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Natural Rubber (NR) has been widely vulcanised for most practical engineering applications using sulphur for the last 180
years, however, the crosslinked network significantly inhibits recyclability. Minimising reduction in performance after
recycling is essential in developing a more circular economy within the rubber industry. Previously, this research group
exploited controlled inhibition of the disulphide metathesis, through addition of copper (ll) methacrylate (CuMA) to the
compound, enabling significant recyclability of rubber waste in conventionally vulcanised (CV) NR networks. CV networks
predominantly contain poly- and di-sulphide crosslinks, however, in practice, a greater proportion of rubber products are
made exploiting the more thermally stable efficient vulcanising (EV) or semi-efficient vulcanising (SEV) sulphur crosslinking
systems. This work demonstrates that by optimising the CUMA concentration, inhibition of the disulphide metathesis works
well with the most widely exploited SEV system. A CUMA concentration of 0.62 phr enabled excellent recyclability, providing
excellent mechanical properties in materials post recycling up to very large recycled rubber content. It is demonstrated the
system also achieves high recyclability using a model SEV tyre compound including 50 phr carbon black filler. This discovery
opens the opportunity to recycle the 15 million tonnes of elastomer materials within tyre waste produced globally each
year.

Keywords: Recycling; Sustainability; Disulphide bonds; Chemical inhibitors; Selective breakdown; Natural rubber.

1 Introduction

Used in a very large array of applications such as fashion, mining, automotive and healthcare, the global application of natural
rubber (NR) exceeded 15 million tonnes in 2024.1 Harvested from Hevea Brasiliensis trees, in 2024 16.3 million tonnes of NR
were produced from Southeast Asia, with countries like Thailand, Indonesia, and Vietnam being major contributors.?3
Although NR is bio-sourced, therefore renewable, the sustainability of harvesting practices is a growing concern. Traditional
methods often lead to deforestation, loss of biodiversity, and soil degradation.* The demand for NR is primarily driven by the
automotive industry, where it is extensively used in the manufacture of tyres due to its high durability and abrasion resistance.
Tyre production alone accounts for about 70% of the total worldwide NR consumption.®
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Tyres generally consist of complex blends of a range of rubbers, most commonly NR or styrene butadiene rubber (SBR), with
several additional components, including metal reinforcements and fillers, such as Carbon Black (CB) or Silica. Generally, the
tyre itself consists of about 50% rubber of which the composition between SBR and NR will vary depending on the location in
the tyre and the expected use of the tyre. Passenger car tyres typically contain a higher proportion of SBR, while off-road and
truck tyres show a much higher amount of NR.®
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Prior to crosslinking, NR and SBR do not show the properties required to match the tyre application, therefore these typesof
thermosetting elastomers need to be cross-linked before use. This is carried out by adopting a vulcd¥atiol FEaetit st
utilises either peroxide, or more commonly elemental sulphur. This vulcanisation reaction involves heating the uncured rubber
to high temperatures, generally around 150 °C, alongside a curing package involving elemental sulphur, in the case of sulphur
vulcanisation, and an accelerator.

While crosslinking is a necessity for achieving the property requirement of the targeted application, it severely hinders the
recyclability of the products, as all the polymer chains are permanently connected. All thermosetting polymers have issues
with recycling. For NR elastomer matrix composites, whose primary application lies in the tyre industry, the main focus within
the literature has been on the recycling of tyres themselves. Since landfilling of tyres has been legislated against globally,
methods of recycling have improved. Examples include pyrolysis or energy recovery, which involve controlled combustion of
tyres in an inert atmosphere.”® While both show promise, there are inherent downsides as only about a quarter of the energy
is recovered, while several hazardous gases and chemicals are released as byproducts.® Another commonly seen end-of-life
option for tyres is crumbing, which involves breaking down the tyres into significantly smaller particulate to be utilised for
alternative purposes such as construction materials or as flooring for either sports fields or children’s playgrounds.'%11 More
recent developments in the recycling of NR and tyres have seen several different methodologies developed to selectively
break down the sulphur crosslinks, resulting in a material which can be reutilised with limited reductions in properties. Some
such methodologies include chemical, ultrasonic, microwave or specialised milling processes.'?-1>

The crosslinking reaction links the rubber molecules with permanent sulphur bridges of varying lengths, ranging from
monosulphide and disulphide bonds to longer polysulphide bonds. The length of these sulphur bridges is heavily reliant on
the curing ingredients used during vulcanisation, specifically the ratio between accelerator and sulphur used. A conventional
cure system (CV) results when there are higher levels of sulphur and a lower amount of accelerator, with around 95% of the
resulting crosslink bridges being either poly- or disulphides.

When lower levels of sulphur and higher levels of accelerator are used, an efficient vulcanisation system (EV) is seen, in this
case typically around 80% of the resulting crosslink bridges are monosulphides. An intermediate state is achieved with a semi-
efficient cure system (SEV), where the sulphur and accelerator amounts are roughly equal, and this produces about 50%
polysulphide bridges.1® The cure system is specifically designed, depending upon the intended application, CV systems show
a high toughness due to the longer polysulphide crosslinks yielding and reforming under high strains, however these systems
are also more susceptible to thermal degradation, resulting in worse ageing properties. While EV systems show significantly
improved ageing due to the abundance of more stable monosulphide crosslinks, they also show lower strength. SEV systems
show a compromise between these two systems by incorporating both good ageing and strength performance, and it is
therefore widely used in a large range of applications, such as the tyre industry. Initial work was carried out on a CV system,
as the largest number of target crosslink lengths would be present, showing high recyclability.}” This paper extends this work
investigating the much more widely used SEV system.

Unfilled rubber is not widely used in industry, as it rarely meets the demands of the application, with CB being the most utilised
reinforcing filler for engineering rubber products. Depending on the colloidal properties of the CBs used, a large range of
properties, such as the dynamical mechanical or stress-strain properties can be significantly enhanced. The filler also plays a
significant role in the energy dissipation of the rubber as well as heat build-up.'® Therefore, to be commercially relevant to
most elastomer products and to fully understand the recyclability through the mechanisms proposed herein, it is vital to test
this recycling approach on a typical elastomeric system, which in this case is a semi-EV cured NR compound filled with CB.

In the current work, initial studies were carried out on simple unfilled SEV systems. Copper (II) methacrylate (CuMA) was
introduced to the formulation package to act as an inhibitor for the disulphide metathesis. This inhibitor in intended to supress
the disulphide exchange at service temperature but allow for rearrangement under high temperature shear reprocessing.
CuMA was added at five different ratios (Table 1) of moles CuMA in relation to the moles of disulphide bonds calculated from
the formulation recipes to understand the inhibitor’s capability of recycling an SEV system containing fewer disulphide bonds.
Further investigations are made into the inhibitor’s effectiveness within SEV systems filled with CB, to understand whether
the inhibition process is still effective in combination with the added surface chemistry of the CB particles.

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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2 Results and discussion

To check the curing characteristics of the SEV systems, MDR analysis was performed at 150 °C (Fig. 1a).
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Fig. 1 MDR Analysis at 150 °C for 60 min. (a) Comparison between SEV-Control (solid black line), SEV-CuMA-1/16 (solid red
line), SEV-CuMA-1/8 (solid green line), SEV-CuMA-1/4 (solid blue line), SEV-CuMA-1/2 (solid light-blue line), and SEV-CuMA-
1/1 (solid magenta line); Curing characterisation of recycled compounds at 150 °C for 30 min. MDR analysis comparison
between pristine (solid black line) and recycled compounds R90V10 (solid red line), R80V20 (solid blue line) and R70V30 (solid
green line): (b) SEV-Control, (c) SEV-CuMA-1/4, (d) SEV-CuMA-1/8 and (e) SEV-CuMA-1/16.
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Initial testing was conducted on SEV-CuMA-1/1, SEV-CuMA-1/2, and SEV-CuMA-1/4 to compare with the previoyslyrepasted
CV systems,'” however it was noted that an increase in the amount of CUMA resulted in a reduction oPtHelmEariry E6¢qbe
values seen in MDR, which was assumed to be a reduction in the crosslink density of the materials. As 1/4 showed the highest
properties, and the aim of this study was to develop recyclable materials without sacrificing the good mechanical properties
associated with SEV systems a further decrease in the ratio was evaluated at 1/8 and 1/16.

Torque measurements showed very similar properties of both the pristine and recycled compounds, with a very minor
reduction in scorch time seen for 1/16, while recycling efficiencies of tensile properties showed 1/16 resulted in improved
recovery of properties, while also utilising significantly less CuMA, resulting in reduced cost. From these factors it was
considered that 1/16 showed the most promise. Additionally, in SEV-CuMA-1/4 and SEV-CuMA-1/8 the maximum torque
rankings do not correspond to the rankings of virgin material added to recyclate, which could be attributable to a lack of
control of the disulphide metathesis. In the case of SEV-CuMA-1/16, the expected hierarchy is seen between virgin content
and maximum torque, once again suggesting this is the optimal concentration of those tested. Further optimisation of the
inhibitor to disulphide ratio is planned for future investigation.

One assumption as to why a lower concentration works more efficiently in the SEV system is the alteration of the crosslink
rankings compared to the CV systems, where less polysulphides are present. From literature, inhibitors can reduce
polysulphides into disulphides.'® Potentially, the disulphide bond is exploited for recycling, in the CV system a higher
concentration of CUMA is required for the increased amount of disulphides, whereas in the SEV system, a higher concentration
of disulphides is already present, so the CuMA is only needed for stabilisation.

The further reduction of CUMA concentration resulted in near identical final torque values to the control sample. Conversely,
within the previously reported CV systems, the addition of CuMA inhibitor did not appear to provide the material with any
improved reversibility properties when compared to the control compound.l” The recycled compounds were classified as
R90V10, R80V20 and R70V30, with R referring to the reclaimed content and V referring to the virgin content. Therefore,
R90V10 is 90% reclaimed 10% virgin. Evaluation of each recycled compound for all of SEV-Control, SEV-CuMA-1/16, SEV-CuMA-
1/8, and SEV-CuMA-1/4 was once again carried out using MDR analysis at 150 °C for 30 min, to understand scorch time, torque
recovery, and reversion characteristics (Fig. 1b-e).

One drawback to the recycling methodology is that a reduction in scorch time is noticed for the recycled compounds, limiting
the potential reprocessing techniques. Some potential routes to address this include the introduction of scorch retarders into
the cure package to introduce a longer processing window to accommodate for processing such as injection moulding. An
additional route involves utilising a more selective breakdown of the initial compound, such as S3M, which has been seen to
allow for improved scorch times in recycled system, even without the addition of any disulphide metathesis inhibitors.1>

As expected, SEV-Control showed the lowest torque recovery with the highest reclaimed content. However, no difference in
torque values were observed between R80V20 and R70V30 (Fig. 1b). Each of the recycled compounds with CuMA showed
relatively good reversion control, showing a stable maximum torque value, as well as showing good torque recovery with as
high as 90% reclaimed content, with these values effectively reaching the same torque as the pristine material. Similarly to
the previously reported CV systems, there was still very little recovery of the scorch time within the recycled materials,
suggesting that the materials once again do not flow like the uncured equivalent after the reclaiming process, even with the
addition of CUMA. Further investigation is still required to promote an increase in scorch time to widen the processing window
for the compound. Interestingly, in the case of both SEV-CuMA-1/4 (Fig. 1c) and SEV-CuMA-1/8 (Fig. 1d) the compound
containing the highest ratio of virgin material, in this case 30%, showed the lowest achieved torque values, while SEV-CuMA-
1/16 showed, as expected, lowest torque recovery for R90V10, and minimal difference between R80V20 and R70V30 (Fig. le).
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Fig. 2 Crosslink density calculations for the unfilled compounds. (a) Pristine-cured compounds (solid red line with red filled
circles); (b) recycled compounds of SEV Control (red filled squares), SEV-CuMA-1/16 (dark blue filled circles), SEV-CUMA-1/8
(light blue filled circles), and SEV-CuMA-1/4 (green aguamarine filled circles). Standard deviations are reported with black lines.

Crosslink density calculations report the highest vy}, for SEV-Control, reaching 1.95x10 + 8.13x10® mol cm™3. While the
addition of CUMA at 1/16, 1/8 and 1/4 concentration, Vpp, drops to 1.61x10* + 6.00x107 mol cm3, 1.66x10* + 9.35x107”7
mol cm3, and 1.60x10* + 1.34x10® mol cm™3 respectively (Fig. 2a). Recycled compounds show increasing vy as reclaimed
compound content is increased from 70%, to 80%, and 90%, as R90V10 reaches vppy of 2.20%x10* + 5.83x10°% mol cm-3 for
SEV-Control, 1.91x10% + 1.66x10% mol cm3 for SEV-CuMA-1/16, 1.98x10*% + 2.14x10°% mol cm-3 for SEV-CuMA-1/8, and
1.80x10* + 1.45x10°® mol cm™3 for SEV-CuMA-1/4 (Fig. 2b).
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Fig. 3 Stress-strain curves from tensile tests of pristine-cured compounds. (a) Comparison between SEV-Control (solid black
line), SEV-CuMA-1/16 (solid red line), SEV-CuMA-1/8 (solid blue line), and SEV-CuMA-1/4 (solid green line). Stress-strain curves
from tensile test of recycled compounds; Comparison between typical tensile curves of Pristine (short dash black line), R90V10
(solid blue line), R80V20 (solid red line), and R70V30 (solid green line): (b) SEV-CuMA-1/4, (c) SEV CuMA 1/8, (d) SEV CuMA
1/16 and (e) SEV-Control with zoomed in plot for clarity.

To understand the mechanical behaviour of the pristine-cured compounds, uniaxial tensile testing was carried out (Fig. 3).
The stress-strain curves suggest that the addition of CuMA significantly increases the stiffness of the materials, while also
decreasing the elongation at break, potentially suggesting lower sulphur rank crosslinks in the materials as well as a decrease
in crosslink density, which can be verified utilising sulphur rank analysis in future works (Fig. 2b). Alternative explanations
could include variations in the network heterogeneity resulting in areas with distinctly lower stiffness, or changes in the
polymer filler interactions with the addition of CUMA in the system.
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The ranking in terms of increasing stiffness follows SEV-Control, showing maximum & and o values of 14.5 + 0.9,and 24.8.%
3.9 MPa respectively, followed by SEV-CuMA-1/4, reporting maximum € of 11.9 + 0.1 and & of 25.2 DRI IRPRHNEEReR
SEV-CuMA-1/8, showing maximum £ of 11.7 + 0.1 and o of 26.5 + 0.7 MPa, and finally SEV-CuMA-1/16, reporting maximum
g£0f11.8 + 0.2 and o of 26.5 + 0.7 MPa. SEV-CuMA-1/4 shows slightly reduced mechanical properties when compared to
SEV-CuMA-1/8 and SEV-CuMA-1/16.

It should also be noted that there appears to be very little difference between the mechanical performance of CUMA 1/8 and
CuMA 1/16. For each formulation containing CUMA it is apparent that significantly improved recycling ability is achieved when
compared to SEV-Control, which only showed notable recovery, once a ratio of 30% uncured compound was introduced (Fig.
3e). It can be noted that the breakdown method utilised involved only heating up the materials and passing them through the
two-roll mill, requiring no additional harmful chemicals, while also releasing no byproducts during the recycling process as can
be produced in some alternative recycling methods.® As the concentration of CuMA is reduced from 1/4 to 1/8 and then 1/16,
the stiffness of the recycled compounds reduces, suggesting a slight reduction of the cross-link density after recycling. (Fig.
3c-e). However, little difference in the stiffness is observed as the uncured compound content is increased from 10% to 30%.
The only noticeable increase is in the maximum € and o values achieved as uncured compound content is increased to 30%
achieving the highest properties: with values of 6.6 + 1.8 and 4.6 + 1.8 MPa, 8.4+ 0.7and 7.4+ 1.1 MPa, 6.3+ 2.1and 4.9+
2.5 MPa and 8.2 + 1.2 and 7.1 £ 1.8 MPa for SEV-Control, SEV-CuMA-1/4, SEV-CuMA-1/8 and SEV-CuMA-1/16 respectively.
For better visualisation, recycling efficiency calculations are also reported (Fig. 4). As observed from the tensile test data, SEV-
Control recycling efficiencies are lower than CUMA containing compounds, in R90V10 a recycling efficiency for stress () of
3.4 + 0.8 % and a recycling efficiency of strain at break (n¢) of 10.4 + 2.1 % was reached, while in R80V20 a 5 of 9.5 +
3.7 % and an, 27.1 + 9.8 % was achieved, and in R70V30 n, of 18.7 + 7.8 % and i 45.4 + 12.8 % was reached (Fig. 4a).
SEV-CuMA-1/4 reported the highest efficiency, as in R90V10 n, of 27.7 + 9.7 % and a i of 68.0 + 14.0 % was reached,
while in R80V20 a n4 of 21.7 + 9.5 % and ap, of 60.1 + 14.7 % was achieved, and in R70V30 a g, of 29.6 + 4.8 % and a
ne 70.4 + 6.1 % was reached (Fig. 4b).

SEV-CuMA-1/8 reported the lowest efficiencies among the CUMA containing compounds, as in R90V10 an, of 13.2 + 4.5%
and am, of 44.7 + 11.8 % was reached, while in R80V20 a 5, of 14.9 + 9.6 % and a . of 46.0 + 18.9 % was achieved, and
inR70V30ans of 18.4 + 9.6 % and am, of 54.2 + 18.4 % was reached (Fig. 4c). SEV-CuMA-1/16 reported comparable trends
to SEV-CuMA-1/4, as in R90V10 an, of 17.3 + 9.0 % and a i, of 51.7 + 20.0 % was reached, while in R80V20 n, of 27.7 +
13.6 % and ;. 67.5 + 21.2 % was achieved, in R70V30 a np; of 26.7 + 6.8 % and a 1. of 69.6 + 10.4 % was reached (Fig.
4d). While following the initial stress-strain curve closely, the reduction in properties can partially be a result of the larger
particle size seen in the recycled rubber, potentially increasing the intrinsic flaw size which has a large impact on strength
properties.?® Given the relatively good recovery of SEV-CuMA-1/16 recycled compounds, it was determined that further
research with 50 phr CB-filled formulations be carried out solely utilising a 1/16 ratio between CuMA and disulphide bonds
(Table 1).
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Fig. 4 Recycling efficiency in terms of stress and strain of recycled compounds. Results for: (a) SEV-Control, (b) SEV-CuMA-1/4,
(c) SEV-CuMA-1/8 and (d) SEV-CuMA-1/16. Green bars for i, blue bars for ., standard deviation in solid black line.

The curing characteristics of CB-filled compounds were found using MDR analysis (Fig. 5a). Very similar initial stages are seen
with and without CuMA, with near identical minimum torque values, before the compound without CuMA undergoes a slightly
faster curing, before reaching a maximum torque value of 21 dN m. It can be noted that the inhibitor-containing compound
shows an increased maximum torque at 22 dN m, once again suggesting that the cross-link density is slightly increased with
the presence of CUMA. In both cases a slight marching cure can be seen, with the torque slowly rising throughout the 30-
minute curing period
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It should be noted that for the CB filled compounds, only two recyclate loadings were investigated, R90V10 and R50V50. The
recycled compounds both with and without CuUMA show good reversion control with reasonable recovery of torque for both
recyclate loadings (Fig. 5b and 5c). The compound with CuMA shows a higher level of recovery for maximum torque, as well
as a slightly lower minimum torque, suggesting the formulation is more capable of initial flow when compared to the case
with no CuMA present. In the case of R50V50, there is a very short processing window with a similar scorch time to the
pristine curve. Crosslink density calculations show SEV-Control-CB has a physical crosslinking density (vppy) at 2.27x10* +
9.84x10® mol cm-3, while adding CuMA slightly increases this value to 2.33x10% + 4.62x10° mol cm3 (Fig. 5d).
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In both cases a recycling event shows a decrease in the crosslink density, with SEV-Control-CB showing values of 2.16x10*
+ 4.55x10® mol cm3and 1.87x10* + 4.38x10°%¢ mol cm3for R90V10 and R50V50 respectively. SEV-CuMA-1/16-CB shows
good consistency in crosslink density post recycling with R90V10 showing a value of 1.85x10% + 6.39x10°® mol cm3 and
R50V50 showing the same value of 1.85x10* + 1.55x10°® mol cm3.
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Fig. 6 Stress-strain curves from tensile tests of CB-filled pristine-cured compounds. (a) Comparison between SEV-Control-CB
(solid black line) and SEV-CuMA-1/16-CB (solid red line); Stress-extension ratio curves from tensile test of CB-filled pristine-
cured and recycled compounds: typical tensile test curves of (b) SEV-Control-CB Pristine (short dash black line), R90V10 (solid
red line), R50V50 (solid blue line) and (c) SEV-CuMA-1/16-CB Pristine (short dash black line), R90V10 (solid red line), R50V50
(solid blue line); Recycling efficiency in terms of stress and strain of CB filled recycled compounds. Results for: (d) SEV-Control-
CB R90V10 and R50V50 (e) SEV-CuMA-1/16-CB R90V10 and R50V50 (green bars for n4, blue bars for 1, standard deviation
in solid black line).

Similarly to the unfilled compound (Fig. 3) the addition of CUMA to the formulation appears to result in slightly higher
crosslinking levels, seen through a stiffening of the materials at higher strain ratios. This is also suggested by the MDR traces
(Fig. 5) where the compound with CuMA shows a higher final torque value. SEV-CuMA-1/16 CB shows maximum strain and
stress values of 5.9 + 0.2 and 24.6 + 0.6 MPa respectively, while SEV-Control-CB shows maximum values of 6.7 + 0.1 and
24.1 + 0.5 MPa (Fig. 6a). In both cases, these are within the range commonly seen within formulations utilised within
tyres.?%-22 A significant difference can be seen regarding the compound with and without CuMA, with the latter performing
considerably worse (Fig. 6b and 6c¢), it could be hypothesised that the reduction of properties could be a result of the recycled
material forming poor interfaces with the virgin material. This could be verified through a type of fatigue peeling tests, as
carried out by Baumard et al.23
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SEV-Control-CB showed a significant reduction in elongation at break in R50V50 with € of 4.2 + 0.3 and in R90YJ0with-ef
3.3 + 0.5, however, with a much sharper increase in stiffness, although only reaching in R50V50 o oP®5.%0-1P39/45N1Pa38Ad
in R90V10 with ¢ of 11.1 + 1.5 MPa. In the case of SEV-CuMA-1/16-CB, a slight reduction in stiffness is seen, as the
elongation at break is almost identical, reaching in R50V50 £ of 5.8 + 0.1 and in R90V10 &£ of 5.9 + 0.1, however, a slight
reduction in maximum stress is seen, as in R50V50 o of 20.9 + 0.7 MPa was reached and in R90V10 o of 20.9 + 0.6 MPa
was achieved (Fig. 6¢). This reduction in the overall stiffness of the recycled materials is hypothesised to be attributable to
changes in filler networking, as reported in previous literature.'> Future testing to validate this hypothesis could include
carrying out Payne effect characterisation to understand variations in the filler network, or bound rubber measurements, to
understand how CuMA alters the chemically bound rubber. It is assumed that the sulphur crosslink distribution remains
similar for the inhibited systems, whereas in the control sample, an increase in modulus is seen, suggesting that the filler
network breakdown softening effect is less than the increase resulting from a redistribution of sulphur crosslinks to lower
ranks introducing additional crosslinks within the system. The little difference between R90V10 and R50V50 of SEV-CuMA-
1/16-CB suggests that good recyclability can be achieved when using very minimal amounts of virgin material.

It can be noted that the carbon black filled compounds show a higher overall efficiency when compared to the unfilled
formulations. This could be hypothesised to be a collaborative effect between the carbon black surface acting as a radical
trap before the CuMA then stabilises the sulphur radicals, resulting in less lost radicals and more efficient disulphide
metathesis.?*

To easily understand the recycling efficiency, both 14 and 7, of the recycled materials were calculated according to eq. 6
and eq. 7 respectively (Fig. 6d and 6e). It can be noted firstly that high efficiencies are achieved for SEV-CuMA-1/16-CB
compared to SEV-Control-CB, as SEV-CuMA-1/16-CB-R90V10 reached a 4 of 85.0 + 3.2 % and a i of 99.1 + 2.9 % and
SEV-CuMA-1/16-CB-R50V50 reached a 5 of 85.1 + 3.4 % and am, of 99.6 + 3.4 %, while SEV-Control-CB-R90V10 reached
ang of46.2 + 6.2% and an, of 50.0 + 6.8 % and SEV-Control-CB-R50V50 reached a 5 of 65.2 + 5.8 % and a i of 63.0
+ 5.1 %. The lower standard deviations reported for SEV-CuMA-1/16-CB suggest that better reproducibility has been

achieved when CuMA is incorporated.

Additionally, there is very little difference in efficiency with increasing uncured compound content from 10% to 50% with
CuMA, whereas a reasonable increase in both maximum stress and strain values was achieved for SEV-Control-CB as the
uncured compound content increased from 10% to 50%. This is a significant increase to the current state of art within
recycling of filled natural rubber compounds, Sombatsompop et al. produced a CV filled system capable of achieving 50%
recovery of mechanical strength at a 40% recyclate loading.?®> Seghar et al. achieved better performance of a recovery of 87%
recovery of mechanical strength, however at a much lower recyclate loading of 20% opposed to the 90% achieved herein.?®

To validate the potential of SEV-CuMA-1/16-CB formulation to undergo several life cycles of usage, four recycling events were
carried out in the form of R50V50, where in each cycle 50% of uncured compound was added to 50% of reclaimed compound
(Fig. 7a).
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Fig. 7 (a) Schematics of repeated recycling events. Tensile properties of CB-filled recycled compound after multiple recycling
events; (b) Comparison of typical tensile test curves of pristine SEV-CuMA-1/16-CB (short dash black line) and four cycles of
R50V50 (solid red line = 15t cycle, solid blue line = 2@ cycle; solid green line = 3" cycle, solid purple line = 4t cycle); (c) recycling
efficiencies in terms of stress and strain (green bars for i, blue bars for n,, standard deviation in solid black line).

The same initial drop in tensile strength previously seen in Fig. 6¢ is present for this testing as well, however beyond the initial
drop, each further recycling event shows almost identical tensile stress versus strain plots. Future work will investigate
alternative methodologies to understand if this initial drop can be mitigated including selective shear breakdown.!> A
maximum £ of 6.1 + 0.3 and o of 24.6 + 0.6 MPa was reached in the 2" recycle, while the maximum &€ of 6.0 + 0.2 and
o of 21.4 + 1.1 MPa was achieved in the 3"recycle, and the maximum £of 6.2 + 0.1 and o 0f 22.6 + 0.5 MPa was reached
in the 4t recycle (Fig. 7b).

These results suggest that after the initial softening, the formulation is capable of almost complete recyclability. It is
hypothesised that the initial changes to the polymer structure through the previously discussed potential route does not
occur beyond the first recycling event, eventually reaching a steady state, with the 4t recycling event showing the highest
homogeneity across the material as seen by the smallest standard deviation. This is also reflected in the recycling efficiency
results, as s of 91.2 + 6.9 % and a i, of 103.1 + 5.7 % was reached in the 2" cycle, a n, of 87.3 + 4.8 % and a n, of
102.2 + 4.0 % was achieved in the 3™ cycle, and a s of 91.9 + 2.9 % and a n, of 104.3 + 3.2 % was reached in the 4t
cycle (Fig. 7c).

As a way of investigating the potential of recycling existing waste, CUMA was introduced into reclaimed SEV-Control-CB
compound, by blending with 50% of uncured SEV-CuMA-1/16-CB.
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Fig. 8 Curing characteristics of CB-filled blended compound SEV-Control-R50+CuMA-1/16-V50-CB. (a) Comparison between
SEV-Control-CB (solid black line) and SEV-Control-R50+CuMA-1/16-V50-CB (solid red line); (b) Crosslinking density
calculations for blend compound; Tensile properties of CB-filled blended compound; (c) Comparison of typical tensile test
curves of pristine SEV-Control-CB (solid black line) and SEV-Control-R50+CuMA-1/16-V50-CB (solid red line); (d) related
recycling efficiencies (green bars for i, and blue bars for 54, standard deviation in solid black line).
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The MDR analysis of the blended SEV-Control-R50+CuMA-1/16-V50-CB compound showed reasonable torque recovery
compared to the pristine-cured SEV-Control-CB compound, with a slight marching cure trace (Fig. 8a).

Additionally, partial recovery of the scorch time was observed in the blended compound. When looking at apparent crosslink
density of the different compounds there was a good recovery of the crosslink density between SEV-Control-CB and the
blended compound, showing values of 2.27x10% + 9.84x10° mol cm3and 2.23x10* + 1.94x10° mol cm3respectively.

Open Access Article. Published on 06 April 2026. Downloaded on 4/8/2026 9:03:45 AM.

The tensile properties of the blended SEV-Control-R50+CuMA-1/16-V50-CB compound showed almost complete recovery
when compared to the pristine-cured SEV-Control-CB compound, as maximum € of 6.4 + 0.1 and o of 24.0 + 0.5 MPa was
achieved (Fig. 8c), reporting a 5 of 99.3 + 3.0 % and a i, of 96.4 + 1.7 % respectively (Fig. 8d) significantly higher than
when virgin material not including CuMA is utilised as the pristine component (Fig. 6b). Additionally, the low standard
deviation reported suggests that good reproducibility was achieved. These results suggest that the recycling of previously
vulcanised rubber without CuMA utilising, uncured compound with CuMA is possible.

3 Conclusions

Initial MDR analysis of the SEV compounds suggested that additional ratios of CUMA to disulphide bonds needed to be
investigated due to a significantly reduced maximum torque for SEV-CuMA-1/1 and SEV-CuMA-1/2. SEV-CuMA-1/16 showed
good torque recovery as well as reversion control after 30 min, but it also exhibited a very short scorch time. Mechanical
testing of the recycled compounds and recycling efficiency calculations reported the most notable recovery of both the
maximum tensile strength and elongation at break for SEV-CuMA-1/16. Further investigation into CB-filled compounds
utilising 1/16 ratio of CuMA to disulphide bonds reported good recycling, as RO90V10 reached a ; of 85.0 + 3.2 % and a1,
of 99.1 + 2.9 %, while R50V50 achieved a g of 85.1 + 3.4 % and an, of 99.6 + 3.4 %.
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These findings are particularly important as they indicate that high recyclability can be attained in CB-filled SEV formulations,
which represents a predominant share of rubber materials used in commercial and industrial applicatidfs.1GEEE FECHVER} BF
both the maximum torque and scorch time was seen with SEV-CuMA-1/16-CB compound.

Significantly enhanced mechanical recovery was also achieved after four recycling events, with complete recovery of
elongation at break achieved, with a slightly lower maximum mechanical strength after the 15t cycle. The ability to incorporate
the CuMA inhibitor into existing SEV-cured and CB-filled recycled waste was investigated by blending reclaimed SEV-Control-
CB compound with 50% of uncured SEV-CuMA-1/16-CB compound. This compound had a 4 of 99.3 + 3.0 % and a i, of
96.4 + 1.7 %. These results indicate that through the correct CUMA concentration, CB-filled systems can still achieve
significant recycling efficiencies of the mechanical properties.

Despite this, there are several potential limitations towards industrial implementation, including a distinct drop in the
ultimate tensile strength, resulting in materials showing a different tensile curve to the pristine materials, as well as a reduced
scorch time limiting the range of potential processing methodologies available.

Therefore, further research into optimising the recycling conditions for these CuMA-based materials should be conducted,
such as selective shear milling, to allow for complete recycling of commonly utilised formulations in almost all rubber
applications. The recycling package could also be adjusted to account for the lowered scorch time, including addition of
scorch retarders. Further investigation into why the CB filled compounds show a significant enhancement in the recycling
efficiency when compared to the unfilled will be conducted in the future.
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Fig. 9 Proposed mechanism of recyclability. (a) Reversibility of the disulphide bond, through radical formation and
termination and (b) CuUMA coordination with formed sulphur radicals.

CuMA introduces Cu?* centres that can coordinate to sulphur atoms in disulphide linkages present in the cross-linked rubber
network. Although the S-S bond is relatively weak (~240 kJ mol?), it is highly polarizable.?” When Cu?* is present, it can bind
weakly to the lone pairs on sulphur, forming transient Cu---S interactions that withdraw electron density from the S-S o bond.
This coordination reduces the nucleophilicity of sulphur and stabilises the disulphide bond, effectively raising the activation
energy for S-S metathesis.

In the absence of Cu?*, disulphide exchange can occur spontaneously at room temperature due to nucleophilic attack
mechanisms (Fig. 9a). However, when Cu?* is bound, these pathways are suppressed.17.282° At higher temperatures, thermal
energy can overcome this stabilization, allowing the S-S exchange to proceed again (Fig. 9b). This gives the network
temperature-controlled dynamic behaviour: stable under service conditions but reprocessable at elevated temperatures. It
should be noted that this is a potential pathway for the increased recycling efficiency, therefore additional future work will
investigate this hypothesis. Some potential pathways to investigate this includes the transformation of the sulphur crosslinks
during the recycling event through means of sulphur probes measuring the proportions of each sulphur crosslink rank,3 XPS
analysis of the Cu 2p and S 2p binding energies,3! or Raman spectroscopy to understand further the evolution of the
disulphide bond.3?
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4 Experimental section

4.1 Materials

Natural rubber (NR, SMR CV60 grade) and n-cyclohexylbenzothiazol-2-sulphenamide (CBS) were purchased from Tun Abdul
Razak Research Centre (TARRC) (United Kingdom). N-isopropyl-N’-phenyl-p-phenylenediamine (IPPD; 95% purity) and
sulphur (~325 mesh, 99.5% purity) were purchased from Alfa Aesar. Copper (ll) methacrylate (CuMA, technical grade) was
purchased from Fisher Scientific. Stearic acid (StA; 95% purity, reagent grade) and zinc oxide (ZnO; 298% purity, Light
Technical grade) were purchased from VWR International Ltd. Toluene (299.9% purity, HPLC grade) was purchased from
Honeywell International Inc. N330 Carbon Black (CB), 2,2,4-Trimethyl-1,2-dihydroquinoline (TMQ) and Tetramethylthiuram
Disulphide (TMTD) was supplied by TARRC.

4.2 Nomenclature

In the present work, SEV systems with and without CuMA and CB were formulated and tested in different conditions before
and after curing and recycling. The terminology adopted to refer to the formulations in specific conditions is as follows:

e Uncured compound: virgin rubber compound that has been mixed but not cured.
®  Pristine-cured compound: freshly cured compound.
e Reclaimed compound: material that, after vulcanisation, was collected for recycling.
e Recycled compound: recycled cured compound.
e Blended compound: recycled cured compound obtained by blending reclaimed SEV Control compound with uncured SEV
CuMA compound.
4.3 Preparation of unfilled rubber samples
Unfilled rubber formulations are reported in Table 1. NR was masticated in a laboratory two-roll mill for 5 min. StA was
incorporated first (10-15 min) to minimise roll sticking, reduce the mixture viscosity and improve the mixing process.
Subsequently, ZnO was gradually added (20—30 min), followed by IPPD (20-30 min). Once a homogenous mixture was
obtained, CuMA was gradually added, with 10 min of mixing given per 1 gram of CuMA. Finally, CBS and Sulphur were added,
and the obtained uncured compound was moulded in a manual hot press at 150 °C, applying a constant pressure of about 12
MPa, for a curing time equal to tg as reported in Table S1, determined using Monsanto Moving Die Rheometer (MDR) 2000
with the lower die moving at 1.66 Hz.
4.4 Preparation of filled rubber samples
The filled rubber formulations are reported in Table 1. NR was masticated in an OOC Banbury internal mixer for 2 min before
Zn0O, SA, TMQ and 6PPD and half the total CB amount was added. The mixture was mixed for 3 min before the remainder of
CB was added with a further 3 min added for mixing. The resulting mixture was removed from the internal mixer at a dump
temperature of 135 °C, and transferred to the two-roll mill, where sulphur, CBS and TMTD were added. The obtained uncured
compound was moulded in a manual hot press at 150 °C, applying a constant pressure of about 12 MPa, for a curing time
equal to t90 as reported in Table S2, determined using MDR 2000 with the central paddle moving at 1.66 Hz.
Table 1 Rubber formulations in phr.
/phr SEV Control SEV CuMA- SEV CuMA- SEV CuMA- SEV CuMA- SEV CuMA- SEV Control SEV CuMA
11 1/2 1/4 1/8 1/16 CB 1/16 CB
NR 100 100 100 100 100 100 100 100 |
ZnO 3.5 3.5 3.5 3.5 3.5 3.5 3 3
StA 2.5 2.5 2.5 2.5 2.5 2.5 3 3
IPPD 2 2 2 2 2 2 - - |
6PPD - - - - - - 1 1
TMQ - - - - - - 1 1 |
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 1.5 1.5 :
CBS 2.5 2.5 2.5 2.5 2.5 2.5 0.8 0.8
TMTD E E E E E E 0.8 08 |
CuMA - 9.89 4.94 2.47 1.24 0.62 - 0.62
CB - - - - - - 50 50
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4.5 Recycling of rubber samples

To recycle the pristine compounds, they were heated in the hot press for 5 min at 150 °C and immediately masticated for at
least five passes through the two-roll mill in which the rolls were at room temperature set to a gap of around 0.5 mm until a
coarse granulate of around 1 mm diameter was obtained, seen in Fig. S1. The material was then blended with the same
uncured rubber in the following mass fraction ratios (“R” stands for “reclaimed” and “V” stands for “virgin uncured”): 90%
reclaimed rubber with 10% uncured rubber (R90V10); 80% reclaimed rubber with 20% uncured rubber (R80V20); 70%
reclaimed rubber with 30% uncured rubber (R70V30); 50% reclaimed rubber with 50% uncured rubber (R50V50). The
obtained blends were moulded in the manual hot press at 150 °C for the same time equal to the tg to obtain the related
pristine compound in Table S1 for unfilled and Table S2 for filled samples. For example: the time to mould a pristine SEV
CuMA 1/4 compound is 8.3 min, so the time to mould SEV CuMA 1/4 R80V20 is also 8.3 min.

4.6 Density measurements

The density of NR and cured compounds was measured using a Micromeritics AccuPyc Il 1345 gas-displacement pycnometer
(number of purges 10, purge fill pressure 134.45 kPa, number of cycles 10, cycle fill pressure 134.45 kPa, equilibration rate
3.45 kPa min1, chamber size 1 cm3). Three samples were measured for each compound.

4.7 Equilibrium swelling

Equilibrium swelling experiments were carried out in toluene and Flory—Rehner theory was applied to calculate the crosslink
density, vppy expressed in mol cm3, of cured compounds following eq. 1:

In(1—Vg) + Vg + V2
eq.1
y, Ve
Vo VE 3 — 2

Vphy = —

where v is the molar volume of the swelling liquid, £ is the Flory-Rehner interaction parameter and Vi is the volume fraction
of the polymer in the mixture. A dry and rectangular shape sample for each cured compound was weighed and then immersed
in a vial containing excess toluene (approximately 0.2 g of rubber in 20 mL of Toluene). The vials were then left in a dark
environment for 14 days.

After this time, the sample was removed from the solution, the surfaces were tap dried on a white lint-free tissue and
weighed again. The sample was then dried under reduced pressure to remove the solvent and then weighed a third time.
The experiment was repeated three times for each cured compound. The Flory—Rehner interaction parameter for NR-toluene
interaction is 0.385, while v for toluene is 106.28 cm3. To calculate V the following eq. 2 is used:

VEN

Vp=—EN__
EZ Yw + Vs

q.2

where Vs is the volume of the solvent absorbed and Vpgy is the volume of elastomer network, which can be determined
following eq. 3:

where pg is the density of the cross-linked polymer, mgy is the mass of the rubber and cross-linker used in the whole
formulation, whose mq,; is the total weight and m, is the weight of the dried sample after swelling. It should be noted that
for the filled system, the crosslink density found using Equation 1 will not be the real crosslink density as fillers do not swell
or can act as additional crosslinks. The values achieved will be used as a comparative crosslink density, denoted as the
apparent crosslink density, as each compound has the same filler type and loading.
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4.8 Tensile testing

Tensile testing until failure at room temperature was carried out on cured compounds. Dumbbell shape samples were cut
out using an ISO-37-4 die cutter 24 hours after curing was completed. Testing was conducted using an Instron 68TM-10
machine equipped with a 2 kN load cell and pneumatic side action grips, using a rate of 1 mm s1. The width (2.02+0.07 mm)
and the thickness (1.82+0.08 mm) were measured prior to the start of the test while the initial length, Ly (11.21+1.24 mm),
was measured after gripping the sample, ensuring the width of the sample remained constant in the gauge length. Uniaxial
stress, o, and strain, €, were calculated using the following eq. 4 and eq. 5:

_F
G—AO
Y
E—LO

where F is the measured force, A is the initial unstrained cross-sectional area, and AL the measured elongation. Tests were
repeated until failure 5 times for each cured compound.

4.9 Recycling efficiency

Recycling efficiency in terms of stress, ns, was calculated by comparing the ultimate tensile strength of pristine compounds

and recycled compounds using eq. 6:

Orecycled
Noe = ——
° Opristine

The recycling efficiency in terms of strain, ne, was calculated by comparing the ultimate tensile strain of pristine compounds
and recycled compounds using eq. 7:

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Erecycled

e

Open Access Article. Published on 06 April 2026. Downloaded on 4/8/2026 9:03:45 AM.

Epristine

Statistical information

Crosslink density calculations were carried out on three samples with the averages obtained and the standard deviation reported.
Tensile testing for pristine, recycled and blended compounds was repeated a minimum of 5 times for samples containing CuMA and a
minimum of three times for samples without CUMA. The experimental data shown is therefore the mean of these values with the
standard deviation reported. While the curves plotted in figures are a representative curve chosen from the repeats.
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