nominal 
hardness of 65 ± 5 SH A, it is possible to notice that the 
hardness Shore A of all tested compounds is in the tolerance 
admitted range. It is worth wide to highlight that one of the 
most important properties, i.e. the hardness is not affected 
by the presence of different amounts of recycled NBR. As 
expected, the calendered 80% recycled NBR (with 20% of 
unvulcanized NBR) shows a hardness value clearly lower 
than the nominal value and is out of tolerance. This is due 
to the relationship between hardness and crosslinking den-
sity for which a lower degree of crosslinking given by the 
presence of 20% of uncured NBR also leads to a decrease 
in hardness (Fig. 9).

The microhardness IRHD is slightly lower than the 
hardness SH A for all tested compounds except for the 20% 
recycled NBR compound which shows a microhardness 
value markedly lower. This could be related to the different 
test configurations. Due to the viscoelastic nature of rubber, 
a longer time of application of a constant load allows the 
material to relax. The material with a lower crosslink density 
relaxes more showing resulting in a lower hardness

Regarding the compounds subjected only to calendering 
process, the 100% recycled NBR does not seem to be 
affected by the compression molding because it is already 
fully vulcanized during the injection molding process that 
generated the rubber scraps. The calendered 80% recycled 
NBR shows a microhardness mIRHD just below that of the 
same material processed also by compression molding

The influence of calendering process on virgin NBR 
before compression molding leads to a slight reduction of 
hardness [mIRHD] due to a better distribution and dispersion 
of carbon black particles (decrease of occluded rubber and 
increase of bound rubber). This finding is in agreement with 
the crosslink density and tensile modulus results

ATR‑FT‑IR results

Figure 9 shows the typical FT-IR spectra of NBR compound, 
where the two edge cases are presented: the virgin one vs 
the 100% recycled, calendered and compression moulded. 
The figure offers a wealth of information about its molecular 
composition. Within the spectra, a series of distinctive peaks 
and absorption bands emerge

Starting in the region of 990–960  cm−1, we observe 
peaks corresponding to C–H stretching and deformation 
vibrations characteristic of trans olefinic bonds 
(−CH = CH−). This indicates the presence of unsaturated 
carbon–carbon double bonds, indicative of the butadiene 
component in the NBR molecular architecture. Moving 
into the range of 1000–1050  cm−1, a distinct peak arises 
due to the presence of silica. Silica acts as a reinforcing 
filler within NBR formulations, enhancing mechanical 
properties such as tensile strength and abrasion resistance 
[56].

Fig. 7  Compression set (100 °C, 
24 h, compression strain 25%)
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Further exploration of the spectrum reveals a distinct 
pattern within 1390–1370  cm−1, attributed to symmetric 
 CH3 vibrations. This confirms the existence of methyl 
groups embedded within the polymer backbone, adding 
structural complexity

A closer examination of the region around 
1440–1410  cm−1 exposes a composite peak involving both 
 CH3 deformation vibrations and  CH2 scissor vibrations. This 
overlap hints at the presence of not only methyl groups but 
also methylene functionalities within the polymer chain

Between 1550 and 1600  cm−1, an absorption although not 
directly assignable to NBR structure can be observed. These 
likely result from additives or accelerators introduced during 
the vulcanization process, a crucial step in enhancing the 
rubber's mechanical properties and durability. In particular, 
the peak is related to the carbonyl group (C = O) is present 

in both compounds and could be related to a slight oxidation 
or oxo-degradation in recycled samples

The spectral range spanning 2260–2220  cm−1 exhibits 
yet another signature in the form of C = N stretching 
vibrations. These vibrations are from the nitrile groups 
(C≡N) interspersed within the NBR matrix

Rounding out the spectrum, we encounter a higher 
wavenumber region of 2800–3000   cm−1, characterized 
by absorptions corresponding to C–H symmetric and 
asymmetric stretching vibrations of CH3 and CH2 groups. 
These resonances underline the presence of alkyl groups—a 
hallmark of the butadiene units—within the polymer 
structure

Fig. 8  Hardness values in Shore 
A and microhardness values in 
mIRHD
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Conclusion

The amount of rubber scraps derived from rubber goods 
production (gaskets, seals, dumpers etc.) consists of about 
20–30% by weight of the processed material, and the 
recycling and reuse of general rubber goods amount to only 
1.5% of the total waste generated [10]. It is necessary to 
enhance the potential of this material by developing new 
recycling techniques as well as new market for recycled 
rubber products.

In the present research, the NBR scraps are recycled via 
calendering process at room temperature with no additives. 
Obviously, as the fraction of recycled rubber increases, the 
possibility of creating complex geometries decreases due to 
an ever-greater degree of crosslinking, however, for simple 
geometries and specific applications it is possible to replace 
even only partially virgin rubber with recycled industrial 
waste.

This rubber recycling method, according to the best 
knowledge of the authors, is not reported in any literature 
work and it does not require any specific tool since the 
calender (or open mixer) is a machine of common use 
in the rubber industry, so that this recycling process can 
be implemented by the same producer of the waste itself 
without the purchase of ad hoc machinery.

Different amounts of recycled NBR (20, 80 100% wt) 
were characterized by swelling test, FT-IR measurements, 

tensile and compression test, hardness test and compression 
set. Also, the influence of recycling methods was assessed: 
compression molding, calendering process, and calendering 
process followed by compression molding.

The influence of the recycled rubber fraction at equal 
process (calendering and compression molding) decreases 
slightly the crosslink density for a 20% recycled NBR before 
settling on an increasing trend. This behavior could be 
attributable on one side to the mechanical devulcanization 
and on the other side to the increasing amount of material 
subjected to a double compression molding process. Related 
to the devulacanization/degradation process, ATRFT-IR 
spectra analysis revealed no evident changes in NBR 
chemical structure as a result of oxidation and/or aging. 
As regards the mechanical properties it was found that 
the capability to recover an imposed deformation remains 
unaffected up to an 80% recycled NBR, the elastic modulus 
slightly increases in tension, while it remains about constant 
in compression, the hardness within the tolerance of 60 ± 5 
points and the presence of 20% of recycled NBR does not 
affect significantly the tensile stress and strain at break that 
are reduced for higher amount of recycled NBR.

Regarding the influence of production methods, 
calendering process on uncured virgin NBR improves 
the mechanical properties due to a better distribution and 
dispersion of carbon black. Compression molding does 
not affect the crosslink density and elastic modulus but 

Fig. 9  Typical FT-IR spectrum 
of NBR is used in this study
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makes the material stiffer at high strain both in tensile and 
compression loading.

With a view to the circular economy, this study shows 
good results in the valorisation of industrial rubber waste 
through simple technology.
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