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Preface

Elastomers represent a fundamental element of modern materials engineering and are
indispensable across a wide spectrum of industrial and consumer applications. From tires and hoses
to seals, vibration dampers, and flexible mechanical components, rubber-based materials provide a
unique combination of elasticity, durability, resilience, and chemical resistance. These properties have
made elastomers essential to transportation, infrastructure, manufacturing, and everyday products.
However, the increasing global demand for rubber materials has also intensified concerns regarding
their environmental impact, resource consumption, and end-of-life management.

In recent years, the elastomer and rubber industries have increasingly focused on improving
the sustainability of rubber products while maintaining their performance characteristics. Achieving
this balance represents a significant scientific and technological challenge. Traditional rubber
systems rely heavily on petroleum-derived components, energy-intensive processing methods, and
crosslinked networks that are difficult to recycle. Consequently, developing more sustainable
elastomer technologies requires a comprehensive approach that addresses material sourcing, product
durability, processing efficiency, and waste management.

Several complementary strategies have emerged to reduce the environmental impact of
elastomeric materials. One important approach focuses on improving the intrinsic performance
of rubber compounds. By enhancing mechanical strength, wear resistance, fatigue behavior, and
aging stability, elastomer products can achieve longer service lifetimes. Extended durability directly
translates into reduced material consumption and lower waste generation over time, contributing
significantly to sustainability goals.

Another promising direction involves the increasing use of naturally sourced or bio-based
materials.  Researchers and industry professionals are actively exploring renewable fillers,
bio-derived polymers, and sustainable additives that can partially or fully replace conventional
fossil-based ingredients. These developments aim to reduce reliance on non-renewable resources
while maintaining compatibility with established processing technologies and performance
requirements.

Equally important is the advancement of technologies that improve the recyclability and
circularity of rubber products. Because traditional vulcanized elastomers form permanent crosslinked
networks, recycling remains a complex challenge. Innovations in devulcanization, reprocessing
methods, and dynamic crosslinking systems are creating new opportunities to recover value from
rubber waste and reintegrate it into new products.

This Special Issue brings together contributions from researchers working at the forefront of
elastomer science and technology. The collected papers present new systems and material concepts
designed to enhance rubber performance, introduce advanced functionalities, improve recyclability,
and expand the use of bio-based resources. Collectively, these studies provide valuable insights into
emerging strategies that can guide the development of more sustainable elastomeric materials.

We hope that the research presented in this issue will stimulate further innovation and
collaboration within the elastomer community and contribute to the broader objective of designing

rubber materials that meet both performance and sustainability requirements for future applications.

Pilar Bernal-Ortega, Anke Blume, and Rafat Anyszka
Guest Editors
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Closing Editorial to the Special Issue “Exploration and

Innovation in Sustainable Rubber Performance”

Pilar Bernal-Ortega *, Anke Blume and Rafal Anyszka

Elastomer Technology & Engineering, Department of Mechanics of Solids, Surfaces & Systems (MS3), Faculty of
Engineering Technology, University of Twente, Drienerlolaan 5, 7522 NB Enschede, The Netherlands;

a.blume@utwente.nl (A.B.); r.p.anyszka@utwente.nl (R.A.)
* Correspondence: p.bernal@utwente.nl

It is with great pleasure that we present the collection of articles published in this
Special Issue of MDPI's Polymers, dedicated to “Exploration and Innovation in Sustain-
able Rubber Performance”. When we began this Special Issue, our goal was to gather
innovative research addressing the ways in which rubber materials can be transformed
to be more sustainable, whether that be through bio-based raw ingredients, improved
recyclability, enhanced performance for extended durability, or novel strategies that reduce

environmental footprints.

We are thrilled by the outcome: this issue features a diverse set of studies covering fun-
damental research, applied materials science, and engineering solutions. The contributions
include investigations into recycled or bio-based fillers, novel processing methods, innova-
tive elastomer formulations, studies on aging and durability, analyses of environmental
impact, and explorations of material performance under real-world conditions. Together,
they provide a complete overview of the current state of the art of the sustainability of

rubber, reflecting both academic and industrial interests.

Through these works, this Special Issue addresses several key topics regarding sus-

tainability within the rubber field and achieves the following results:

e  Demonstrates viable pathways for integrating bio-based or recycled materials into

elastomer matrices without compromising essential properties.

e Improves our understanding of structure—property relationships in sustainable rubber
compounds, enabling the effective design of durable, high-performance materials.
e  Highlights recycling, waste reduction, and life-cycle considerations for rubber prod-

ucts, contributing to circular economy approaches.

e  Encourages innovation in filler, compounding, and processing techniques and collabo-

rations across academia and industry.

We would like to extend our sincere gratitude to all authors, reviewers, and colleagues
involved in the peer review and editorial process. Their dedication and scientific rigor have
made this Special Issue possible. We also thank the Editorial Office of Polymers for their

support and guidance throughout this process.

Finally, we hope that this collection will serve as a useful resource for researchers
and industries aiming to push the boundaries of sustainable elastomer development. We
encourage readers to explore the full set of papers and to build upon their findings, whether
towards improved recycling processes, greener materials, or novel applications. We look
forward to seeing how the insights gathered here will inspire future work and contribute

to a more sustainable rubber industry.

Polymers 2026, 18, 576 https://doi.org/10.3390/ polym18050576
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Synergistic Effects of Nitrosamine-Safe Accelerators for
Enhanced Natural Rubber Latex Balloon in Sulfur Conventional
Vulcanizing System

Thanakan Chang-In, Ekasit Anancharoenwong and Sunisa Suchat *

Faculty of Science and Industrial Technology, Prince of Songkla University, Surat Thani Campus,
Surat Thani 84000, Thailand
* Correspondence: author: sunisa.su@psu.ac.th

Abstract

The vulcanization of natural rubber latex (NRL) relies on accelerators to achieve effective
crosslinking by a sulfur conventional vulcanizing system and desirable properties such as
tensile strength and elasticity. This study investigates the synergistic effects of carcinogenic
nitrosamine-safe accelerators to develop a high-performance and safe NRL vulcanization
system. A synergistic combination of 0.36 phr Zinc dibutyldithiocarbamate (ZBEC), 0.36 phr
Tetrabenzylthiuram disulfide (TBzTD), and a trace amount of Zinc diethyldithiocarbamate
(ZDEC), 0.03 phr, demonstrated optimal performance, yielding superior tensile strength
(22.13 MPa), elongation at break (1153%), and thermal stability (Tmax 384.15 °C). Notably,
this formulation exhibited below the detectable level limits of hazardous nitrosamines
(N-nitrosodimethylamine (NDMA) and N-nitrosodibutylamine (NDBA)). The synergistic
nitrosamine-safe accelerator system offers a promising strategy for producing environ-
mentally responsible and consumer-safe NRL products with enhanced mechanical and
thermal properties.

Keywords: natural rubber latex; nitrosamine-safe; synergistic accelerator system; mechanical
properties

1. Introduction

The global balloon production volume is valued at around USD 1.85 billion in 2024,
with growth expected to reach USD 3.38 billion by 2033, securing a significant market size
and a consistent production volume increase across the world [1,2]. However, the produc-
tion volume of natural rubber balloons is a small percentage of the total natural rubber
production, as the global production of natural rubber in 2024 amounted to 28.8 million
tons. Rubber balloons are thin gauge rubber products produced from natural rubber latex
(NRL) compounds [3]. NRL balloons have superior elasticity, being capable of stretching
to seven to eight times their original length while maintaining resilience: a quality not
reached by synthetics. This exceptional performance has established rubber balloons as one
of the most affordable and universally popular toys across all demographic segments [4].
Beyond children’s entertainment, these versatile products serve multiple functions includ-
ing celebratory decorations, retail environment enhancement, target practice activities, and
festive displays, contributing to their sustained market growth.

However, this seemingly innocuous product harbors a concerning health risk: natural
latex can break down to form nitrosamines, a group of known carcinogens detected in

Polymers 2026, 18, 438
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various latex products (rubber nipples and gloves) [5,6]. This discovery has prompted the
development of methods for extraction and concentration of volatile nitrosamine from latex
balloons, highlighting an urgent need to address safety concerns in this growing industry
without compromising the product’s widespread appeal and accessibility.

Most toxicological assessments of nitrosamines focus on their carcinogenic and muta-
genic properties. Nitrosatable substances can be converted into carcinogenic nitrosamines
through reactions with nitrosating agents such as nitrite and nitrogen oxides [7]. En-
dogenous formation of N-nitroso compounds occurs via nitrosation (by nitrite derived
from nitrate) of ureas, guanidine, amides, amino acids, and (primary, secondary and
aromatic) amines [8]. Of the over 300 different nitrosamines, RIVM (2003) [9] identified
N-nitrosodimethylamine (NDMA) and N-nitrosodibutylamine (NDBA) as being the most
prevalent ones, being detected in 96% and 61% of samples, respectively. Both are classified
by IARC and the EU as category 2 carcinogens [10]. NDMA, with the generic chemical
structure RyN-N=0, is the most frequently detected carcinogenic nitrosamine, another form
of nitrosamines, although it is of a less dangerous class (BAuA). The European Union has
established specific limits for nitrosamines and nitrosatable substances in natural rubber
balloons according to European standard EN71-12 [11,12]. The Federal Republic of Ger-
many has proposed limits for nitrosamines and nitrosatable substances in balloons, which
are 50 pg/kg and 1000 pg/kg, respectively. Traditionally, nitrosamines and nitrosatable
substances are analyzed using thermal energy analyzers (TEA), but due to the limited
availability of this expensive equipment type, an improved analysis method using the more
widely available gas chromatography-mass spectrometry (GC-MS) technique has been
developed based on the EN 12868:2017 standard [13-15].

Natural rubber latex balloons can release carcinogenic nitrosamines when certain
vulcanization accelerators (carbamates such as zinc diethyldithiocarbamate; ZDEC) are
used during balloon production [16]. These substances pose health risks when released
during balloon inflation or mouthing, with children being particularly vulnerable. Re-
search by Smith and Norris (2003) [17] identified hazardous exposure levels when children
mouth balloons with high nitrosamine content. The primary problematic accelerators are
ZDEC, which shows mutagenic activity in bacterial tests, and tetramethyl thiuram disul-
fide (TMTD), which is a suspected carcinogen: an avoidable threat [18]. Fortunately, safe
alternatives exist, namely zinc n-butylbenzothiazole-2-sulfenamide (ZBEC) and tetraben-
zylthiuram disulfide (TBzTD) [19]. These alternatives contain low nitrosatable substances,
effectively eliminating nitrosamine formation while maintaining product quality. The rub-
ber industry has the knowledge and the technology to produce safer balloon products by
transitioning to these alternative accelerators, making this health risk entirely preventable.

This study aimed to comprehensively investigate the performance characteristics
of a nitrosamine-safe binary accelerator system comprising TBzTD and ZBEC in the sul-
fur vulcanization of an NRL balloon. To evaluate the cure characteristics, the swelling
index for dipping processability and chemical control were tested for NRL compounds
containing various ratios of ZBEC and TBzTD accelerators. The mechanical properties
(modulus, elongation at break and tensile strength) of vulcanizates before and after aging,
FTIR of the functional groups and the crosslinks formed when prepared with different
combinations of the TBzZTD/ZBEC accelerator system were determined. The potential
synergistic effects that occur when progressively replacing ZDEC with combinations of
TBzTD and ZBEC accelerators were assessed. The synergistic nitrosamine-safe accelerator
systems are essential to ensure that rubber products (such as balloons), achieve the required
mechanical properties while fully complying with stringent safety standards concerning
nitrosamine content.

https:/ /doi.org/10.3390/ polym18040438
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2. Experimental

This research was divided into five steps, beginning with optimizing the formulation
to be devoid of nitrosamine-producing substances, as follows.

2.1. Materials

(1) Materials in NRL films

The centrifuged concentrated latex (Hevea brasiliensis), as a high-ammonia latex
(HA) with 60% dry rubber content (DRC), was supplied by Muang Mai Guthrie Public
Company Limited, Thailand. The NRL compound formulations for balloon rubber products
(Tables 1 and 2) were purchased from Thanodom Technology Co., Ltd., Bangkok, Thailand.
Cellulose nanocrystals (CNC) were obtained as a white powder from rubber seed shells.
The average molecular weight was 14,700 g/mol, with particle lengths ranging from 100 to
300 nm and diameters of 20 nm. A 5% CNC dispersion was prepared at a low filler loading
of 2 phr.

Table 1. The compound formulations of NRL used in the present study.

Content (phr ?)

Ingredient in Formulation Function

1 2 3 4 5
60% HA-NR latex 100 100 100 100 100 Baff;;r(‘;g‘;m
10% Potassium hydroxide 1.0 1.0 1.0 1.0 1.0 Stabilizers 1
10% Potassium oleate 1.0 1.0 1.0 1.0 1.0 Stabilizers 2
50% Sulfur 1.5 1.5 1.5 1.5 15 Vulcanizing Agent
50% ZnO 1.5 1.5 1.5 1.5 1.5 Activator
5% CNC 2.0 2.0 2.0 2.0 2.0 Filler
50% Wingstay L 15 15 15 15 15 iilg’figzﬁlt
50% Accelerators P 0.75 0.75 0.75 0.75 0.75 Accelerators

Note: ? Parts per hundred rubber (phr) and b 50% accelerators in Table 2.

Table 2. The accelerator content in NRL compound formulations.

Formula Accelerator Content (phr)
No. # Type TBzTD ZBEC ZDEC Total
1 ZDEC 0.75 - - 0.75
2 ZBEC - 0.75 - 0.75
3 TBzTD - - 0.75 0.75
4 ZBEC/TBzIL 0.375 0.375 - 0.75
5 ZBEC/TBzTL 0.36 0.36 0.03 0.75

2.2. Preparation of NRL Films

The NRL balloon compound formulation combinations of the TBzZTD/ZBEC accelera-
tor system were optimized to reduce the tested generation of nitrosamines. Specifically,
concentrated latex was used with various types and volumes of accelerators, such as
TBzTD, ZDEC, and ZBEC (singly), as well as combinations like TBzTD/ZBEC (binary)
and TBzTD/ZBEC/ZDEC (ternary) in NRL. These choices were made to prevent carcino-
genic nitrosamine formation. The NRL compound was prepared as a liquid mixture with
additives, and mixed in a blender at 2 rpm for 20 min at room temperature. The final
mixture was degassed to remove the entrapped air and then poured into glass molds, with
eventual film thickness control by the total solid content. The films were cured at 80 °C

https:/ /doi.org/10.3390/ polym18040438
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for 24 h to evaporate water and achieve uniform films. The dried films were peeled off the
molds and stored for characterization. By adjusting the types and amounts of accelerators
and controlling parameters such as 62% total solid content and a 103% swelling index,
the synergistic activities in sulfur vulcanization of NRL films formulations were assessed,
emphasizing safety and mechanical properties. A diagram of the experimental design is

shown in Figure 1.

88
: 0\ i T/ \T @
A\ 4 Wols
) N J\S,s\n/n
0.36 phr TBzTD

N
, v Adding  syifar : b -
+ O~z 570
Accelerat N—L-s-zn-s—L-N
e YN &G

Natural Rubber Latex Concentrated latex 0.36 phr ZBEC

Zn=0
S S
& H3C/\NJJ\S/Zn\S/U\N/\CH3
Nitrosamine-safe compound for NRL balloon formulation ™ iEgheZ0NG “ERg
Forming
NR film sheets Balloon dipping process

-
-

-—

Sample Analysis

Sample Analysis » Nitrosamines
» FTIR/ Crosslink structure P y

» Mechanical properties

> Thermal stability Synergistic Effects of Nitrosamine-Safe Accelerators (TBzTD/ZBEC)
in Natural Rubber Latex Balloon Vulcanization

Figure 1. Experimental scheme to test synergistic activities in sulfur vulcanization of NRL bal-
loon products.

2.3. NRL Balloon

The NRL balloon dipping process used a balloon mold, clean and dry, soaked in
10% calcium chloride coagulant and slightly dried at 45 °C, and then dipped in the NRL
compound. The soaking time was 18 s, and to reuse the mold, it was washed with hot
water at 70 °C for 10 min to remove coagulant or residues. The vulcanization dries the
balloon in an oven at 100 °C for 1 h to complete the vulcanization process. Samples were
removed from the oven and allowed to cool to room temperature. Talcum powder was
applied to the balloon surface to prevent sticking.

The finished balloons were carefully removed from the mold, and samples without
flaws or damage were kept for the nitrosamine test using GC-TEA, following the standard
procedure based on EN 12868:2017 [20].

https:/ /doi.org/10.3390/ polym18040438
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2.4. Characterization and Properties
2.4.1. The Swelling Test

The development of the NRL compound formula from concentrated latex involved
varying the types and amounts of accelerator agents. In a sulfur vulcanized system, a
stabilizer, activators, and an antioxidant were added to the NRL, and the mixture was
matured until a swelling index of 103% was reached, indicating partial crosslinking via
sulfur bridges. The compound was then poured onto a 2 mm thick layer on a glass plate,
dried at 120 °C for 30 min, and finally cured by heating. The swelling test followed ISO 124,
using 3.0 cm circular samples. The diameter was measured carefully at three points and the
average was recorded, after which the specimens were immersed in toluene at 23 £ 2 °C
for 3 h. The swelling (%) was calculated from the change in diameter caused by immersion,
and the average is reported. The percentage swelling was computed as follows.

% Swelling = [(B — A)/A] x 100 1)

where A is the initial diameter of the specimen before immersion in toluene, and B is the
diameter of the specimen after immersion in toluene for 3 h.

For reliable results, this test was run in triplicates and the mean value was recorded,
along with test conditions and sample identification.

2.4.2. FTIR Analysis

Fourier transform infrared spectroscopy (FTIR) was employed in transmission mode
to analyze the structure, using a Spectrum Two FI-IR spectrometer equipped with a DTGS
detector, manufactured by PerkinElmer, Inc., Waltham, MA, USA. Thin rubber sheets
with smooth surfaces were analyzed in transmission mode, utilizing the attenuated total
reflectance (ATR) accessory for solid-state sampling. FTIR spectra were recorded across the

broad wavenumber range from 4000 to 400 cm ! at a resolution of 4 cm™ 1.

2.4.3. Mechanical Properties

The mechanical properties of the NRL film samples are reported as averages of five
replicates. Tensile properties were measured, determining the modulus, strength and
elongation at break, following the ASTM D 412 standard using a Tinius Olsen 10ST tensile
testing machine (Honey Crock Lane, UK). Dumbbell Type C specimens were tested at a
speed of 500 mm/min with a 5 kN load cell.

2.4.4. Thermal Stability

(1) Accelerated aging was conducted following ISO 188, where samples were subjected
to thermal aging at 70 °C for 168 h. After aging, tensile strength, elongation at break,
and modulus were tested.

(2) Thermogravimetric analysis (TGA) was performed using a TGA-SDTA 851 analyzer
(Mettler Toledo, Zurich, Switzerland). Samples were heated from 30 °C to 600 °C
under nitrogen atmosphere, then from 600 °C to 900 °C under oxygen atmosphere,
both at a 10 °C/min heating rate.

2.4.5. Nitrosamines and Nitrosatable Substances

Nitrosamine testing of the balloon latex compound was done using a Gas
Chromatography-Thermal Energy Analyzer (GC-TEA) at TUV Rheinland Hong Kong
Ltd., Tsuen Wan, Hong Kong. Nitrite migration from the samples was assessed
following the European standard procedure, based on EN 12868:2017 [20]. This
method determines nitrosamines by first extracting them into artificial saliva at 40 °C
to simulate migration. Nitrosamines require an acidification step for conversion

https:/ /doi.org/10.3390/ polym18040438
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prior to extraction and concentration. The prepared extracts are quantified using
GC-TEA, due to its high specificity for nitroso compounds. The reported results are
compared to standard limits (migratable nitrosamines, 0.05 mg/kg, and migratable
nitrosatable substances, 1.0 mg/kg). The twelve target N-nitrosamines identified are
N-nitrosodimethylamine (NDMA), N-nitrosodiethylamine (NDEA), N-nitrosodipropylamine
(NDPA), N-nitrosodibutylamine (NDBA), N-nitrosodiisobutylamine (NDiBA),
N-nitrosoethylphenylamine (NEPhA), N-nitrosopiperidine (NPIP), N-nitrosopyrrolidine
(NPYR), N-nitrosomorpholine (NMOR), N-nitrosomethylphenylamine (NMPhA),
N-nitrosodiisononylamine (NDiNA), and N-nitrosodibenzylamine (NDBzA).

3. Results and Discussion

3.1. Characterization and Properties
3.1.1. The Swelling Test

Figure 2 shows the results that are indicative of the crosslinking efficiency of indi-
vidual accelerators (all tested) over time, with the swelling in all cases decreasing with
the curing time, confirming continuous crosslink formation. The nitrosamine-safe alterna-
tives, TBzZTD/ZBEC/ZDEC, led to the fastest reduction in swelling, achieving the target
crosslinking within 7 days. So, the curing time required to reach the 103% swelling index
was reduced from 10 days (ZDEC and ZBEC) to 7 days. TBzTD and ZBEC binary and
TBzTD alone were also effective, promoting sufficient crosslinking to reach the standard
threshold (103% swelling) within 9 days.
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Figure 2. Swelling results are indicative of crosslink bond formation of compound rubbers with
different accelerators.

Obtaining this 103% swelling index confirms the effectiveness of TBzZTD/ZBEC/ZDEC
as accelerators to reduce the curing time while maintaining the required crosslink density
for product quality.

3.1.2. FTIR Analysis of Accelerator Types in Sulfur Vulcanization of NRL Films

The consulted expert sources focused on the formation and mitigation of nitrosamines
in natural rubber latex balloons. One primary source details research into substituting
problematic vulcanization accelerators like ZDEC with safer alternatives such as ZBEC

https:/ /doi.org/10.3390/ polym18040438
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and TBzTD to eliminate the carcinogenic nitrosamine content while maintaining necessary
mechanical properties like tensile strength and elasticity. The chemical and mechanical
properties of the vulcanizate formed using a nitrosamine-free combination of 0.03 phr
ZDEC with TBzTD/ZBEC 0.36/0.36 phr are compared to the properties of a vulcanizate
with ZDEC in a neat recipe.

The experiment compared the use of two and three accelerators with the use of a single
accelerator, specifically from ZBEC, TBzTD, and ZDEC. The NRL formulation uses a blend
of two (TBzTD and ZBEC) or three types of accelerators with ZDEC added to enhance the
accelerator system between TBzTD and ZBEC. The combinations of accelerators signifi-
cantly improved the vulcanization efficiency, thermal stability, and mechanical properties,
demonstrating the importance of synergistic accelerator selection for optimizing natural
rubber balloons.

Characterization by Fourier transform infrared spectroscopy

The NRL formulation characterization in Figure 3 shows the Fourier transform infrared
(FTIR) analysis that informs us of the functional groups and the crosslinks formed.
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Figure 3. The FTIR spectra of NRL film formulations with different accelerators. (a) the FTIR spectra
of the NRL; (b) the C=S band; (c) a cross-linking; (d) Zn-O bonding.

Figure 3a presents the FTIR spectra of the NRL formulations, demonstrating that
the mixed-accelerator system (ZBEC/TBzTD/ZDEC) produces stronger C=S, C-S, Zn-S,
and Zn-O peaks than single-accelerator systems. Around 1315 cm ™!, distinct C-S peaks
indicate enhanced crosslink density, especially in formulations incorporating multiple
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accelerators [21]. In Figure 3b, in the 1574 cm ™! region, the appearance and growth of the
C=S band [22,23], together with its larger integrated area, confirms additional reactions of
the accelerator with vulcanizing agents, leading to modified sulfur-containing structures.
The distinct peak near 667 cm~! confirms the formation of Zn-S bonds in Figure 3c, a key
cross-linking of rubber chains in the sulfur vulcanization process [24]. In Figure 3d, the
band at approximately 437 cm~! evidences Zn-O bonding [25].

The spectral evidence confirms that the synergistic accelerator system (ZBEC/TBzTD/ZDEC)
in NRL facilitates more efficient sulfur crosslinking and the formation of complex Zn-S, Zn-
O, and C=S bonding networks. This enhanced crosslink density strengthens the mechanical
performance and thermal resistance, outperforming single or dual accelerator systems
(Table 3). Importantly, the formulation achieves these improvements without any or at a
low generation of nitrosamine compounds.

Table 3. Mechanical properties of NRL formulation for balloons prepared with alternative accelerators.

Mechanical Properties

Type of
Acc};}l)erator Tensile Strength Elongation at 100% Modulus 200% Modulus 300% Modulus
(MPa) Break (%) (MPa) (MPa) (MPa)

Before aging
ZBEC 18.74 + 0.90 1079.31 £ 83 0.54 +0.01 0.81 +0.01 1.08 £ 0.03
TBzTD 19.57 +£ 147 1136.74 £ 71 0.46 + 0.01 0.65 + 0.08 0.83 + 0.03
ZDEC 21.36 + 1.10 1040.86 + 60 0.55 + 0.07 0.88 +0.12 1.20 £ 0.14
ZBEC/TBzTD 17.91 + 0.75 1115.82 + 55 0.50 +0.13 0.67 + 0.05 0.84 +£0.10
ZBEC/TBzTD/ZDEC  22.13 +1.81 1152.90 + 78 0.69 £ 0.02 0.95 + 0.04 1.30 + 0.07

After aging
ZBEC 12.10 + 2.11 626.50 + 34 1.06 + 0.01 1.81 £0.02 3.30 £ 0.02
TBzTD 1325 +£1.72 736.85 + 26 1.24 + 0.07 2.39 £0.12 3.21 £0.15
ZDEC 15.50 £+ 0.89 851.9 4+ 35 1.53 £+ 0.02 2.00 +0.01 459 +0.10
ZBEC/TBzTD 13.85 + 0.70 785.98 + 15 0.95 + 0.03 1.17 +0.03 3.50 £+ 0.04
ZBEC/TBzTD/ZDEC  14.23 +1.81 89291 + 8 1.69 £+ 0.02 2.48 + 0.04 4.04 +0.07

3.1.3. Comparative Analysis of Mechanical Properties

The mechanical properties before and after accelerated aging in Table 3 indicate that
changing the accelerator system greatly impacts the mechanical properties of natural rubber
latex balloons. Formulations using single accelerators such as ZBEC, TBzTD or ZDEC
provide moderate tensile strength and elongation at break, while binary combinations offer
only limited improvements.

Notably, the ternary blend of 0.36 phr ZBEC/0.36 phr TBzTD/0.03 phr ZDEC, even
with a minimal amount of ZDEC, achieved the highest tensile strength (22.13 £ 1.81 MPa)
and elongation at break (~1153%) before aging, indicating a highly tough and well-
developed crosslink network. The tensile strength of the optimized balloon compound
remains within the internal specification range provided by the B.K. Latex Product Co.,
Ltd., with typical values around 25.792 MPa, elongation at break of approximately 1067%,
and a 300% modulus of 1.569 MPa. In practice, the property that mainly influences whether
a balloon is difficult to inflate is the 300% modulus, which should be relatively low to avoid
excessive stiffness, while a sufficiently high tensile strength is still desirable to prevent
rupture during inflation and use. This superior performance demonstrates a synergistic
effect, where the combination of these three accelerators leads to more efficient vulcaniza-
tion and greater reinforcement of the polymer structure. The ternary blend also resulted in
the highest moduli at all elongation levels before aging, which is associated with increased
initial stiffness and higher crosslink density in the rubber matrix. The thermal stability for
natural rubber balloons, as described in standards such as TIS 685, BgVV, 2002 [26], and
EN 71-12:2016 [12], is not defined by explicit numerical limits for thermal degradation,

https:/ /doi.org/10.3390/ polym18040438
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Weight (%)

but instead is evaluated indirectly through compliance with mechanical and physical tests
after heat aging. Thermal stability is necessary so that the balloons continue to meet the
required mechanical safety criteria (e.g., flexibility, absence of brittleness, and retention of
tensile performance within acceptable range) following the specified heat-aging conditions,
to ensure that the produce remains mechanically reliable throughout storage and use.
After accelerated aging, the tensile strength and elongation when using the ternary system
implies improved thermal resistance compared to single or binary accelerator systems.
Each type of accelerator or combination thereof influences both the mechanical and thermal
properties, with the three-accelerator system consistently yielding the best results. Overall,
the synergistic accelerator system of ZBEC, TBzTD and ZDEC provides a high-performance,
strong, and stable NRL balloon product, surpassing formulations with only one or two
accelerators. The benefits impact both the mechanical properties and service life.

3.1.4. Thermal Stability of Sulfur Vulcanization

Figure 4 illustrates the thermal stability of NRL vulcanizates prepared with different
accelerator systems, as evaluated by TGA and derivative thermogravimetry (DTG).
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Figure 4. TGA (a) and DTG (b) graphs showing weight losses with the alternative types of accelerators
in NRL formulation for balloons by sulfur vulcanization.

From Table 4, TGA curves in Figure 4a, and DTG in Figure 4b, it is found that all
formulations exhibit a similar single-step degradation, with rapid weight loss between
180 and 320 °C being associated with the decomposition of the rubber backbone. The
ZBEC/TBzTD/ZDEC formulation provides the greatest thermal stability, as evidenced
by its highest Topset (357.75 °C), Tmax (384.15 °C), and final decomposition temperature
(403.04 °C), together with the largest residual mass of 7.66%, indicating the presence of
thermally stable species (e.g., ZnS, ZnO) within the measurement range. The DTG curves
(Figure 4b) show the rate of that mass change and display a distinct shoulder at 400-500 °C
arising from additional degradation of the crosslinked network and residue, confirming
that the combined accelerator system enhances both the onset and completion temperatures
of degradation compared with the other formulations.
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Table 4. Thermal stability analysis of NRL film formulations with alternative accelerators for sulfur

vulcanization.
Rubber Sample % (0 o (0 Final Decomposition . . o
Type Tonset * (°C) Tmax ** (°C) Temperature (FDT) Final Residue (%)

ZBEC 356.01 374.78 379.79 0.38
TBzTD 356.13 378.01 391.14 4.47
ZDEC 358.05 376.47 384.47 2.63
ZBEC/TBzTD 342.16 382.62 400.56 2.05
ZBEC/TBzTD/ZDEC 357.75 384.15 403.04 7.66

Note: * Tonget is the decomposition onset temperature, Tmax ** is the temperature at the maximum decomposi-

tion rate.

This balance between enhanced thermal stability and sulfur crosslinking makes the
novel formulations suitable for applications requiring both mechanical performance and
heat resistance [27-29]. These results confirm an accelerator synergistic effect in NRL
compound sulfur vulcanizates, with increased thermal stability while maintaining adequate
sulfur crosslinking for NRL balloon applications.

From the resulting increases in the mechanical strength, elasticity, and modulus of
the NR compound, the synergistic accelerator system (ZBEC/TBzTD/ZDEC) in sulfur
vulcanization is confirmed.

Figure 5 illustrates the interactions and cross-linking process between natural rubber
latex (NRL), sulfur, zinc oxide, and cellulose nanocrystals, enhancing the entanglement and
interfacial network within the rubber matrix. The CNC not only improves the dispersion
of zinc oxide but also participates in the formation of ionic Zn-O-CNC crosslinks, which
further connect to rubber chains via sulfur bridges. This leads to a robust NRL-Sg—Zn~—

O-CNC network, increasing the number of crosslink points and entanglement between
rubber and filler.
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Figure 5. The formation of sulfur crosslinks in NRL-Sg—Zn-O-CNC complexes.
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The curing mechanism indeed involves the CNC. The role of CNC is now exposed by
reports that cellulose-based fillers can participate in zinc-containing curing domains and
influence vulcanization behavior, which supports the plausibility of interactions between
CNC surface groups, ZnO, and the sulfur-accelerator system. Regarding the proposed
coupling of cellulose to the polymer via a Zn-S bridge, this structure is hypothetical and
consistent with the generally accepted view that the active Zn complexes form at, or in
association with, ZnO-containing domains. Additionally, we note that (i) Zn—accelerator—
sulfur complexes generated at the ZnO surface can migrate into the rubber matrix, (ii)
hydroxyl and modified functional groups on CNC can coordinate or interact with zinc
species, and (iii) such interactions may contribute to a combined filler—curing network,
rather than a single, unique structure. The proposed structures are one plausible realization
among several possibilities, supported indirectly by the curing behavior and mechanical
property trends, rather than by direct structural evidence. For related details and discussion,
we refer to the works of Low et al. (2021) [30], Blanchard et al. (2020) [31], and Suchat et al.
(2024, 2025) [13,32].

3.1.5. Nitrosamine Testing

The results of nitrosamine testing in the NRL formulation for balloons (Table 5), using
GC-TEA according to EN 12868:2017, confirm that the synergistic activities of the novel
combinations 0.03 phr ZDEC; 0.36 phr TBzTD/0.36 phr ZBEC and TBzTD, ZBEC, ZDEC,
TBzTD/ZBEC, could be effective accelerator systems to replace the unsafe ZDEC neat for
the sulfur vulcanization of NRL balloons.

Table 5. Test of migratable nitrosamines in NRL formulations for balloons.

1-ZDEC 2-ZBEC 3-TBzTD 4-ZBEC + TBzTD 5-ZBEC + TBzTD + ZDEC
Test Parameter Nitrosamines I\;il:::::;l: Nitrosamines I\SI:bstances l\;il:rbo:t::zl:l: Nitrosamines I\;il::;i::::l: Nitrosamines I\;il:;(;i:;acl;l:
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
1. NDMA 0.130 0.861 nd nd 0.028 0.495 0.030 0.480 0.034 0.565
2. NDEA 0.100 0.405 nd nd nd 0.372 nd 0.250 0.006 0.329
3. NDPA nd nd nd nd nd nd nd nd nd nd
4. NDiBA nd nd nd nd nd nd nd nd nd nd
5. NDBA nd nd 0.045 0.300 nd 0.040 0.010 0.220 0.004 0.060
6. NPIP nd nd nd nd nd nd nd nd nd nd
7. NPYR nd nd nd nd nd nd nd nd nd nd
8. NMOR nd nd nd nd nd nd nd nd nd nd
9. NEPhA nd nd nd nd nd nd nd nd nd nd
10. NMPhA nd nd nd nd nd nd nd nd nd nd
11. NDiNA nd nd nd nd nd nd nd nd nd nd
12. NDBzA nd nd nd nd 0.015 0.076 0.004 0.035 0.004 0.040
0.230 1.266 0.045 0.300 0.043 0.983 0.044 0.985 0.048 0.994

Total

Fail Fail pass * pass ** pass * pass ** pass * pass ** pass *

pass **

Note: nd, not detected or lower than the reporting limit (* migratable nitrosamines, 0.05 mg/kg, and ** migrat-
able nitrosatable substances 1.0 mg/kg). Requirements according to results of nitrosamine testing in the NRL
formulation for balloons, using GC-TEA according to EN 12868:2017.

Table 5 indicates that migratable levels of nitrosamines were found: in particular, the
detected levels of N-nitrosodimethylamine (NDMA) and N-nitrosodiethylamine (NDEA)
were 0.13 and 0.10 mg/kg, respectively, in the NRL formulation for balloons using zinc
diethyldithiocarbamate (ZDEC). The nitrosamine is a compound formed from the precursor
diethylamine, which results from the decomposition of the accelerator ZDEC during the
vulcanization. ZDEC is classified as a highly effective “super-accelerator” for NR latex but
is also considered “unsafe” and is one of the “primary problematic accelerators” because it
can form carcinogenic nitrosamines. The sources include diagrams showing the reaction
mechanism in Figure 6. NDEA substance is classified by the International Agency for
Research on Cancer (IARC) as a Group 2A carcinogen (“probably carcinogenic to humans”)
and is considered a very potent carcinogen [26].
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Figure 6. Diagram illustrating the reaction mechanisms that lead to the formation of nitrosodiethy-
lamine in NRL formulation for balloons with ZDEC accelerator.

Figure 6 illustrates the mechanisms of NDEA formation from ZDEC that involve
three steps: (1) decomposition of ZDEC during vulcanization, releasing diethylamine, a
secondary amine; (2) nitrosation reaction where diethylamine reacts with nitrosating agents
such as nitrites or nitrogen oxides, which may be present during the manufacturing process
or in the environment; and (3) formation of NDEA, a nitrosamine classified as a carcinogen.
The inductive and resonance effects of the amine group, along with steric factors, influence
the formation of zinc-accelerator complexes.

The meaning of the red side-reaction arrow is to indicate that the chemical reaction
leading to the release of N-nitrosodiethylamine (NDEA) does not occur in the developed
formulation. The nitrosation pathway is suppressed by the novel accelerator system. The
absence of NDEA formation has been verified through expert chemical review and con-
firmed by analytical testing, which showed non-detectable (nd) levels below the reporting
limit. Regarding the mechanism, a conventional accelerator complex such as ZDEC can
release NDEA because it decomposes during the heating for vulcanization, producing
secondary amines (specifically diethylamine). These secondary amines then combine with
nitrosating agents (such as nitrogen oxides (NOx) from the atmosphere or sodium nitrite
(NaNO;) used in processing) to form the carcinogenic N-Nitrosodiethylamine (NDEA).

https:/ /doi.org/10.3390/ polym18040438
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The diagram aims to demonstrate that while conventional rubber compounds are prone
to nitrosamine formation, the developed “nitrosamine-safe” formulation (using tetraben-
zylthiuram disulfide (TBzTD) and zinc n-butylbenzothiazole-2-sulfenamide (ZBEC) as a
big group) employs chemical structures that do not form secondary amines. This substitu-
tion effectively prevents the generation of regulated nitrosamines while maintaining the
required mechanical properties for balloon production. While having chemical plausibility
and consistency with established mechanistic understanding, the proposed reaction path-
ways remain indirectly supported by the works of Low et al. (2021) [30], Blanchard et al.
(2020) [31] and Suchat et al. (2025) [32].

For safety reasons, we recommend choosing safer alternative accelerators, such as
ZBEC and TBzTD, to replace ZDEC in the production of NRL products, especially those that
come into contact with humans, such as balloons. The focus on the alternative accelerator
compounds fulfilling the requirement of releasing no carcinogenic nitrosamines ensures
that these alternative systems meet both the safety criterion of non-detectable carcinogenic
nitrosamines and the required performance for balloon production, thereby strengthening
the central message and focus of this study:.

The use of multiple accelerants, whether two or three, compared to a single accelerant
like TBzTD, still maintains the nitrosamines values below the latex balloon standard limits,
as shown in Table 5 and Figures 7 and 8. The tables and figures corroborate that the novel
formulations are safe for balloons made from natural rubber latex (NRL) [32,33].
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Figure 7. Diagram of the reaction mechanisms in the nitrosamine-free NRL formulation with TBzTD.

Tetrabenzyl thiuram disulfide (TBzTD), with the chemical formula C30H2854N2 and
a molecular weight of 542.78, undergoes a reaction, shown in Figure 7. The induction of
the amine group, along with steric factors, influences the formation of zinc-accelerator
complexes. Nonetheless, as shown in Table 5, N-nitrosodibenzylamine (NDBzA) is slightly
produced, but this is safe and not a carcinogenic nitrosamine.
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Figure 8. The reaction mechanisms in the nitrosamine-free NRL formulation for balloons with ZBEC.

Based on the data in Table 5 and Figure 8, when Zinc dibutyldithiocarbamate (ZBEC)
is used in an NRL formulation for balloons, NDMA and NDEA are not detected (reporting
limit 0.01 mg/kg). The inductive effect of the amine group, along with the steric factors,
plays a significant role in influencing the formation of zinc complexes and accelerators
during vulcanization. These factors affect how compounds interact and bond, thereby
impacting the vulcanization. Comparative testing of NRL compounds showed clearly that
the ZBEC accelerator contributed to sulfur vulcanization, and if a nitrosation reaction occurs,
the resulting nitrosamine will be NDBA (nitrosodibutylamine) at a low concentration,
which is safe and not a carcinogenic nitrosamine (Table 5).

It is also noteworthy that even though ZBEC could theoretically form NDBA, the test
results shown in Table 4 have some NDBA, which is safe and not carcinogenic [19]. Using
a ZBEC accelerator is an effective method for avoiding the formation of NDMA and NDEA
in products, which is a key reason for its selection in formulations requiring safety by not
carrying carcinogenic nitrosamines.

According to Table 5, the investigation of a novel synergistic accelerator system
comprising a little bit of ZDEC (0.03 phr) with the combination of TBzTD (0.36 phr), and
ZBEC (0.36 phr), suggests that this combination could be an effective and safer alternative
to the unregulated ZDEC for the sulfur vulcanization of NRL balloons.

The formula of TBzTD/ZBEC and ZDEC in the NRL compound for balloons, in-
corporating the accelerators that complied with established nitrosamine and nitrosatable
substances safety standards, appears to be suitable as a safer alternative to conventional ac-
celerators. The bulky phenyl substituents exert steric hindrances that decrease the alkalinity
of the amine. This reduction in alkalinity enhances the stability of the zinc-accelerator com-
plex, which in turn suppresses the release of the reactive intermediates that are responsible
for nitrosamine generation, thereby effectively reducing nitrosamine formation.

While TBZTD or ZBEC was specifically developed as a safer alternative to traditional,
problematic accelerators like ZDEC, it cannot be considered completely safe. Here, the

https:/ /doi.org/10.3390/ polym18040438
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balloon formulation was designed to have an effective accelerator system to replace the use
of unsafe ZDEC neat.

Using a combination of TBzTD and ZBEC accelerators, supplemented with a very
small amount (0.03 phr) of ZDEC, is a highly effective strategy for natural rubber latex
balloon formulations. This approach achieves two critical goals.

(1) Enhanced product properties. Through a synergistic effect, it produces balloons with
significantly higher tensile strength and thermal stability compared to other accelerator systems.

(2) High safety level. By relying on primarily safe accelerators and minimizing the
precursor for harmful nitrosamines, it yields a final product with lower levels than the
standard limits, thereby meeting the strict safety standards for rubber products that may
be used by children.

The reaction mechanisms in nitrosamine-free NRL formulation for balloons with
a synergistic accelerator combination of TBzTD and ZBEC are shown in Figure 9. The
nitrosamine testing for the NRL balloon compounds that used the three alternative ac-
celerator combinations, TBzZTD/ZBEC/ZDEC, was done using GC-TEA according to EN
12868:2017 [15] and BgVV (2002) [26]. It confirmed that the total migration values of the
nitrosamine and the nitrosatable substances were below the standard balloon limits (0.05
mg/kg for nitrosamines and 1.0 mg/kg for nitrosatable substances). Based on discussions
with balloon manufacturers, exporters, and experts in this field, the proposed approach is
considered acceptable, ensuring no exposure to carcinogenic nitrosamines for humans.

N—C—S—S—C—N + H,S

O Y

N—C—s—Zn—s—C—N + H0

/
OO

Zn Complex

2
Zn Complex

Figure 9. Reaction mechanisms in NRL formulation for balloons, based on a nitrosamine-free
TBzTD/ZBEC combination.
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4. Conclusions

This study developed a sulfur-vulcanized NRL compound formulation for balloon
products, exceeding the required mechanical properties while controlling the carcinogenic
nitrosamine content for compliance with the stringent safety standards. In experiments,
the types and amounts of accelerators were manipulated, while controlling for the 103%
swelling index and 62% total solid content targets. It was found that the synergistic acceler-
ator system of TBzTD (0.36 phr) and ZBEC (0.36 phr), with a little bit of ZDEC (0.03 phr)
gave significantly improved mechanical performance without detectable carcinogenic ni-
trosamines, outperforming formulations using a combination of TBzZTD and ZBEC or each
accelerator alone. Mechanical testing revealed the highest tensile strength (22.1 &= 1.8 MPa),
elongation (1153 + 78%), and 300% modulus (1.30 &= 0.07 MPa), complying with balloon
product standards. The thermal stability was confirmed by its good mechanical properties
after accelerated aging, and by thermogravimetric analysis, which showed a maximum
decomposition temperature of 384.15 °C. Overall, the synergistic use accelerators enhanced
the vulcanization efficiency, thermal stability, and mechanical properties, highlighting the
critical role of accelerator synergy in optimizing natural rubber balloon performance, with
safety standards concerning carcinogenic nitrosamine content.
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Abstract

This study explores a disulfide-selective cross-linking strategy for natural rubber (NR)
to formulate elastomeric materials with engineering-relevant mechanical properties. A
disulfide-containing bismaleimide (BIS) cross-linker was synthesized from cystamine and
maleic anhydride and compounded with NR. Three formulations were prepared: control
(no inhibitor), CuCly-based, and copper(ll) methacrylate (CuMA) based compounds, with
BIS concentrations ranging from 3.55 to 8.88 phr. Rheological and mechanical testing
revealed that CuCl, formulations suffered from molecular degradation, poor thermal sta-
bility, and mechanical brittleness due to oxidative reactions in the absence of antioxidants.
In contrast, CuMA-based compounds exhibited intermediate molecular weights prior to
curing, stable thermal behavior, and improved mechanical properties, including enhanced
torque and tensile strength, indicating effective cross-linking and partial recyclability. The
control formulations also performed reasonably well but did not match the mechanical
strength of conventional sulfur-vulcanized NR. The results demonstrate that metal coor-
dination, particularly with CuMA, can modulate disulfide metathesis kinetics and offer
a pathway to thermally triggered network rearrangement. Overall, CuMA emerges as a
promising candidate for developing high-performance, recyclable rubber materials, while
CuCl; requires further stabilization strategies. This work establishes a baseline for future
recyclability studies and advances the design of dynamic covalent networks in elastomers.

Keywords: bismaleimide; natural rubber; cross-linking; disulfide

1. Introduction

Conventional sulfur vulcanization (CV) yields robust three-dimensional polysulfide
cross-linked networks that provide the mechanical performance required by engineering
elastomers but render the resulting materials essentially unrecyclable [1]. Efforts to recover
value from vulcanized rubber have therefore focused on devulcanization and other recy-
cling routes, yet selective and efficient reclaiming of cross-linked networks remains an as
yet unfulfilled challenge for the rubber industry [2,3]. One promising route to reconcile
durable performance with recyclability is the introduction of dynamic covalent linkages
into the cross-link network. Disulfide bonds (S-S) are known to behave as dynamic co-
valent bonds, which have been reported to undergo a free radical disulfide metathesis
reaction following a radical-mediated [2 + 1] mechanism, consisting of cleavage of the
disulfide bond and its subsequent reforming [4], that can occur spontaneously [5] or be

Polymers 2025, 17, 3302 https://doi.org/10.3390/ polym17243302
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thermally initiated [6]. The latter category is particularly useful for the development of
recyclable elastomers, as the exchange reaction necessary to rearrange the cross-linked
network can be triggered only under specific conditions, retaining elastomeric behav-
ior in a wide range of service conditions. The lability of S-S bonds relative to typical
carbon-carbon single or carbon—carbon double bonds underpins their utility for this pur-
pose [7]. Controlling the temperature, and therefore the timing, of disulfide metathesis is
critical: facile exchange at ambient temperature compromises dimensional and mechan-
ical stability, whereas an exchange that is triggerable only at processing temperatures
enables reprocessing without loss of in-service performance. Recent work demonstrates
that metal coordination, for example via copper(ll) methacrylate (CuMA) or CuCl,, can be
used to modulate disulfide metathesis kinetics and thus tune the rearrangement temper-
ature window in sulfur-based vulcanizates, as the activation temperature is reached, the
copper(ll)-based complex catalysis can enable cross-over reactions between disulfide and
polysulfides [8,9]. Notably, we have previously reported that optimizing a sulfur-based
cure package with CuMA promotes a reversible disulfide/polysulfide network that can be
recovered by thermal processing, thereby enabling recyclable sulfur-cured natural rubber
formulations [1]. Motivated by these developments, the present study aimed to implement
a different cross-linking architecture in an elastomer matrix by selectively introducing
disulfide-only cross-links and evaluating the mechanical performance of the resulting
pristine materials. The introduction of disulfide cross-links can only be achieved by either
adjusting the sulfur/accelerator (S/A) ratio to >1 in a sulfur-based vulcanization—hence us-
ing the CV system, favoring the formation of polysulfide cross-links over monosulfides—or
by introducing small organic molecules that contain disulfide functional groups. However,
in CV-cured compounds that are characterized by a large number of polysulfides, once
an S-S bond is cleaved and thiyl radicals are formed, they would statistically be keener
to react with the NR chains, slowly shifting the cross-linked network to a semi-efficient
system (SEV, where S/A ~ 1 and 50% of the cross-links are polysulfides) or efficient system
(EV, where S/A < 1 and 80% of the cross-links are monosulfides) [10,11]. An example of
disulfide-containing small organic molecules that can be used to cross-link natural rub-
ber is disulfide-containing bismaleimides. These have been reported in the literature as
capable of introducing self-healable and reprocessable properties in elastomers. Kitagawa
et al. synthesized Jaffamine-derived polymers using bis(2-maleimidoethyl) disulfide and
4-aminophenyl disulfide as cross-linkers, achieving self-healing efficiencies higher than
90% after reprocessing at 180 °C [12]. Sim et al. cross-linked poly(furfuryl methacrylate)
(PEMA) brushes with a disulfide-containing bismaleimide via the Diels—Alder (DA) re-
action at 70 °C, where these could be decross-linked at 110 °C via the retro-Diels—Alder
(rDA) reaction, and the S-S bond could be cleaved upon thermal or photo stimulus and
regenerated through oxidative stimulus, offering another reversible decross-linking/cross-
linking pathway for cross-linked PEMA brushes [13]. Usually, the rubber backbone is
first grafted with maleic anhydride, which is then reacted with furfurylamine, and then,
through DA, the bismaleimide molecule is introduced as a cross-linker [14]. More generally,
bismaleimides to be introduced in polymers as cross-linkers require a furan functional
group to react through the DA pathway [14-16]. However, grafting of maleic anhydride
has been reported in the literature via application of shearing action in internal mixers
and heat [17,18]. Following a similar approach, this work reports the cross-linking of NR
with disulfide-containing bismaleimide via mixing in a micro compounder, followed by
compression molding.

This work reports the pre-synthesis of a disulfide-containing bismaleimide (BIS) cross-
linker, starting from desalination of cystamine dihydrochloride with subsequent reaction
of the resulting cystamine with maleic anhydride, followed by compounding with NR,

21



Polymers 2025, 17, 3302

as shown in Figure 1. Three formulations were prepared: (i) control compounds without
inhibitors, (ii) CuCl, compounds, and (iii) CuMA compounds. Copper(Il) complexes act as
catalysts; however, rather than lowering the activation energy, they increase the activation
energy threshold to enable disulfide metathesis. Therefore, in this work, copper(Il) com-
pounds are referred to as inhibitors. In all three formulations, BIS concentration varied
from 3.55 to 8.88 phr. Rheological cure behavior and standard mechanical tests were used
to define cure parameters and to establish baseline tensile/elastic properties of the pristine
compounds. This paper, therefore, (i) describes the design and processing of a disulfide-
selective cross-linking strategy to form the intended dynamic and controlled cross-linked
network, and (ii) reports the mechanical performance of the pristine materials as a baseline
for any future recyclability studies. The results establish whether the selective introduction
of disulfide cross-links and the incorporation of metal coordination agents can produce ma-
terials with engineering-relevant mechanical properties while offering a route to thermally
trigger network rearrangement under controlled conditions. No additional accelerators or
antioxidants were included in the formulations, as the primary objective of this study is
to isolate and evaluate the specific influence of copper(ll) compounds on disulfide-based
cross-linking. Introducing accelerators or antioxidants could have introduced competing ef-
fects, such as altering cure rates or suppressing oxidative pathways, which would confound
interpretation of the copper-mediated inhibition mechanism. By excluding these additives,
we ensured that the observed changes in rheological and mechanical behavior could be
attributed solely to the presence and coordination chemistry of the copper(Il) species.

HN s—s NH EE— HaN S=S = NH
2! 2
\__/ (@)
2HCI
Og\h\o (b)

& :
N N

(o)
Figure 1. Schematic representation of rubber preparation. Conditions: (a) cystamine dihydrochloride,
deionized water, NaOH, 12 h, room temperature; (b) 1. maleic anhydride, cystamine, toluene, 1 h,
30 °C, 2. hexamethyldisilazane, ZnBr;, 12 h, 85 °C; (c) 1,1’-(disulfanediylbis(ethane-2,1-diyl))bis(1H-

pyrrole-2,5-dione), NR, mixing in the micro compounder, followed by curing with hot press for the
time required to reach 90% of maximum torque, tg, at 180 °C.

2. Materials and Methods
2.1. Materials

Natural rubber (NR, SMR CV60 grade) was purchased from the Tun Abdul Razak
Research Centre (Hertford, UK). Maleic anhydride (Man, purity > 98%, technical grade)
was purchased from VWR International (Leicestershire, UK). Copper(Il) chloride (CuCly;
purity > 98%), hydrochloric acid (HCL; 37%, ACS reagent), hexamethyldisilazane (purity
99%), Chloroform-d (CDCl3; 99.8 atom % D), methanol (purity > 99.8%, ACS reagent),
and dichloromethane (purity > 99.9%, ACS reagent) were purchased from Sigma-Aldrich
Co Ltd. (Dorset, UK). Cystamine dihydrochloride (Cys; purity 97%), sodium hydroxide
(purity 98%), copper(Il) methacrylate (CuMA, technical grade), zinc bromide (purity 98%,
anhydrous), sodium hydrogen carbonate (purity 99%), and anhydrous sodium sulfate
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(purity 99%) were purchased from Fisher Scientific (Loughborough, UK). Toluene (purity
> 99.9%, HPLC grade) and tetrahydrofuran (THF; purity > 99.9%, inhibitor free, HPLC
grade) were purchased from Honeywell International Inc. (Bracknell, UK).

In the present work, different rubber formulations with and without Cu(Il) inhibitors
were tested in different conditions, before and after curing and recycling. The terminology
adopted to refer to the formulations and blends in specific conditions is as follows:

e  NR/BIS-X: formulations without inhibitors, acting as control formulations, with X
referring to phr of Bismaleimide introduced; generally called Control formulations;

e NR/BIS-X/CuMA: formulations with CuMA as inhibitor, with X referring to phr of
Bismaleimide introduced; CuMA is equimolar to Bismaleimide;

e NR/BIS-X/CuCl,: formulations with CuCl, as inhibitor, with X referring to phr of
Bismaleimide introduced; CuCl; is equimolar to Bismaleimide;

e  Compound: something that has been mixed, but not cured;

e  Cured compound: new cured compound;

e Recycled compound: recycled cured compound.

2.2. Preparation of Cystamine

Sodium hydroxide (10.65 g, 266.430 mmol) was dissolved in 25 mL of deionized
water and was added dropwise to an aqueous solution of cystamine dihydrochloride (30 g,
133.215 mmol, in 25 mL of deionized water), in an ice bath. The resulting solution was
stirred for 1 h at room temperature. The obtained solution was transferred into a separatory
funnel, and dichloromethane was added (20 mL x 4). The organic phase was dried over
anhydrous sodium sulfate and filtered before drying under vacuum in a rotatory evaporator
to obtain cystamine as a pale-yellow oily liquid (yield 29.9%). The resulting product was
characterized by 'H and '*C NMR spectroscopy with Bruker Advance IIT 400 MHz. 'H
NMR (CDCl3, 400 MHz): chemical shift § = 1.21, 2.61, 2.85 ppm. 13C DEPTQ135 NMR
(CDCl3, 100 MHz): chemical shift & = 40.56, 42.51 ppm.

2.3. Synthesis of Bismaleimide Cross-Linker

A suspension of maleic anhydride (0.6641 g, 6.77 mmol) and cystamine (0.6846 g,
3.39 mmol) was prepared in 80 mL of toluene and stirred at 30 °C for 1 h. Subsequently, zinc
bromide (1.524 g, 6.77 mmol) and hexamethyldisilazane (1.093 g, 6.77 mmol), dissolved in
15 mL of toluene, were added to the reaction mixture. The resulting suspension was heated
to 85 °C and refluxed for 2 h. Reaction progress was monitored by thin-layer chromatogra-
phy (TLC) using silica gel F254 plates on aluminum sheets and a dichloromethane:methanol
(9:1) eluent system (product retention factor = 0.0678), and the reaction was considered
complete once the reactant stains disappeared. Upon completion, the mixture was cooled
to room temperature and quenched with 50 mL of 1 M hydrochloric acid. The organic layer
was separated, and the aqueous layer was extracted twice with 50 mL portions of ethyl
acetate. The combined organic extracts were washed with a saturated aqueous solution of
sodium hydrogen carbonate and brine, then dried over anhydrous sodium sulfate. The so-
lution was filtered and concentrated under reduced pressure using a rotary evaporator. The
crude product was purified by crystallization, and the concentrated solution was placed in
a refrigerator overnight. The resulting crystals were collected by filtration, washed with
cold methanol, and dried under reduced pressure for 2 h. The resulting Bismaleimide (BIS)
product, 1,1'-(disulfanediylbis(ethane-2,1-diyl))bis(1H-pyrrole-2,5-dione) (yield 48%), was
characterized by 'H and '3C NMR spectroscopy. 'H NMR (CDCl3, 400 MHz): & = 2.95, 3.88,
6.74 ppm. 1*C DEPTQ135 NMR (CDCl3, 100 MHz): § = 35.92, 36.81, 134.05 ppm.
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2.4. Compound Preparation and Curing

NR/BIS, NR/BIS/CuMA, and NR/BIS/CuCl, formulations are reported in Table 1.
Compounds were prepared in an Xplore MC15 HT Micro Compounder. Mixing was
performed at 100 °C, 100 rpm speed, and a maximum torque of 35 Nm. NR, the previously
synthesized BIS cross-linker, and the copper inhibitor were added together and mixed
for 3 min. The compounds were then molded in a manual hot press at 180 °C, applying
a constant pressure of about 12 MPa, for a curing time equal to tgg determined using
Monsanto Moving Die Rheometer (MDR) 2000 with the lower die moving at 1.66 Hz, which
was different for each formulation, as reported in Table 1.

Table 1. NR/BIS, NR/BIS/CuMA, and NR/BIS/CuCl, formulations and curing time.

Formulation NR/phr BIS/phr CuMA/phr  CuCl,/phr tgo/min
NR/BIS-3.55 100 3.55 42
NR/BIS-3.55/CuMA 100 3.55 2.38 42
NR/BIS-3.55/CuCl, 100 3.55 1.37 49
NR/BIS-5.33 100 5.33 43
NR/BIS-5.33/CuMA 100 5.33 3.58 44
NR/BIS-5.33/CuCl, 100 5.33 2.06 45
NR/BIS-7.10 100 7.10 46
NR/BIS-7.10/CuMA 100 7.10 477 45
NR/BIS-7.10/CuCl, 100 7.10 2.74 43
NR/BIS-8.88 100 8.88 46
NR/BIS-8.88/ CuMA 100 8.88 5.96 45
NR/BIS-8.88/CuCl, 100 8.88 3.43 44

2.5. Gel Permeation Chromatography

The number average molecular weight (My,), the weight average molecular weight
(M), and the dispersity (D) of NR and each compound prior to vulcanization were deter-
mined by performing Gel Permeation Chromatography (GPC) using Agilent Technologies
1260 Infinity GPC/SEC system equipped with a refractive index (RI) detector. Calibration
was carried out using polystyrene standards (M range from 162 g/mol to 6,570,000 g/mol)
from Agilent Technologies, Inc. (Santa Clara, CA, USA). Samples were prepared at least
48 h prior to the analysis by dissolving approximately 10 mg of sample in 5 mL of THE. The
solutions were then filtered through a 0.2 um PTFE syringe filter and transferred into GPC
vials. Each run was performed by injecting 100 puL into the columns, kept at a constant
temperature of 25 °C.

2.6. Dynamic Differential Scanning Calorimetry (DSC)

Dynamic DSC was conducted to determine the glass transition temperature, Tg, of all
uncured compounds and cured compounds. Both analyses were carried out using a TA
Instruments DSC25. All samples were placed in Tzero Aluminium Hermetic pans, and
the normalized heat flow was measured. The thermal behavior of the uncured samples
was investigated by conducting heat—cool-heat experiments. This is shown as follows:
(1) first heating ramp from 20 °C to 200 °C at a rate of 5 °C/min; (2) second cool ramp from
200 °C to 20 °C at a rate of 5 °C/min; (3) third heat ramp from 20 °C to 200 °C at a rate of
5 °C/min. For the cured samples the heat—cool-heat experiments were carried as follows:
(1) first heating ramp from —90 °C to 250 °C at a rate of 5 °C/min; (2) second cool ramp
from 250 °C to —90 °C at a rate of 5 °C/min; (3) third heat ramp from —90 °C to 250 °C ata
rate of 5 °C/min. The Ty of the cured samples was calculated by evaluating the minimum
point of the first derivative of the normalized heat flow plot.
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2.7. Mechanical Characterization

Tensile testing until failure was carried out on cured compounds. Dumbbell shape
samples were cut out using an ISO-37-4 [19] die cutter 24 h after curing was completed.
Testing was carried out using an Instron 5967 machine equipped with a 1 kN load cell and
pneumatic side action grips, using a rate of 1 mm/s, which corresponds to an approximate
strain rate of 0.1/s. The width and the thickness were measured prior to the start of the
test, while the initial length, Ly, was measured after gripping the sample, ensuring the
width of the sample remained constant in the gauge length. Uniaxial stress and strain were
calculated using the following Equations (1) and (2):

F

0= Ao 1
AL
€= To )

where o is the engineering stress, F is the measured force, Ay is the initial unstrained
cross-sectional area, ¢ is the strain, and AL is the measured elongation.

2.8. Density

Density measurements were carried out using a Micromeritics AccuPyc II 1345 gas-
displacement pycnometer (Micromeritics Instrument Corporation, Norcross, GA, USA)
using the following settings: 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 min~!, and chamber

size 1 cm?.

3. Results and Discussion

During the mixing stage, rubber compounds may undergo molecular degradation
due to mechanical and thermal stresses. Specifically, excessive mastication in the mi-
cro compounder can reduce M, and My, while elevated temperatures may promote
premature chemical interactions among formulation components. Disulfide metathesis
reactions are particularly favored under these conditions, potentially leading to exchange
reactions prior to curing. Figure 2a,b presents the M, and M,, values respectively fol-
lowing a 3 min mixing period. The control formulation exhibits M,, and My values
comparable to raw NR, with NR/BIS-8.88 showing lower My, (500,000 g/mol) than NR
(700,000 g/mol), while M, remains in the range of 180,000-240,000 g/mol. In contrast,
the CuCl, formulation displays significantly reduced My, and M, (10,000-20,000 g/mol
and 100,000-150,000 g/mol, respectively), indicating poor compatibility with NR and sug-
gesting substantial chain scission during processing. CuMA samples show intermediate
M, and M,, values (100,000-110,000 g/mol and 300,000-310,000 g/mol), which remain
suitable for further processing. Additionally reported in Figure 2c, D values for NR,
Control, and CuMA formulations range between 3 and 5, indicating relatively uniform
chain lengths.

However, CuCl, formulations exhibit much broader P values between 11 and 23, fur-
ther supporting the hypothesis of polymer degradation and incompatibility in the absence
of antioxidants. Overall, the molecular weights of CuMA and CuCl, compounds are lower
than those of NR and Control compounds, primarily due to the mixing conditions of 100 °C
at 100 rpm, and an additional 3 min mixing step required for incorporating the copper(Il)
inhibitors, which was not performed for the control formulation. DSC analysis was per-
formed to determine the thermal behavior and curing characteristics of the uncured and
cured rubber formulations. Dynamic DSC thermograms of uncured Control samples are
reported in Figure 3a. Two distinct peaks are revealed: peak A between 115 °C and 120 °C,
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corresponding to the recrystallization of bismaleimide, and peak B (140-150 °C), associated
with the reaction between NR and the cross-linker. As the cross-linker concentration in-
creased from 3.55 to 8.88 phr, peak B shifted to higher temperatures, indicating delayed
reaction onset. A curing temperature range of 170-190 °C was selected to accommodate
all concentrations. DSC thermograms of CuMA samples reported in Figure 3b exhibited
similar dual-peak behavior, with peak A representing bismaleimide crystallization, and
peak B indicating NR-cross-linker interaction. The optimal curing temperature was again
determined to be 170-190 °C. In contrast, CuCl, samples reported in Figure 3¢ showed
irregular thermograms with no distinct peaks, suggesting degradation and incompatibility
with NR. The absence of antioxidants likely led to oxidative degradation, producing hy-
drochloric acid and chlorine gas through complex redox reactions. Cured samples were
also analyzed via DSC. Control formulations reported in Figure 4a displayed a single peak
in the first heating cycle, possibly due to residual cross-linker reactions or bismaleimide
copolymerization, as in the second heating cycle, no peak appears in the same region.
CuMA samples in Figure 4b showed minor peaks, indicating further cross-linker activity.
CuCl, samples in Figure 4c lacked distinct thermal transitions, reinforcing the conclusion
of degradation. Glass transition temperatures, Ty, for all formulations were consistent
with unfilled NR (~—65 °C), as reported in Figure 4d. Rheological measurements were
employed to assess and confirm the curing behavior and network formation of the rubber
compounds at 180 °C. As reported in Figure 5, NR, lacking curatives, exhibited a baseline
torque of 1.5 dNm due to physical entanglements rather than chemical cross-links. As
shown in Figure 5a, increasing the concentration of cross-linkers in the Control samples led
to higher torque values from 3 to 6 dNm. NR/BIS-7.10 demonstrated optimal performance,
with torque values nearly matching those of NR/BIS-8.88, suggesting efficient cross-link
formation. CuMA formulations reported in Figure 5b exhibited a consistent increase in
torque with cross-linker concentration going from 4 to 6.5 dNm. NR/BIS-8.88/CuMA
showed the highest torque values, indicating robust and stable cross-link networks. CuCl,
formulations reported in Figure 5¢ also showed increasing torque with higher cross-linker
concentrations, going from 2 to 6 dNm. However, inconsistencies were observed, such
as lower torque in NR/BIS-5.33/CuCl, compared with NR/BIS-3.55/CuCl,, suggesting
degradation. These results suggest that CuMA formulations are promising candidates for
achieving high mechanical performance, while CuCl, formulations suffer from degradation
and poor network stability. All formulations exhibit short or negligible scorch times, which
could potentially hinder mold flow. However, full mold filling was achieved because
the compounds were processed under controlled conditions that maintained sufficient
mobility before significant network formation occurred. The marching cure behavior of
these systems ensures that cross-linking progresses gradually rather than instantaneously;
initial viscosity remains low enough for the material to flow and completely fill the mold
before torque rises substantially. This dynamic curing characteristic is typical of disulfide-
based systems, where bond exchange occurs progressively rather than locking the network
immediately. Density measurements, presented in Figure 5d, were conducted to assess the
structural integrity and packing efficiency within the rubber matrix. Among the formula-
tions, CuCl, samples exhibited the highest density values between 0.98 and 1.00 g/mol,
which suggests significant degradation. In contrast, CuMA formulations reported the
lowest density values between 0.87 and 0.92 g/mol. This reduction may be attributed to
the bulkier nature of the CuMA inhibitor, which could hinder tight packing and reduce
the overall material density. Control samples reported higher density values compared
with unfilled NR (0.91 + 9.1 x 10~* g/mL), suggesting minimal structural disruption and
effective cross-linking. Tensile testing was conducted on the cured rubber compounds to
evaluate their mechanical performance, as shown in Figure 6. Due to extensive degradation
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during hot pressing, the CuCl, samples produced were too brittle to grip for tensile testing,

highlighting their poor thermal and chemical stability in the absence of antioxidants. In

contrast, the Control formulations reported in Figure 6a demonstrated a clear trend of

increasing tensile strength with higher cross-linker concentrations. The maximum tensile

stress recorded for Control NR/BIS-8.88 was 7.5 MPa, with a corresponding tensile strain

of 11.5. Similarly, CuMA samples in Figure 6b exhibited comparable mechanical behavior,
reaching a maximum tensile stress for NR/BIS-8.88/CuMA of 8.4 MPa and tensile strain
of 11.1. The tensile strength is directly correlated with the density of cross-links formed

during curing. Both Control and CuMA samples showed promising results, although they

remain significantly below the tensile strength of conventionally sulfur-vulcanized unfilled

NR, which typically reaches ~16 MPa [1]. This reduction in strength suggests that while

bismaleimide-based cross-linking is effective, further optimization is required to match

commercial compounds. To explore the recyclability of the materials, recycled samples

were evaluated using rheology as a preliminary indicator of network retention, as torque

values can provide insight into the extent of cross-link rearrangement and degradation

upon reprocessing. As reported in Figure 7a, the recycled torque values of the Control

samples ranged from 2 to 6 dNm. All samples showed reduced torque values compared

with the respective pristine samples, suggesting partial retention of the cross-linked net-

work and potential for limited recyclability. CuMA samples reported in Figure 7b showed

better performance upon reprocessing, with torque values ranging from 2.5 to 4.5 dNm.
NR/BIS-8.88/CuMA formulation retained the highest torque of 4.6 dNm, suggesting that
the disulfide-based cross-links formed in this system are more resistant to breakdown and

may allow for limited reprocessability. CuCl, samples reported in Figure 7c exhibited

similar behavior, with reprocessed torque values ranging from 1 to 5.5 dNm.
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4. Conclusions

The study demonstrates that rubber formulations are highly sensitive to processing
conditions and component compatibility. CuCl,-based compounds exhibit significant main
chain scission and degradation, poor thermal stability, and mechanical brittleness, largely
due to oxidative reactions in the absence of antioxidants. In contrast, CuMA outperformed
CuCly, likely because the methacrylate ligand provides a more stable coordination en-
vironment for copper(Il) ions, thereby reducing their propensity to induce uncontrolled
oxidation. As a result, CuMA formulations maintain intermediate molecular weights,
stable thermal behavior, and promising mechanical properties, including enhanced torque
and tensile strength, suggesting effective cross-linking and partial recyclability. Control
formulations also perform well, though both CuMA and Control systems fall short of the
mechanical strength observed in conventional sulfur-vulcanized NR. While recyclability
testing was planned as a subsequent phase of the project, experimental progress ceased
before those assessments could be completed. As such, recyclability data are not reported
here. However, the observed molecular characteristics and mechanical resilience of CuMA
formulations strongly support further investigation into their recyclability. Future studies
could explore thermal reprocessing, chemical depolymerization, or mechanical recovery
strategies to validate and optimize the recyclability of these materials. Overall, CuMA
emerges as a viable alternative for high-performance, recyclable rubber materials, while
CuCl, is unsuitable without further stabilization strategies.
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Abstract

This study examines the swelling behaviour of nitrile-butadiene rubber (NBR) when in-
teracting with tyre pyrolysis oils (TPO), with a focus on the chemical composition of TPO
and their interaction with rubber matrices. Initially, a comparative analysis with conven-
tional diesel fuel (DF) was performed using advanced analytical techniques, including
two-dimensional gas chromatography coupled to mass spectrometry (2D-GC/MS), infrared
(IR) spectroscopy, and nuclear magnetic resonance (\H-NMR) spectroscopy. The analysis
revealed that TPO contains a significantly higher proportion of aromatic hydrocarbons
than DF, along with unsaturated and oxygen-containing compounds not present in DF.
Based on these compositional differences, blends of TPO and DF were formulated and
evaluated for their suitability as liquid energy carriers according to the specifications of DF.
In principle, blends with an addition of up to 5 vol% TPO in DF are technically suitable
for use as fuel. Subsequently, the sorption behaviour of TPO, DF, and their blends in NBR
was investigated. The swelling potential was determined based on mass, density, and
volume, and the changes in the hardness and tensile strength of NBR were recorded. The
results demonstrate that TPO induces pronounced swelling in NBR, as evidenced by a
marked increase in mass uptake and volume expansion. A linear increase was observed
between the degree of swelling and the increasing TPO content in the blends. Mechani-
cal property assessments revealed a corresponding decrease in the hardness and tensile
strength of NBR upon exposure to TPO, with the most severe effects associated with neat
TPO. This work provides a comprehensive assessment of TPO as a potential blend com-
ponent for DE. It highlights the need for careful consideration of material compatibility in
practical applications.

Keywords: nitrile-butadiene rubber; tyre pyrolysis oil; chemical analysis; swelling be-
haviour; mechanical testing

1. Introduction

Around 3.4 million tons of tyre waste are generated across Europe every year. Pro-
cesses for recycling tyres include combustion, which is predominantly used in the cement
industry and material reuse, for which the plastic components have to be separated. Due
to the complex composition of tyres, the challenge is to achieve complete separation of the
components. The composition of tyres varies depending on their application. According to
manufacturers, tyres typically consist of 41% rubbers, 30% fillers, 15% steel and textiles,
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6% plasticizers, 6% vulcanization reagents, and 2% antioxidants [1]. The pyrolysis process
is making the complete recycling of used tyres increasingly important. Textiles and steel
can be separated from the rubber and recycled to produce new tyres. During pyrolysis,
polymer chains in the tyre granulate are depolymerized under inert conditions to produce
gas, oil, and coke residues [2—4]. The quantity of pyrolysis products depends on the type
of tyres used and the process parameters [5-7]. T. Williams has evaluated various reactor
types that were tested to preferably gain tyre pyrolysis oil (TPO) [8]. Pyrolysis gas is mostly
used as an energy source and the solid residue can be reprocessed as recycled carbon black
in tyres [3,9].

The individual pyrolysis mechanisms have been described by several authors for
the elastomer types of natural rubber (NR), styrene-butadiene rubber (SBR) and butadi-
ene rubber (BR) [10-15]. Due to the complexity of the tyre composition, further studies
were carried out for corresponding elastomer mixtures [16-20]. In general, the polymer
chains undergo depolymerization, disproportionation reactions or 3-cleavages and are
pyrolyzed into smaller molecules such as monomers, dimers, and oligomers. For example,
NR predominantly forms isoprene and dipentene and BR produces butadiene, vinyl cy-
clohexene, and dipentene [10,15,21]. Diels—Alder reactions, addition reactions, cyclisation,
aromatisation, and intramolecular hydrogen transfer convert the primary products into
benzene, indene, and naphthalene with alkyl and alkenyl substituents [11,15,19]. SBR
pyrolyzes mainly to styrene and methyl styrene and reacts via Diels—-Alder reaction to
alkylbenzenes or diaromatics like biphenyl, and with the BR and NR products to alkyl
naphthalenes [12-14,16]. The oil component can be used as a fuel [22,23]. TPO is regarded
as a possible blend for diesel fuel (DF) due to its similar composition [24]. Pyrolysis thus
contributes to more sustainable tyre recycling and the conservation of fossil resources.

When TPO is used as a liquid energy carrier in civil or military transport vehicles, it
is necessary to ensure operational availability and that TPO is compatible with the sys-
tem. Compatibility with the elastomers must hence be analyzed. The resistance of sealing
materials depends on the chemical composition of the liquid medium [25,26]. It is, there-
fore, crucial to determine the chemical composition of TPO when estimating its diffusion
behaviour. This can be observed through swelling, extraction of additives, and changes
in the mechanical properties of the elastomer [27-29]. Nitrile-butadiene rubber (NBR) is
an elastomer widely utilized in the automotive and aerospace industries for applications
such as seals, hoses, and tank linings. Its utilization is primarily attributed to its excellent
resistance to non-polar liquids, including fuels, as well as its favourable mechanical and
ageing properties [30]. With an increasing acrylonitrile content in the polymer, the polarity
of the NBR increases, leading to better resistance to non-polar liquids [31,32].

This study aims to investigate the potential use of TPO as a replacement or blend for
DF and to understand TPO'’s diffusion behaviour in the established sealing material NBR.
On the one hand, the focus is on comparing the chemical composition of DF and TPO and
determining the characteristic properties of TPO-DF blends according to DIN EN590 [33].
On the other hand, the work presents compatibility tests of the liquids with NBR with
different acrylonitrile content to estimate its swelling potential and resulting influence on
mechanical properties. In addition, the temperature dependence of the diffusion process
of neat TPO and DF is investigated. The results contribute to an understanding of the
sorption behaviour of TPO in contact with NBR and promote its potential use as a liquid
energy source.

2. Materials

Polymer Service Merseburg (Merseburg, Germany) produced sulphur cross-linked
nitrile-butadiene rubber (NBR) samples with an acrylonitrile content of 18 wt%, 28 wt%,
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and 39 wt% in the NB-copolymer. In this study, these are abbreviated as NBR18, NBR2S,
and NBR39. The exact formulations are shown in Table 1. The NBR samples contained
additives, including DPHP and 6-PPD, which served as plasticizers and antioxidants.
The cross-linking of the elastomer required zinc oxide, stearic acid, and sulphur, while
N-Cyclohexyl-2-benzothiazolylsulfenamide (CBS) and Tetramethyl thiuram monosulfide
(TMTM-80) acted as accelerators for the vulcanisation process. S2 Tension rods were
punched out of the NBR sheets [34]. These were split to a thickness of 1 mm using a band
knife splitting machine NAF470 from Fortuna GmbH (Weil der Stadt, Germany).

Table 1. Formulation of the three NBR elastomers with the specification in parts-per-hundred rubber

(phr).
Ingredient Concentration/phr
Acrylonitrile content/wt% 18 28 39
Perbunan 1846 100
Perbunan 2846 100
Perbunan 3946 100
Carbon black (Typ N550) 60
Di(2-propylheptyl) phthalate (DPHP) 20
N-(4-Methylpentan-2-yl)-N-phenylbenzene-1,4-diamine (6-PPD) 2
Zinc oxide 5
Stearic acid 1
Sulphur 2
N-Cyclohexyl-2-benzothiazolylsulfenamide (CBS) 1.5
Tetramethyl thiuram monosulfide (TMTM-80) 0.5

To produce tyre pyrolysis oil (TPO), Pyrum Innovations AG from Dillingen/Saar
(Germany) provided thermolysis o0il from a mixture of truck, car, and bicycle tyres. The
TPO was vacuum filtered for further use. Blends with the pyrolysis oil were created using
a commercially available diesel fuel (DF) according to DIN EN 590. The mixing ratio
was 1 vol%, 5 vol%, and 10 vol% of TPO in DF, abbreviated as DF99TPO1, DF95TPO5,
and DF90TPO10.

3. Experiment
3.1. Analysis of Fuels

The liquids were tested using the A-test according to DIN EN 590 (2022-05) for DF [33].
The individual test methods and the standards used are shown in Table 2. In addition, the
total acid number (TAN) was determined according to ASTM D664 [35]. A potentiometric
titration with potassium hydroxide (KOH) was used for this determination. TAN represents
the mass of KOH, in milligrams, required to neutralize one gram of the sample. Using the
concentration (c) of the KOH solution, the sample mass (115), and the titration volumes of
the blank (Vp) and the sample (V's), the TAN can be calculated according to Equation (1).

56.1 x C(VS — VB)
mg

TAN = @

The iodine value is calculated in accordance with DIN EN ISO 3961 [36]. In this method,
iodine chloride reacts with carbon-carbon double bonds, followed by the addition of
potassium iodide to release iodine, which is subsequently titrated with sodium thiosulfate.
The resulting iodine number is obtained from Equation (2), which relates the concentration
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of the sodium thiosulfate solution (c), the titration volume of the blank (V) and for the
samples (Vs), and the mass of fuel sample (1;).

12.69 x ¢(Vp — Vs)
mg

2

Todine value =

Table 2. Selected parameters from DIN EN 590 with standards used.

Parameter Norm

Viscosity ASTM D7042-21a [37]
Density

Polyaromatic content DIN EN 12916 [38]
Flash point DIN EN ISO 2719 [39]
HFRR !-test DIN EN ISO 12156-1 [40]
CFPP 2 DIN EN 116 [41]
Cupper corrosion DIN EN ISO 2160 [42]
Oxidation stability DIN EN 16091 [43]
Water content DIN 51777-2 [44]
Carbon residue DIN EN ISO 10370 [45]
Ash DIN EN ISO 6245 [46]
Sulphur content DIN EN ISO 20884 [47]
Distillation process DIN EN ISO 3405 [48]

I HFRR (high frequency reciprocating rig); 2 CEPP (cold filter plugging point).

Two-dimensional gas chromatography coupled to mass spectrometry (2D-GC/MS)
analyses were performed with a Shimadzu GC-2010 Plus gas chromatograph equipped
with a ZOEX ZX1 modulator and a Shimadzu GCMS-QP2010 Ultra mass spectrometer
operated in electron ionization mode. The column combination used was a 30 m Restek
Txi-1ms (0.25 mm; 0.25 pum film) with 3 m SGE Analytical Science BPX 50 (0.15 mm; 0.15 pm
film). Measurements were performed in 1:10 split mode with helium as a carrier gas and a
modulation time of 8 s. The oven temperature was maintained at 50 °C for 3 min, before
heating to 320 °C at a constant heating rate of 5 °C min~!, where it was held for 2 min.

In addition, 10 mL TPO was added to a HyperSep silica stationary solid phase ex-
traction (SPE) column from Thermo Scientific and washed with 20 mL heptane and 10 mL
acetone. The polar acetone fraction was analyzed by GC/MS using an HP5 column at 50 °C
for 2 min and a 10 °C min~! heated to 300 °C and held for 2 min.

'H-Nuclear magnetic resonance (‘H-NMR) analyses were performed with a Spinsolve
80 Carbon from Magritek in Powerscan mode at 80 MHz and analyzed with MestReNova
software. Octamethyl silane was added to TPO as reference.

Fourier transform infrared (FTIR) spectra were recorded with a Bruker Tensor 27
spectrometer, which was equipped with a 50 um zinc selenid cuvette at a spectral resolution
of 4 cm~!. The spectra were averaged over 32 scans in a wavenumber range between
4000 cm~! and 500 cm~!. The spectra were baseline corrected and normalized to the band
intensity at 2725 cm 1.

3.2. Sorption Experiments

For preparation, the volatile components such as plasticizer DPHP and antioxidant
6-PPD were extracted from the NBR samples in a Soxhlet apparatus for 16 h with acetone.
For the sorption tests, the NBR samples were stored in the liquids for 0.5h, 1 h, 7 h, 24 h,
72 h, and 168 h. The NBR28 and NBR39 samples were additionally stored for 672 h and
2016 h and NBR39 for 4032 h. Additionally NBR18 were kept in TPO and DF at 50 °C and
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80 °C. The relative mass change Arigy,y Was calculated using Equation (3), where m1; is the
mass after a certain storage time, and 1 is the initial mass.

(m —

™)\ 100 wi%% 3)
mo

Amgmv =

Using Fick’s second diffusion law and the solution for one-dimensional diffusion,

Equation (4) can be derived [49]. This Equation uses a sorption curve to determine the

specific relative mass changes. The mean diffusion coefficient D can be determined by

calculating the mass after specific time intervals m;, the thickness of the NBR samples /
(1 mm), the equilibrium mass e of the samples and the number of iteration steps n.

Am; —(2n+1)*72Dt
()

After storage, the samples were immersed in 40/60 gasoline to remove any fuel

adhering to the outside and blotted with a paper towel. To determine the density, the
samples were weighed in water using the VF 4601 kit from Satorius (Gottingen, Germany)
and calculated according to Archimedes’ principle using Equation (5). The volume change
in the NBR sample can be determined using Equation (6) with mass and density.

__ MNBR,Air * PWater
PNBR = 5)
MNBR,Air — MINBR,Water
Vi—V,
AV = “VJ 100 vol% (6)
0

A Bareiss® digi test II testing machine (Oberdischingen, Germany) was used to de-
termine the micro-Shore-A hardness of the NBR according to DIN ISO 48-4:2021-02 [50].
Tensile tests according to DIN 53504 were carried out to determine the elongation at break
and tensile strength using a Zwick A universal testing machine from ZwickRoell GmbH
(Ulm, Germany) with a 500 N load cell and optical extensometer with an elongation rate of
0.167 s~1 [34].

4. Results
4.1. Comparison of the Chemical Composition of DF and TPO
4.1.1. GC/MS Analysis

Figure 1 presents the two-dimensional gas chromatogram (2D-GC/MS) of DF
(Figure 1A) and TPO (Figure 1B). For a semi-quantitative analysis, the areas of the in-
dividual peaks from the 2D GC-MS chromatogram were integrated and assigned to a
substance class based on the mass spectra. The results of this classification are summarized
in Table 3. In region 1 TPO shows a homologous series of alkanes ranging from Cg to Cay,
along with the corresponding mono- and diunsaturated alkenes. In contrast, DF contains
a broader range of alkanes (Cg4 to Cs¢) with higher degree of structural variability in the
branches and higher relative signal intensity (74 area%) compared to TPO (8 area%). Re-
gion 2 of the chromatogram reveals cyclic alkanes with methyl and ethyl substituents in
DF (9 area%), whereas TPO (7 area%) is characterized by an intense peak of substituted
cyclohexene (1-methyl-4-(1-methylethyl)-cyclohexene). Toluene is detectable in TPO at low
retention time. Monoaromatic hydrocarbons are detected in region 3 for both DF and TPO.
They consist of mono-, di-, tri-, or tetra-substituted methyl- or ethylbenzenes. Prominent
examples include 1,3-diemehtylbenzene, 1-ethyl-2-methylbenzene, mesitylene, 1-methyl-4-
(1I-methylethyl)-benzene as well as with linear and/or branched Cs- to Cg-alkylbenzenes
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such as pentylbenzene. Similar substituents as in the aromatics are identified in region 4
for the various indenes (e.g., 1-methyl-1H-inden; 1,2,3-trimethylindene).

N

time column 2 /s

time column 2 /s

1 Alkene Alkane

0 1 1 1 1 1
10 20 30 40 50
total retention time / min

\ 4

Figure 1. 2D-chromatograms of DF (A) and TPO (B) with marked areas of substance classes:
1 Alkanes and Alkenes; 2 Cyclic alkanes and alkenes, 3 Monoaromatics, 4 Indenes, 5 Diaromatics,
6 Polyaromatics.

37



Polymers 2025, 17, 3016

Table 3. Intensity percentage in area% of the substance classes for DF and TPO.

Intensity Percentage

Range Substance Class Area%
DF TPO

1 Alkanes/Alkenes 74 8
2 Cycloalkanes 9 7
3 Aromatics 11 40
4 Indenes 4 12
5 Diaromatics 2 22
6 Polyaromatics - 5

Others * <1 6

* nitrogen-, oxygen-, and sulphur-containing compounds.

Naphthalenes substituted with mono-, di-, or trimethyl groups (e.g., 1-methylnaphthalene,
1,6-dimethylnaphthalene, 2,3,6-trimethylnaphthalene) and dihydronaphthalene (e.g., 1,2-
dihydro-6-methylnaphthalene) can be seen in region 5. In addition, other diaromatic
hydrocarbons including, e.g., biphenyl, fluorene, and chamazulene are detected in TPO.
The most notable contrast in region 3 to 5 lies in the markedly higher peak intensity of
the aromatic compounds in TPO. Polyaromatic hydrocarbons (PAHs) such as anthracene,
pyrene, and retene, which are only present in TPO (5 area%), can be seen in range 6. Further-
more, TPO contains nitrogen-, oxygen-, and sulphur-containing compounds (6 area%) with
the most intense occurrences of aniline, benzothiazole, and N-phenyl-1,4-benzenediamine,
as illustrated in Figure 1.

The polar substances in the TPO were enriched by SPE and analyzed by GC/MS.
Nitrogen-containing substances were detected, such as amines, with cyclic and linear
hydrocarbons, and anilines, such as diphenyl diamines. Various oxygen-containing sub-
stances, such as phenol or stearic acid, palmitic acid, and myristic acid, could be detected
in the TPO. The presence of heteroatoms can result from the additives used during tyre
manufacturing. These include, for example, vulcanization agents (such as thiazoles, organic
peroxides, nitro compounds), antioxidants (amines, phenols), plasticizers (aromatic esters),
or processing aids (such as mineral oils and peptizers) [51]. In addition, during tyre usage,
oxygen can diffuse into the material, initiating ageing processes such as oxidation. As a
result, oxygen-containing compounds may form during pyrolysis [52].

In summary, significant differences in the chemical composition of TPO and DF were
detected. DF showed a higher content and variability of linear and branched alkanes and
cycloalkanes. TPO indicated linear alkanes and branched alkenes, and the corresponding
content of monoaromatic and diaromatic compounds was much higher. Additionally, TPO
showed PAHs and nitrogen-, oxygen- and sulphur-containing compounds, which were not
detected in DF.

4.1.2. "H-NMR-Spetroscopy

Figure 2 presents the 'H-NMR spectra of TPO and DF. The application of this technique
facilitates the comparison of functional group distributions in complex liquid mixtures
through the quantification of hydrogen environments. The majority of hydrogen atoms
in DF and TPO are associated with aliphatic hydrocarbon chains with 91% for DF and
56% for TPO (0.5-3.3 ppm) [53-56]. These signals can be further separated and attributed
to CH3z- (0.5-1 ppm), CH,— (1-1.5 ppm) and CH-groups (1.5-2.0 ppm). Hydrogen in
carbon chains adjacent to aromatic rings, like x-methyl carbons, appears between 2.0 ppm
and 3.3 ppm and comprises 6% in DF and 21% in TPO [53,57]. A minor signal in TPO
between 3.3 ppm and 4.5 ppm indicates a small amount (1%) of hydroxyl groups [54].
TPO also exhibits a signal (4.5 ppm and 6.5 ppm), representing hydrogen atoms bound to
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unsaturated hydrocarbons or phenolic structures, with a relative intensity of 6% [54,57].
Hydrogen atoms directly attached to monoaromatic rings can be located in the range of
6.5-7.25 ppm, with 3% in DF and more prominently with 13% in TPO. Signals between 7.25
ppm and 9.0 ppm, corresponding to polyaromatic structures, are observed in TPO (3%),
as described by Rodriguez et al. [58,59]. The results differ from the 2D-GC/MS analysis,
which detected polyaromatic compounds for TPO and Diaromatics for DF.

0 3 0 0 6 10 [52 (29 | DF
L bk %025
2 ~—
wn
g 3 13 6 1 21 17 |23 |16 | TPO
k=
] hi_
PAr-H Ar-H C=CH /O-H O-CH, Ar-CH, |CH |CH,|CH,
' | ' | | ' | | ' | ' |
9 8 7 6 5 4 3 2 1 0
chemical shift / ppm

Figure 2. 'H-NMR spectra of TPO an DF with the corresponding percent of hydrogen atoms in the
defined areas. 0.5-1 ppm “CHj aliphatic”; 1-1.5 ppm “CH; aliphatic; 1.5-2 ppm, “CH aliphatic”;
2.0-3.3 ppm “aliphatic bonded to aromatic; 3.3—4.5 ppm “aliphatic bonded to oxygen”; 4.5-6.5 ppm
“olefins and hydroxyl”; 6.5-7.25 ppm “monoaromatic”; 7.25-9 ppm “polyaromatic”.

TPO exhibits a lower proportion of hydrogen in aliphatic carbon chains compared
to DF, but a higher proportion of hydrogen atoms directly bound to aromatic rings. The
proportion of carbon chains bound to an aromatic ring is also significantly higher in TPO.
The presence of polyaromatic and unsaturated structures in TPO, which are absent in
DF, highlights the considerable differences in molecular composition between the two
substances. In summary, the results correspond to the 2D-GC/MS results.

4.1.3. ATR-FTIR-Spectroscopy

Figure 3 presents the ATR-FTIR spectra of TPO and DF. For both fluids the C-H
valence vibrations of alkanes are observed between 3000 cm~! and approx. 2700 cm™~!,

1 and

and the corresponding deformation vibrations for CH, and CHj are at 1460 cm™
1385 cm !, respectively [60,61]. A mixture of iso-alkanes can be assigned in TPO and DF
at 1169 cm 1, 1154 cm ™! and the in-plane bending at 960 cm ! and 906 cm ! [60-63].
DF shows n-alkanes with a band at 722 cm~! [60-63]. TPO indicates a high intensity of
tert-butyl groups with absorption bands at 1244 cm™ and 1206 cm !, which are weakly
expressed in DF [61,62]. A high intensity of cyclohexene in TPO can be characterized by a
band at 890 cm~! and aligns with the presence of 1-methyl-4-(1-methylethyl)-cyclohexene
detected in 2D-GC/MS analysis. Aromatic compounds can be identified in TPO and DF
with valence and deformation vibrations at 3020 cm ! and 1605 cm ™! [60,61]. Mono-

aromatics such as alkyl benzenes can be assigned to the bands at 700 cm ! and 740 cm 1.
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Di- and tri-substituted aromatics can be assigned to 770 cm 1,806 cm !, and 815 cm ™! [63].
Di-aromatics can be identified by the intermediate bands at 780 cm~!. The ring vibration
of the aromatics in TPO can be associated with the two split bands at 1515 cm~! and
1494 cm~! [61,62]. The intensity of the aromatics bands, especially of di- and triaromatics,
is considerably higher for TPO than for DF, indicating a higher concentration of the aromatic
compounds, agreeing with the 2D-GC/MS and 'H-NMR results. Alkenes are also detected
in the TPO spectrum, as indicated by C-H stretching at 3095 cm ! and C=C stretching at
1640 cm~! [61,62], whereas these features are absent in DF. These suggest that there are
considerably less unsaturated compounds in DF than in TPO. These results confirm the
findings from the 2D-GC/MS chromatograms and 'H-NMR-spectra. In addition, various
oxygen-containing functional groups are evident in the TPO spectra. Carboxylic acids are
indicated by a broad O-H band at 3395 cm ! and a raised background down to 2800 cm~!.
The presence of carboxylic acids can be confirmed by the C-O region between 990 cm !
and 1120 cm~! and the characteristic C=0 band (1710 cm~!). However, these bands can
also originate from other compounds like ethers, alcohols, carboxylic acids, carboxylate,
and ketones [61,62,64]. In summary, the ATR-FTIR spectra clearly demonstrate that TPO
contains significantly higher concentrations of aromatic and unsaturated compounds, as
well as oxygenated species, which are largely absent in DF. These spectral differences
underscore the distinct chemical compositions of the two substances.
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Figure 3. FTIR spectra of TPO and DF with indication of important bands.

4.1.4. Further Chemical Analysis

The total acid number (TAN) (see Table 4) corresponds to the amount of potassium
hydroxide (KOH) required to neutralize the acids present in one gram of fuel. DF exhibits
an acid number of 0 mg g~!, indicating the absence of detectable acid compounds. With
addition of TPO in DF, the TAN rises to 0.05 mg g~ ! for DF99TPO1, 0.14 mg g~ ! for
DF95TPO5, 0.23 mg g~ ! for DF90TPO10, and reaches a maximum of 2.08 mg g~ ! for neat
TPO. These findings corroborate the assumption derived especially from FTIR-spectroscopy,
that acidic compounds are present in TPO. The iodine value serves as an indicator of
the concentration of unsaturated compounds in olefines in a sample. The iodine value
is calculated in accordance with DIN EN ISO 3961. The results show that the highest
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iodine value of 93 g 100 g~ ! is observed for neat TPO, indicating a significant presence of
unsaturated hydrocarbons. DF contains only a minimal fraction of unsaturated compounds,
with an iodine value of 2.9 g 100 g~ 1. This value increases slightly with the addition of
TPO: 3.1 g 100 g~ ! for DF99TPOI1, 3.7 g 100 g~! for DF95TPO5, and 14 g 100 g~ for
DF90TPO10. These findings are consistent with the results obtained from 'H-NMR and
FTIR-spectroscopy, confirming the presence of olefinic compounds in TPO. The aromatic
content of TPO was quantified using High-Performance Liquid Chromatography (HPLC),
according to DIN EN 12916. For this analysis, blends of DF and TPO were prepared. Based
on linear regression (R? = 0.9989) of the data presented for DF, DF99TPO1, DF95TPO5, and
DF90TPO10 in Table 4, the total aromatic content of TPO was determined to be ~60 vol%.
This result corroborates the findings of the current analyses and agrees with previously
published studies reporting a high aromatic content in TPO [7,16,17,65,66].

Table 4. Total acid number, iodine value, and aromatic content of DF, DF99TPO1, DF95TPO5,
DF90TPO10, and TPO.

Characteristic Units DF DF99TPO1 DF95TPO5 DF90TPO10 TPO

Total acid number mg g~ ! 0 0.05 0.14 0.23 2.08
Iodine value g100 gt 2.9 3.1 3.7 14 93

Aromatic content wt% 24.1 24.4 26.0 27.7 ~60 *

* with linear extrapolation (R* = 0.9989) of the data of DF and DE-TPO blends.

In summary, the chemical composition of TPO differs from that of DF. TPO has a
significantly higher proportion of aromatic and polyaromatic hydrocarbons. In addition,
olefinic compounds as well as oxygen- and nitrogen-containing compounds, were identified
in TPO compared to DF.

4.2. Characteristics of TPO and DF-TPO-Blends

To assess the suitability of TPO as a blend component in DF, the key values according
to DIN EN 590-2022 for DF, TPO, and the blends are determined. The results of the analysis
and the corresponding specific target ranges are summarized in Table 5. With a distillation
start at 36 °C, TPO shows a remarkably low initial boiling temperature for fuels fractions.
This is plausible, as the pyrolysis process can result in molecules with low boiling points
and vapour pressure. In comparison, usually DF has a distillation range from 150 °C to
390 °C, with the DF used in this study showing a distillation start at 171 C.

On this basis, TPO is expected to also have a low flash point. The addition of 10 vol%
TPO to DF results in a linear drop of the flash point to 53.1 °C below the specified limit of
55 C. As the TPO content increases, the start of distillation shifts to lower temperatures,
reaching 157 °C at 10 vol% TPO. However, over the course of distillation, a divergence
in temperature progression becomes apparent. 50 vol% distillate volume is reached at
273 °C for DF and at 275 °C for DF90TPO10. This trend, which other authors have also
described, is that DF-TPO blends require a higher temperature than neat DF to distil the
same volume percent, and this trend persists until the end of the distillation [67]. The end
of the distillation is recorded at 390 °C at a distillate volume of 92 vol% for TPO exceeding
the result for DF at 358 °C. This indicates that TPO contains higher-boiling components,
compared to DE. DF-TPO blends adhere to the target values for DF at 90 vol% and at
95 vol%.
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Table 5. Characteristics of DF, DF99TPO1, DF95TPO5, DF90TPO10, and TPO according to DIN EN

590-2022.
Characteristic Unit Target DF DF99TPO1 DF95TPO5 DF90TPO10 TPO
Density kg m—3 822.0-845.0 833.3 834.2 838.1 843.1 917.1
Viscosity mm? g1 2.000-4.500 2.840 2.836 2.830 2.826 1.985
Polyaromatic Wt% <80 2.9 3.0 3.8 47 21.8*
content
Flash point °C >55 65.5 64.0 58.0 53.1 -
HFRR !-Test um <460 420.5 359.5 2225 209.5 175.5
CFPP 2 °C <-20 —25 -25 —13 —14 -
Cu corrosion extent 1 la la la la la
Oxidation stability min >60 85 196 183 93 22
Water content mg kg’1 <200 37 30 60 40 2054
Coke residue wt% <0.30 0.02 0.14 0.75 1.39 2.53
Ash wt% <0.010 <0.001 0.001 0.001 0.001 -
Sulphur content mg kg ! <10.0 7.3 134 648 1292 &11’2(3/?)
Distillation curve
Start 171.3 177.9 165.3 157.0 36.0
10% v/v 210.7 208.0 203.8 200.4 124.0
50% v/v o 273.2 275.1 274.3 274.8 226.0
90% v/v vol% <360 334.5 336.2 338.1 342.2 387.0
95% v/v <360 3494 349.9 353.1 358.8 -
End 358.6 356.9 357.9 363.4 390.1

1 HFRR (high frequency reciprocating rig); 2 CFPP (cold filter plugging point), * with linear Extrapolation
(R? = 0.9989) of the data of DF and DF-TPO blends.

A solid, slightly porous residue remains in the distillation flask, which is also reflected
in the carbon residue measurements. At 2.53 wt%, TPO has a higher value of coke residues
compared with 0.02 wt% in DF, a consequence attributed to the polyaromatic content
of 21.8 wt% in TPO. Whereas DF show a significantly lower content of 2.9 wt%, the
blends show a linear increase to 4.7 wt% at 10 vol% TPO. The CFPP, which evaluates fuel
filterability at low temperatures weather conditions, is also affected by the polyaromatic
content. At low temperatures, polyaromatics tend to precipitate, causing an increase in
the CFPP with higher TPO content. The density and viscosity of the fuels are strongly
affected by their aromatic and polyaromatic composition. Since polyaromatic compounds
possess higher densities than aliphatic species, an increased aromatic content results in a
higher overall fuel density. TPO, characterized by a higher polyaromatic fraction, therefore
exhibits a higher density and a lower viscosity compared to DE. Upon blending TPO with
DEF, the density of the blends increases proportionally with the TPO content, following
an approximately linear correlation with TPO content. Overall, these results reveal the
interdependence of characteristic values on the aromatic content. An increase in the
polyaromatic content might not only affect the emission of hazardous substances and
particles, posing challenges for modern engine and exhaust technologies, but also promote
the formation of residues due to agglomeration during thermal processing [68,69].

Oxidation stability was evaluated by measuring the time required for the consumption
of 1 bar of hydrogen after applying an initial pressure of 10 bar H; to the fuel sample.
Hydrogen reacts with unsaturated compounds present in the fuel, and the rate of consump-
tion is proportional to their concentration. Thus, the higher the content of unsaturated
compounds, the faster the pressure drops by 1 bar [70]. Due to the elevated concentration of
unsaturated compounds formed during the pyrolysis process, TPO exhibits a low oxidation
stability of 22 min, which is considerably lower than that of DF and the DF-TPO blends.
The water content in TPO was determined to be 2053 mg kg~!, which significantly exceeds
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the values measured in DF and the DF-TPO blends. This elevated level is likely influenced
by the presence of unsaturated compounds and free alkalis in TPO, which may interfere
with standard water quantification methods [71].

According to current EU regulations, DF may contain no more than 10 ppm sulphur
to limit the formation of sulphur oxides and sulfuric acid, which contribute to environmen-
tal pollution, catalyst degradation, and engine corrosion [72]. No visible corrosion was
observed in the copper strip test for any fuel blend. The DF used in this study complied
with specifications at 7.3 mg kg ! sulphur. In contrast, TPO contained 1.16 wt% sulphur,
far exceeding regulatory limits. Consequently, sulphur levels in DE-TPO blends increase
linearly with TPO content. The high sulphur content in TPO is attributed to vulcanized rub-
ber in tyres, which contains sulphur-based compounds [73,74]. Fuel lubricity was assessed
using the High-Frequency Reciprocating Rig (HFRR), where lower wear scar diameters
indicate better lubrication. DF and its blends showed relatively high wear values, while
TPO exhibited superior lubricity, likely due to its elevated sulphur content, as sulphur
compounds enhance lubricating properties.

In summary, the applicability of TPO and its blends with DF according to DIN EN 590
can be considered limited. The addition of 5 vol% TPO to DF results in parameters such
as sulphur content, carbon residue, and CFPP exceeding the specified limits. At 10 vol%
TPO, the flash point also falls outside the acceptable range, while oxidation stability and
density approach the threshold values. Due to the significant changes observed with
increasing TPO content, the quality of the base DF is of particular importance and should
be determined in advance to assess the feasible blending ratio of TPO. Several parameters
exhibit mathematical dependencies, allowing for the determination of the precise dosage
that can be applied.

4.3. Swelling Behaviour of NBR and Its Influence on Mechanical Properties
4.3.1. Mass and Volume Change in NBR After the Sorption

Figure 4 presents the relative mass and volume changes in NBR18 (Figure 4A,D),
NBR28 (Figure 4B,E), and NBR39 (Figure 4C,F), along with the corresponding sorption
curves based on Equation (4), following storage in DF, TPO, and various DF-TPO blends.
The mass changes are plotted as a function of the square root of time. The equilibrium mass
uptake and the diffusion coefficients derived from these experiments are summarized in
Table 6. For NBR39, equilibrium was not reached in DF or the DE-TPO blends within the
experimental timeframe. As a result, no sorption curves and diffusion coefficient according
to Equation (4) were calculated for these. All calculated sorption curves show an initial
linear increase, fulfilling the requirement for applying Fick’s second diffusion law. The
equilibrium mass uptake is lowest for DF across all elastomers, with values of 26 wt%
for NBR18, 14 wt% for NBR28, and 6 wt% for NBR39. In contrast, TPO exposure results
in the highest mass uptakes: 153 wt% (NBR18), 106 wt% (NBR28), and 74 wt% (NBR39),
respectively. Identical trends can be observed for the relative volume changes in the NBR
samples compared to the relative mass changes. With a volume increase of 199 vol% due to
TPO, NBR18 exhibits an almost threefold expansion of the sample. NBR28 and NBR39 also
exhibit a significant increase in volume with 134 vol% and 91 vol%, respectively, which
underlines the pronounced influence of TPO on material behaviour.

To investigate the relationship between mass and volume of the NBR sample stored in
TPO-DF blends, the relative mass change was plotted as a function of the relative volume
change (see Figure 5). The data for pure TPO were excluded from the analysis, as their
values are significantly higher than those of the blends, which would obscure a clear
representation of the results. For NBR18, the blends exhibit a linear correlation between
mass and volume changes. In contrast, NBR28 (for DF) and NBR39 (for DF and the blends)
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show a delayed volume expansion at the beginning of sorption, which is evident from the
stage observed in the mass—volume relationship. With increasing TPO content, this delayed
expansion diminishes. This behaviour can be attributed to the initially small mass uptake,
during which the free volume of the NBR is filled before the material begins to swell. The
addition of TPO leads to a more pronounced mass increase, thereby reducing this effect.
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Figure 4. Relative mass and volume changes in NBR18 (A,D), NBR28 (B,E), and NBR39 (C,F) in DF,
TPO and the mixtures with the ratios DF99TPO1, DF95TPO5, and DF90TPO10. The continuous lines
show the calculated fit according to Equation (4). For NBR39 (C), the sorption curve could only be
calculated for TPO, as these were in mass equilibrium.
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Table 6. Determined diffusion coefficients D and the relative equilibrium mass increases me, of
NBR18, NBR28, and NBR39 after storage in DF, TPO, and the mixtures.

NBR18 NBR28 NBR39
Fuel Moo D x 106 Moo D x 106 Moo D x 106
wit% mm?2 s—1 wit% mm? s—1 wit% mm? s—1

DF 26 1.6 14 0.21 - -

DF99TPO1 28 1.8 16 0.23 - -
DF95TPO5 34 2.8 20 0.23 - -
DF90TPO10 38 43 25 0.24 -

TPO 153 11.8 106 1.2 74 0.21
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Figure 5. Relative mass change versus relative volume change in NBR18 (A), NBR28 (B), and NBR39
(C) for DF and TPO-DF blends.

The diffusion coefficients follow the same trend as the equilibrium mass uptakes. For
DF, the values are 1.6 x 107 mm? s~! (NBR18) and 0.21 x 107 mm? s~! (NBR28). For
TPO results the diffusion coefficients of 11.8 x 107® mm? s~ (NBR18), 1.2 x 107® mm? s~!
(NBR28), and 0.21 x 10~® mm? s~ (NBR39). For the DF-TPO blends, the equilibrium mass
uptake and the diffusion coefficients for the elastomers increase with rising TPO content.
This relationship is clearly visible when plotting the equilibrium mass uptake and the mean
diffusion coefficients against the TPO volume fraction in DF, as shown in Figure 6, where a
linear correlation is observed.
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Figure 6. Relative equilibrium mass change and determined diffusion coefficients as a function of the
volume fraction of TPO in DF. Linear fits with coefficient of determination (R?) are also given.
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The unusually high mass uptake observed for TPO can be attributed to its elevated
aromatic content [25,75]. In addition to dispersion interactions, aromatic compounds in
TPO also undergo 7—m interactions with the acrylonitrile groups of the polymer matrix,
which favours the sorption of these molecular classes [26]. Due to its higher acrylonitrile
content, NBR39 exhibits stronger intramolecular interactions within the polymer chains,
resulting in reduced free volume in the matrix. Consequently, NBR39 absorbs less fuel
compared to NBR18 and NBR28. However, its greater affinity for the aromatic and polar
compounds present in TPO results in a steeper initial slope in the sorption curves for
NBR39, which means that equilibrium is reached faster when comparing TPO with DF.
Additionally, low-molecular-weight aromatic compounds exhibit planar structures and less
steric hindrance, which facilitates their diffusion into the polymer matrix more readily than
larger, branched aliphatic molecules [25]. Since TPO contains polar compounds such as
acids, enhanced swelling is expected due to the behaviour observed for fatty acid esters and
alcohols in biodiesel [76-78]. These interactions reduce the intermolecular forces between
the polymer chains, thereby increasing the matrix’s free volume and enlarging the effective
surface area in contact with the liquid medium [79]. Consequently, the material’s surface
tension can be affected, which reduces the resistance to sorption and facilitates further
diffusion of TPO into the elastomeric network.

In summary, the pronounced and rapid diffusion of TPO into NBR, regardless of its
high acrylonitrile content, typically selected for resistance to non-polar fuels, indicates
that its use as a fuel in neat form is not recommended. However, depending on the
blend ratio and the specific NBR formulation, the DF-TPO blends show mass uptakes and
diffusion coefficients comparable to neat DF, suggesting that application in the form of
blends appears possible.

4.3.2. Temperature Dependence of the Diffusion Process of DF and TPO

In Figure 7, the sorption curves of neat TPO and DF at 20 °C, 50 °C, and 80 °C
are plotted against the square root of time. For NBR18, the equilibrium mass uptake
increases with temperature in DF, while it remains nearly constant for TPO. The diffusion
coefficients, calculated using Equation (4), show a temperature-dependent increase for
both fluids. In the case of DF, the diffusion coefficient rises by a factor of approximately
21 from 0.73 x 10~® mm? s~ at 20 °C to 15.3 x 10°® mm? s~ ! at 80 °C. For TPO, the
diffusion coefficient increases by a factor of about six, from 3.43 x 107® mm? s~! to
21.8 x 107 mm? s~!. The results are summarized in Table 7. It is well established that
the diffusion of liquid media into elastomers increases with temperature. In a study by
Blivernitz [26], the temperature dependence of model substances in NBR with 18 wt%
acrylonitrile revealed that the equilibrium mass uptake of aliphatic compounds increases
significantly with temperature, whereas aromatic compounds show either no change or
only a slight increase. Consequently, the higher aliphatic content in DF results in a more
pronounced temperature dependence. For DF-TPO blends, this implies that increasing
the TPO content, thus raising the aromatic proportion, leads to a reduced temperature
dependence of sorption behaviour.

The temperature-dependent diffusion coefficients can be used to determine the acti-
vation energy for diffusion according to Arrhenius (Equation (7)) [80]. In the Arrhenius
plot (see Figure 8) the slopes (E4/R) of the linear regressions result in activation energies of
48 k] mol~! for DF and 29 k] mol~! for TPO.
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Figure 7. Relative mass change and sorption curves (Equation (4)) of NBR18 in neat DF and TPO at
20 °C, 50 °C and 80 °C.

Table 7. Mass change at equilibrium and determined diffusion coefficients of NBR18 in DF and TPO

at 20 °C, 50 °C and 80 °C.
Sorption DF TPO
Temperature Moo D x 106 Moo D x10-¢
°C wt% mm? s—1 wit% mm? s—1
20 27 0.73 153 3.43
50 32 3.36 154 8.83
80 38 15.3 156 21.8
T T T .
o TPO
3l 4

y =-3536.88 x + 13.11

y =-5819.14 x +19.22 R?-0.9997

R?=0.9999
0.0028 0.0030 0.0032 0.0034

T!/K!

Figure 8. Arrhenius plot for the sorption of neat DF and TPO in NBR18. The coefficients of determi-
nation (R?) for the linear regression are also given.
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These results confirm the assumption that DF’s diffusion rate is more temperature-
dependent than TPO. However, no statement can be made about the equilibrium absorption.
It can be assumed that the diffusion properties of blends of TPO and DF are less dependent
on temperature than neat DE. Applications of blends at elevated temperatures should
therefore not show any deterioration of swelling behaviour with NBR.

In summary, a rise in temperature results in a faster rate of mass increase and higher
total mass uptake. This observation is more evident in DF, demonstrating its stronger
temperature dependence relative to TPO.

4.3.3. Change in the Mechanical and Physical Properties of the NBR

Figure 9 illustrates the density and Shore A hardness of NBR18 (Figure 9A,D),
NBR28 (Figure 9B,E), and NBR39 (Figure 9C,F) as a function of the square root of time.
Both parameters decrease with increasing sorption time. The trend in density and
hardness for NBR results from the mass uptake of TPO, as shown in Figure 4. Dur-
ing diffusion, both DF and TPO reduce the density of NBR, since the pristine material
(pnBr1§=1.19g em~3; pnBros = 1.21 g em~3; pNBrag = 1.23 g cm %) has a higher density
than TPO, ptpo =0917 g em 3, and DF, ppg = 0.833 g cm 3. The decrease in hardness is
attributable to the plasticizing effect of the absorbed fluids, which are stored between the
polymer chains, weakening intermolecular interactions and thereby reducing the counter-
force of the material. Blends containing up to 10 vol% TPO exhibit slightly lower density
and hardness values compared to neat DF, indicating a measurable influence of TPO. As
the acrylonitrile content increases, the reduction in equilibrium density and hardness upon
exposure to DF, TPO, and their blends becomes less pronounced, following the order:
NBR18 > NBR28 > NBR39. Figure 10 shows the equilibrium density and hardness values
plotted against the TPO volume fraction in DE. The results indicate that, with increasing
acrylonitrile content, the influence of the material to changes in density and hardness due
to TPO in DF becomes more pronounced. The initial increase in density and hardness
observed for NBR39 in Figure 9 is attributed to the slower diffusion of DF and the blends.
In this case, the free volume within the polymer is filled before swelling occurs, which
temporarily restricts chain mobility and leads to an increase in the mechanical counterforce
of the material. Furthermore, it is observed that NBR28 and NBR39 reach equilibrium in
hardness after approximately three days, which is earlier than the mass uptake shown in
Figure 4. This discrepancy is explained by the fact that hardness measurements primarily
reflect changes at the surface, where the medium penetrates first, while full diffusion into
the sample core occurs later in accordance with Fick’s second law of diffusion.

Figure 11 presents the development of tensile strength at break (Figure 11A-C) and
elongation at break (Figure 11D-F) for NBR18 (Figure 11A,D), NBR28 (Figure 11B,E),
and NBR39 (Figure 11C,F) as a function of the square root of time. For all elastomers, a
decrease in both mechanical parameters is observed with increasing sorption time. The
influence of TPO on the sorption behaviour is particularly pronounced, as its higher
and more rapid mass uptake accelerates and intensifies the decrease in tensile strength
and elongation at break compared to DE. NBR18 in TPO exhibits the strongest decline
in mechanical properties, with tensile strength decreasing from 13.5 MPa to 4 MPa and
elongation at break from 413% to 137%. In contrast, storage in DF and the blends results
in significantly lower reductions. As the acrylonitrile content increases, the extent of
mechanical characteristics decreases. NBR28 shows a decline from 15.4 MPa and 345%
to 6 MPa and 161% while NBR39 decreases from 15.9 MPa and 390% to 8 MPa and 210%
over three months (t° = 2016 s°). For NBR28, a smaller reduction is observed, though the
measurement scatter increases. In NBR39, a more pronounced reduction in tensile strength
is evident even with 5 vol% and 10 vol% TPO in DF, with values decreasing to 15.3 MPa
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(DF) and 12.6 MPa (DF90TPO10). After six months of storage (t° = 3810 s"°), elongation
at break for DF and its blends shows significant variation, ranging from 320% to 350%. The
observed decrease in mechanical properties is directly related to the uptake of the liquid
media. As previously described, sorption weakens the intermolecular interactions within
the elastomer, facilitating chain mobility and thereby reducing strength under mechanical
stress. The higher the mass uptake, the more severe the deterioration of mechanical
integrity [81]. The particularly strong decrease caused by TPO can be predominantly
attributed to its high aromatic content. This is explained by the specific interaction of
aromatic compounds with the polar nitrile groups in the polymer, which disrupts the
internal structure of the material.
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Figure 9. Density (A—C) and hardness (D-F) over sorption time of NBR18 (A,D), NBR28 (B,E), and
NBR39 (C/F) after storage in DF, TPO, and the DF-TPO mixtures.
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In summary, none of the examined NBR types is suitable for long-term contact with
neat TPO due to the pronounced loss in mechanical performance. However, blends with
low TPO content show a decrease in mechanical characteristics comparable to neat DF,
suggesting their potential suitability for application as a fuel.
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Figure 11. Stress (A—-C) and elongation at break (D-F) over sorption time of NBR18 (A,D), NBR28
(B,E), and NBR39 (C,F) after storage in DF, TPO, and DF-TPO blends.

5. Conclusions

In this study, tyre pyrolysis oil (TPO) was analyzed, and the characteristic properties
of its blends with diesel fuel (DF) were determined. The sorption behaviour of these blends
and the resulting changes in the mechanical properties of nitrile-butadiene rubber (NBR)
were investigated. The objective of the study was to understand the TPO diffusion be-
haviour in elastomeric materials and to evaluate the feasibility of TPO as a fuel component.

Through detailed analysis using 2D-GC/MS, complementary analytical techniques
such as infrared and NMR spectroscopy become more informative, allowing for the acquisi-
tion of more precise data. This combination of analytical methods enables a comprehensive
and detailed understanding of the chemical composition. Chemical analysis revealed
several notable differences between the composition of TPO and DF. Compared to DF, TPO
contains the following;:

e Higher monoaromatic and polyaromatic contents. This property makes TPO a poten-
tial blending component for aromatic-free synthetic fuels.

e  Higher sulphur content. Desulfurization is required to reduce the sulphur concen-
tration to within the target range. Alternatively, due to its high sulphur content and
correspondingly low value in the high frequency reciprocating rig test, TPO could be
considered as a blend component for lubricating oils.

e  Higher proportions of olefinic compounds. Hydrogenation is necessary to saturate
olefins and improve oxidation stability, thereby expanding the possible applications
of both neat TPO and its blends with other fuels and oils.

e  Larger amounts of low- and high-boiling components. Distillation of TPO to separate
these fractions could produce a cut similar to DF, potentially lowering the polyaromatic
content, as these are typically found in the high-boiling fraction, and raising the flash
point by removing low-boiling compounds.

Without further chemical processing, the use of TPO in its raw form may present
challenges. When blended at 1 vol% and 5 vol% with DF, most characteristic parameters
remain within the target ranges specified by DIN EN 590, with the exception of sulphur
content. However, under specific circumstances, such as emergencies or fuel shortages, use
could be permitted according to StVZO § 70(4).

TPO exhibits strong affinity towards NBR, leading to rapid and substantial mass
uptake and increasing volume during sorption. This pronounced swelling significantly
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reduces mechanical stability properties such as hardness, tensile strength, and elongation
at break, thereby permanently affecting the viscoelastic behaviour of the elastomer. With
increasing nitrile content, TPO uptake decreases, but equilibrium mass uptake is reached
markedly faster for TPO than for DF. Increasing TPO content in DF results in proportionally
higher absorption and diffusion coefficients, with a linear relationship observed between
these parameters and the TPO volume fraction. Blends containing 1 vol% and 5 vol% TPO
show no critical deviations in mass uptake, volume expansion, or mechanical properties
compared to neat DF.

Further research is required to elucidate the interactions between individual TPO
components and NBR. Analytical methods could be used to monitor the sorption of
individual compounds, as unsaturated components or acids in TPO may react chemically
with NBR, potentially altering its molecular structure and thus permanently impairing its
mechanical performance.
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Abbreviations

The following abbreviations are used in this manuscript:

DF Disel fuel

TPO Tyre pyrolysis oil

NBR Nitrile-butadiene rubber

NR natural rubber

SBR Styrene-butadiene rubber

BR Butadiene rubber

phr Parts-per-hundred rubber

DPHP Di(2-propylheptyl)phthalate

6-PPD N-(4-Methylpentan-2-yl)-N-phenylbenzene-1,4-diamine
TAN Total acid number

HFRR High frequency reciprocating rig

CFPP cold filter plugging point

2D-GC/MS  Two-dimensional gas chromatography coupled to mass spectrometry
SPE Solid phase extraction

GC/MS Gas chromatography coupled to mass spectrometry
'H-NMR 1H-Nuclear magnetic resonance

FTIR Fourier transform infrared

HPLC High-Performance Liquid Chromatography

PAHs Polyaromatic hydrocarbons

KOH Potassium hydroxide
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Abstract

This study investigated sawdust-derived activated carbon (SAC) as a sustainable reinforc-
ing filler for vulcanized rubber bushings (VRBs). Two types SAC200 (75 um, carbonized
at 200 °C) and SAC400 (38 pum, carbonized at 400 °C) were chemically activated and in-
corporated into natural rubber (NR) at 25-55 phr loadings, while SAC free VRBs served
as controls. Fourier transform infrared (FTIR) analysis revealed that SAC400 exhibited
stronger hydroxyl and carbonyl functional groups, indicating higher surface reactivity
compared with SAC200. The incorporation of SAC increased cross-linking density, thereby
enhancing both curing behavior and mechanical performance. VRBs reinforced with
SAC400 demonstrated higher maximum torque (up to 38.07 kg-cm), shorter scorch time
(5 min 58 s), and reduced cure time (11 min 05 s) relative to SAC200 and the control. Me-
chanical properties improved markedly, with hardness and tensile strength rising from
45 Shore A and 5.52 MPa in the control to 70 Shore A and 13.40 MPa in SAC400. Although
elongation at break decreased slightly, it remained within the acceptable range for dynamic
applications. Swelling resistance also increased, reaching 101.76% at 25 °C and 106.61% at
100 °C. Overall, SAC400 consistently outperformed SAC200 and the control, highlighting
its potential as a renewable, biomass-derived filler for high-performance rubber bushings
and promising a sustainable alternative to conventional fillers in industrial applications.

Keywords: activated carbon; bio-based filler; mechanical properties; sawdust-derived
activated carbon; vulcanized rubber bushings

1. Introduction

Natural rubber (NR) is an elastomeric biopolymer composed of cis-1,4-polyisoprene [1,2].
It is one of the most widely used elastomers, with global production reaching 13.77 million
tons in 2021 [3]. NR is extensively applied across diverse sectors, including automotive
components, medical devices, petrochemicals, mining, and other industrial applications [4].
The growing diversity of NR-based applications has stimulated the development of advanced
compounding systems, which incorporate various additives such as accelerators, activators,
plasticizers [5], antioxidants [6], vulcanizing agents, and reinforcing fillers. Among these,

Polymers 2025, 17, 2996 https://doi.org/10.3390/ polym17222996
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reinforcing fillers play a pivotal role in enhancing the mechanical and dynamic performance
of vulcanizates, including tensile strength, modulus, elongation at break, abrasion resistance,
compression set, swelling resistance, and dimensional stability [7-9]. Nearly all commercial
rubber vulcanizates utilize reinforcing fillers derived from petroleum-based carbon black
(CB) [10,11]. Petroleum-derived CB is produced via incomplete combustion of hydrocarbons,
where approximately two metric tons of petroleum feedstock are required to produce one
metric ton of CB [12]. However, this reliance on petroleum-based CB imposes significant
environmental burdens.

Among these, reinforcing fillers play a pivotal role in enhancing the mechanical and
dynamic performance of vulcanizates, including tensile strength, modulus, elongation at
break, abrasion resistance, compression set, swelling resistance, and dimensional stabil-
ity [12-15]. In automotive applications, rubber bushings are essential for vibration isolation,
enabling controlled movement between components while reducing noise and improving
both comfort and safety [13-15]. To optimize these properties, conventional fillers such as
CB are widely employed. Nevertheless, concerns regarding environmental impact and the
depletion of fossil resources have driven interest in sustainable biomass-derived alterna-
tives [16,17]. Bio-based fillers (bio-fillers) offer several advantages, including biodegrad-
ability, a lower environmental footprint, reduced density, and cost-effectiveness [18]. Their
compatibility with rubber matrices further strengthens their potential for developing green
composites [16].

The mechanical behavior of rubber bushings is strongly influenced by polymer type,
filler loading, and compounding formulation [19]. Hence, the integration of bio-fillers into
NR not only aligns with sustainable materials engineering but also provides promising
mechanical reinforcement. Several bio-derived fillers have been investigated in NR sys-
tems. Cifriadi et al. [12] reported the utilization of cassava starch and tamarind wood,
while Haslilywaty et al. [20] employed rice husk ash and tacca starch. Joshi et al. [21]
demonstrated the reinforcing effects of banana fibers. These bio-fillers improved mechani-
cal performance while also offering biodegradability [22]. Thomas et al. [23] highlighted
the advantageous properties of cellulose-, chitin-, and starch-based fillers, which are cost-
effective and environmentally friendly. Furthermore, Sowiriska et al. and Suhu [24]
reported improved thermal oxidation resistance and reinforcement using walnut shell
powder and corn starch, respectively.

Activated carbon derived from lignocellulosic biomass, particularly sawdust, has
recently emerged as a promising bio-filler due to its high surface area, porous structure,
and abundant surface functionalities [25,26]. According to Negara et al., [27] sawdust-
derived activated carbon exhibits mesoporous structures with an average pore diameter
of 2.43 nm, a pore volume of 0.369 cm? g’l, and a specific surface area 409.7 m? g’l,
enabling broad applicability. These properties facilitate both mechanical interlocking and
physicochemical interactions with rubber matrices. Although its reinforcing potential is
recognized, systematic studies remain limited on how processing parameters, particularly
carbonization temperature and particle size affect its performance.

Rubber bushings operating under dynamic and cyclic loading conditions require
high compressive strength, elasticity, and fatigue resistance [28]. While conventional
fillers such as CB and silica provide excellent reinforcement [29,30], they often increase
stiffness at the expense of elasticity. Consequently, bio-based fillers are sought as alternative
reinforcements that can maintain mechanical performance while offering environmental
benefits. Activated carbon from renewable precursors is an inexpensive and abundant
alternative with the potential to generate added value [31].

Sawdust-derived activated carbon (SAC) typically exhibits high surface area, porosity,
and functional group density, which promote strong interactions with polymer matrices.
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For example, SAC has been reported to possess a hierarchical porous structure with
micropores (0.55 nm) and mesopores (2.58 nm), resulting in a specific surface area of
621 m? g~ ! and a pore volume of 0.35 cm® g~ ! [32]. With such characteristics, SAC enhances
interfacial interactions within rubber matrices. Previous studies synthesized SAC via
chemical activation followed by carbonization 43. Chemically activated SAC exhibited
favorable properties, including a BET surface area of ~1250 m? g~!, a pore volume of
0.78 cm? g_l, carbon content of ~93%, low ash content (7.36%), and an iodine number of
1161.3 mg g~ ! [33]. Incorporation of SAC into rubber compounds at loadings up to 100 phr
improved torque response and hardness.

Despite these advantages, most prior studies employed only a single SAC variant,
limiting insights into how carbonization temperature and particle size govern reinforcement
efficiency. Understanding these parameters is critical for tailoring filler morphology and
functionality toward optimal performance in NR vulcanizates, particularly for high-demand
automotive components such as bushings. This study aims to investigate the influence of
carbonization temperature (200 °C and 400 °C) and particle size (75 pm and 38 pm) of SAC on
the curing characteristics and mechanical properties of NR composites for automotive bushing
applications. SAC200 and SAC400 were incorporated at various loadings and compared with
an unfilled control. Fourier transform infrared spectroscopy (FTIR) was employed to explore
surface chemistry variations, while vulcanization behavior (maximum torque, scorch time,
and optimum cure time) and mechanical properties (tensile strength, elongation at break,
hardness, and compression set) were systematically evaluated.

This work contributes to the development of environmentally friendly, high-performance
rubber composites while supporting biomass waste valorization in advanced materials engi-
neering. The incorporation of SAC into NR-based bushing compounds enhances interfacial
polar interactions absent in conventional CB, resulting in superior reinforcement efficiency.
Moreover, the findings emphasize that SAC surface chemistry plays a decisive role in deter-
mining the mechanical properties of rubber bushings.

Unlike previous studies, this study uses a single variant of activated carbon derived
from sawdust. This study systematically explores the combined effects of carbonization
temperature and particle size on the performance of reinforcing fillers in rubber vulcan-
izates. The novelty of this study lies in demonstrating how these processing parameters
govern the drying behavior and mechanical response of rubber bushings under dynamic
conditions. The results provide new insights into the tailoring of biomass-derived fillers
for high-performance elastomer applications, while also promoting sustainable materials
engineering through the utilization of sawdust waste.

2. Methods
2.1. Instrumentation

The preparation of the rubber compounds and vulcanized samples was conducted using
the equipment listed in Table 1. Key instruments included a muffle furnace (Nabertherm
GmbH) for sawdust carboniation, an XK-160 open two-roll mill for mastication and compound-
ing, and a hydraulic hot press for vulcanization. Additional equipment included a digital
balance for accurate weighing of materials and a Monsanto Moving Die Rheometer (MDR 2000,
Alpha Technologies, Bellingham, WA, USA) for measuring vulcanization characteristics.
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Table 1. Equipment specifications for the preparation of rubber compounds.

No Equipment Specifications
1 Muffle Furnace (Nabertherm GmbH, Lilienthal, Germany) xzzi:??&ltﬁ?}i::%h?ﬂ:ﬂi 1?;953&3? Heating Elements:
2 éﬁ;ggg%eﬁx)ﬂl (Qingdao Ouli Machine Co., Ltd., Roll @: 160 mm; Working length: 320 mm; Motor: 7.5 kW
3 "ll:i) 1?7131}2;:;; ss (HTM10042T, Toyo Seiki Seisaku-sho, Ltd., Pressure: 100 Ton; Platens: 2 levels; Temp: up to 300 °C
4 Digital Scale (Ohaus Corporation, Parsippany, NJ, USA) Capacity: 5 kg; Resolution: 0.1 g; LCD display

2.2. Materials and Specifications

The materials utilized in this experiment are listed in Table 2.

Table 2. Materials used in the formulation of rubber composites.

No Chemical Name Source and Specifications
PT. Prasidha Aneka Niaga Tbk, Indonesia; Compliant with
1 Natural Rubber (SIR-20) SNI 1903:2017 (Ash: 0.25%, Dirt: 0.042%, Nitrogen: 0.24%, Volatile
matter: 0.2%, PRI: 65%, Mooney viscosity: 70)

2 SAC200 (75 pm), SAC400 (38 pum) Local supplier, Palembang, Indonesia
3 Zinc oxide (ZnO) Shanghai, China; CAS No.: 1314-13-2; Purity: 99.7%
4 Stearic acid Guangdong, China; CAS No.: 57-11-4; Purity: 99%
5 TMTD Jiangsu, China; CAS No.: 137-26-8; Purity: 98%
6 CBS Fujian, China; CAS No.: 95-33-2; Purity: 96%
7 T™Q Hunan, China; CAS No.: 793-47-8; Purity: 99.9%
8 Paraffin oil (PO-60) PT. Pertamina, Indonesia
9 6PPD China; CAS No.: 793-24-8; Purity: 96%
10 PVI Henan, China; CAS No.: 17796-82-6; Purity: 99%
11 Maleated Natural Rubber (MNR) Local supplier
12 Phosphoric Acid (H3POy) Zhejiang, China; Purity: 85%
13 Sulfur Tamil Nadu, India; CAS No.: 7704-34-9; Purity: 99.5%
14 Engine Oil 10W /40 4T Local supplier, Indonesia

Note: All materials were procured from local Indonesian vendors.

2.3. Experimental Design
2.3.1. Preparation of Activated Charcoal

Sawdust was first washed with distilled water and oven-dried at 110 °C for 24 h. The
carbonization process was conducted in a muffle furnace at 900 °C for 30 min to obtain
raw charcoal, which was then ground and sieved to 200 mesh (75 pum) and 400 mesh
(38 um). The chemical activation process was initiated by soaking 5000 g of sieved charcoal
in a 10% phosphoric acid (H3PO,) solution for 24 h at ambient temperature. Following
impregnation, the samples were thoroughly rinsed with distilled water to remove residual
acid. Subsequent carbonization was performed in a muffle furnace equipped with a gas
circulation system utilizing hydrogen (H;) and nitrogen (N3), along with a hydrogen
combustion safety unit. Two types of sawdust-derived activated charcoal were produced:
SAC200—particle size of 75 pm, carbonized at 200 °C for 120 min; SAC400—particle size of
38 um, carbonized at 400 °C for 120 min.
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Post-carbonization, the activated charcoal was allowed to cool within the furnace for
24 h to prevent oxidation and then stored in airtight containers to maintain its integrity.
The equipment utilized in this process is shown in Figure 1.

iz,

Figure 1. Schematic diagram of the carbonization equipment setup: (1) hydrogen gas cylinder,
(2) nitrogen gas cylinder, (3) furnace, (4) carbonization reactor, and (5) nitrogen gas trap.

The quality parameters of the resulting activated charcoal were evaluated in accor-
dance with SNI 06-3730-1995 standards (refer to Table 3) [34].

Table 3. Physicochemical characteristics of sawdust-based activated charcoal.

Parameter Content
Water content 6.24%

Ash content 7.36%
Volatile matter 11.34%
Carbon 87.85%
Absorption of iodine 1161.34 mg/g

2.3.2. Rubber Compounding Procedure

Rubber compounding was conducted based on the formulation presented in Table 4
using a two-roll open mill. Natural rubber was first masticated for approximately 8 min
until a plasticized state was achieved. The activator (ZnO) and co-activator (stearic acid)
were then added and mixed for 3 min to ensure uniform dispersion. SAC was gradually
incorporated and milled for 4 min until evenly distributed within the rubber matrix. Subse-
quently, the plasticizer, antioxidant, accelerator, scorch retarder, and coupling agent were
sequentially introduced and mixed for 5 min to achieve a fully homogeneous compound.
Finally, the vulcanizing agent (sulfur) was added and mixed for an additional 5 min until
the compound reached complete uniformity.

Table 4. Formulations of natural rubber compounds with varying SAC particle sizes and load-
ings (phr).

Material

Formula (Per Hundred Rubber, phr)

1 2 3 4 5 6 7 8 9
SIR 20 100 100 100 100 100 100 100 100 100
ZnO 5 5 5 5 5 5 5 5 5
Stearic acid 1 1 1 1 1 1
6PPD 2 2 2 2 2 2 2 2 2
™Q 1 1 1 1 1 1
SAC200 - 25 35 45 55 - - - -
SAC400 - - - - - 25 35 45 55
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Table 4. Cont.

Material

Formula (Per Hundred Rubber, phr)
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2.3.3. Vulcanization

The rubber compounds were molded and vulcanized using a hydraulic hot press at
150 °C for 10 min under a pressure of 170 kgf/cm? to produce vulcanized rubber bushing
(VRB) specimens.

2.4. Test Method
2.4.1. FTIR Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed in this study using
a Shimadzu IRTracer-100 spectrometer equipped with an Attenuated Total Reflectance
(ATR) accessory to identify the surface functional groups present on the sawdust-derived
activated carbon (SAC). Special attention was given to the detection of hydroxyl (-OH)
and carbonyl (C=0) groups, which are known to promote interfacial interactions with
elastomeric matrices and enhance filler-rubber compatibility. The presence of these oxygen-
containing groups plays a crucial role in improving filler dispersion, interfacial adhesion,
and overall reinforcement efficiency in rubber composites [35].

2.4.2. Curing Characteristics

Curing behavior was evaluated using a Moving Die Rheometer (MDR 2000) at 150 °C,
following ISO 3417:2008 [36]. The parameters measured included minimum torque (Smin),
maximum torque (Smax), scorch time (ts;), and optimum cure time (tgg) [37,38]. The cure
rate index (CRI) [39] was calculated using the following equation:

1
cri= —9 o 100% 1)
fcoo — t,

2.4.3. Mechanical Testing Procedures

Mechanical properties were evaluated through standard test methods. Hardness was
measured using a durometer in accordance with ASTM D2240-15 [40]. Tensile strength
according to ASTM D395-18 (22 h at 100 °C) [40]. Swelling resistance was assessed following
ASTM D471 [41] by immersing samples in engine oil at 100 °C for 72 h. The percentage
swelling [42] was calculated using the following equation:

% Swelling = Wazm Wi 100% 2)
Wi
where W is the mass of the specimen prior to immersion, and W) is the mass following
immersion.
All mechanical tests were conducted in triplicate, and the results are presented as the
mean =+ standard deviation.
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3. Results and Discussion
3.1. FTIR Analysis of Sawdust-Based Activated Carbon

The FTIR spectrum of sawdust-derived activated carbon (SAC) (Figure 2) revealed the
presence of characteristic functional groups that contribute to the reinforcing capability of
SAC in the natural rubber matrix. A broad absorption band centered at 3639-3138 cm ™!
corresponds to O-H stretching vibrations from hydroxyl groups in phenolic, alcoholic, or
adsorbed moisture species.
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Figure 2. The FTIR spectrum of carbon black derived from sawdust indicates the presence of major
functional groups.

These polar functionalities increase surface polarity, enabling hydrogen bonding
and improved filler-rubber interactions. The bands observed at 2609.77 cm~! and
1720-1842 cm ™! are assigned to C=0 stretching vibrations, suggesting the presence of
carbonyl groups from carboxylic acids, aldehydes, or ketones generated during oxidative
activation. Such oxygenated groups are known to enhance interfacial reactivity and pro-
mote higher crosslinking density during vulcanization [36]. In addition, weak peaks near
2920 cm ! (C-H stretching of -CH, /-CH3), 1481.38 cm ! (C-H bending), and 1109.11 cm !
(C-O stretching of secondary alcohols or ethers) further confirm the partial retention of
lignocellulosic structures and the introduction of oxygen-based moieties. The fingerprint
region (500-1100 cm 1) also exhibits bands characteristic of alcohols, ethers, and esters,
while the peak at 686.68 cm ™! corresponds to aromatic C=C stretching, indicating the
presence of condensed aromatic structures derived from lignin carbonization [43]. While
FTIR provides direct evidence of surface functional groups, the confirmation of elemental
composition and chemical states requires complementary analysis. X-ray Photoelectron
Spectroscopy (XPS) has been widely recommended in recent studies to quantify oxygen-
containing groups (C-O, C=0, O-C=0) and to verify their chemical environment. For
instance, XPS deconvolution of the C 1s region typically reveals sp?-hybridized carbon
(C=C), sp>-hybridized carbon (C-C), and oxygenated species (C-O, C=0), in agreement
with the oxygen functionalities detected by FTIR. The O 1s spectrum further distinguishes
between hydroxyl, carbonyl, and carboxyl contributions. Therefore, the combination of
FTIR and XPS provides a robust verification: FTIR identifies vibrational modes of functional
groups, while XPS quantifies the atomic-level chemical states and confirms the abundance
of oxygen functionalities that facilitate strong interfacial adhesion in SAC-filled rubber
composites. The FTIR-XPS results in this study are in line with the report from Rosan
et al. [44], Yang et al. [45], Marija Ili¢ et al. [46], where FTIR detects the characteristic vibra-
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tions of oxygenated groups (C-O, C=0), while XPS quantifies the contribution of oxygen
species through the deconvolution of Cls and O1s peaks. This consistency strengthens
the evidence that the presence of oxygen groups plays an important role in enhancing
interfacial interactions in activated carbon-based materials.

This dual characterization not only validates the surface chemistry of SAC but also
underpins its reinforcing role in natural rubber compounds formulated in Table 4. The
simultaneous presence of hydroxyl, carbonyl, ether, and aromatic structures contributes to
improved filler dispersion, increased cross-link density during vulcanization, and enhanced
mechanical performance of vulcanized rubber bushings compared to conventional carbon
black. Such complementary evidence highlights SAC as a sustainable and multifunctional
bio-based filler with clear advantages in polymer reinforcement applications [47,48].

3.2. Curing Characteristics of Natural Rubber Compounds

The curing characteristics of natural rubber (NR) compounds filled with SAC200 and
SAC400 at various loadings (0-55 phr) were evaluated using rheometric parameters, includ-
ing maximum torque (Smax), minimum torque (Smin), torque difference (As = Smax — Smin),
scorch time (ts;), optimum cure time (tgg), and cure rate index (CRI) [49]. The results,
summarized in Table 5, reveal significant variations in vulcanization behavior across formu-
lations. The chemical functionality of SAC, particularly the presence of oxygen-containing
groups like hydroxyl and carbonyl, which improve interactions with curing agents and the
rubber matrix, is primarily responsible for these variations [50]. FTIR test results indicate
the presence of dominant hydroxyl and carbonyl groups in SAC400. The presence of these
groups affects the hardening characteristics of the rubber compound. With the presence
of this group, the maximum torque (Smax) of SAC400 vulcanizate increased significantly
from 3.451 N-m to 3.733 N-m when compared with SAC200 and the control.

Table 5. Curing characteristics of natural rubber composites filled with SAC200 and SAC400.

Sample Loading (phr)

Curing Characteristic

Smax Smin Smax — Smin Opt Cure Time Scorch Time CRI

(N-m) (N-m) (N-m) (tcgg) (min; s) (tsy) (min;s) (s7 1)

NR/CB Without filler 0 3.683 0.874 2.810 12:35 6:79 0.316
Without filler 0 3.451 0.796 2.655 15:59 8:45 0.230
25 3.037 0.610 2.427 15:29 8:02 0.223

35 3.065 0.584 2.480 14:45 7:56 0.244

SAC200 (75 pm) 45 3.143 0.512 2.631 13:57 7:25 0.255
55 3.047 0.708 2.539 13:07 7:10 0.273

Without filler 0 3.451 0.796 2.655 15:59 8:45 0.230
25 3.241 0.775 2.466 14:57 7:47 0.233

35 3.526 0.834 2.693 13:15 7:00 0.267

SACA400 (38 pm) 45 3.722 0.847 2.874 12:28 6:46 0.292
55 3.733 0.884 2.850 11:05 5:58 0.326

Note: Torque values originally expressed in kg-cm were converted to N-m using the conversion factor
1 kg-cm = 0.0980665 N-m. NR: natural rubber; phr: per hundred rubber; CB: carbon black; SAC: sawdust-
activated carbon.

The difference in filler loading has a significant effect on cross-link formation. At a
filler loading of 30 phr, the cross-link density increases and the torque delta (Ag) changes.
This implies that the network structure and stiffness of the rubber have improved [51].
However, at filler loadings above 30 phr, Ag decreases and the ts; and tgg values increase.
This phenomenon implies that excessive amounts of filler can cause the rubber chain to
become unstable and the resulting cross-link system to become less uniform.
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Among the measured parameters, maximum torque (Smax) rose significantly with
increasing SAC content, particularly for SAC400. A Spmax of 38.07 kg-cm was recorded
by SAC400 at 55 phr, indicating increased stiffness and cross-link density. This was as-
cribed to enhanced filler-matrix adhesion, which was facilitated by the polar surface and
numerous active sites of SAC400 [52-55]. Conversely, minimum torque (Spmin), which
reflects compound viscosity before curing, showed only minor variation with SAC loading.
Yet, SAC400 showed a marked increase in Ag at higher loadings, peaking at 29.31 kg-cm
at 45 phr, likely due to its finer particle size (38 um), which enhances surface area and
dispersion efficiency [56]. SAC400, with a surface area of 38 pm, has a higher density of
polar functional groups (-OH, -COOH, —-C=0). These groups act as catalytic sites that
can interact with sulfur during vulcanization. These groups accelerate the cross-linking
reaction. Furthermore, vulcanizates loaded with SAC400 exhibited a faster ts, time than
SAC200, resulting in a faster cross-linking reaction.

Similar trends have been reported in previous studies, where activated carbon
with abundant surface functionalities accelerated the drying kinetics and enhanced the
rubber—filler interactions. Li et al. [57] showed that activated carbon with very high surface
area had abundant oxygen functionalities, while Ma et al. [58] reported that Sakura-derived
activated carbon exhibited significant -OH, -C=0, and -COOH groups. The results indi-
cate that the bio-based activated carbon filler accelerated the drying time and improved
the mechanical performance of natural rubber composites, consistent with the faster ts,
observed in the SAC400-filled vulcanizate.

The SAC material used in this study possessed high porosity and carbon content
(72.32%), contributing to better surface reactivity and adsorption capacity [59]. These
properties enabled more efficient heat transfer and molecular mobility during vulcanization,
leading to denser crosslinking and improved mechanical response. Consequently, both
scorch time (ts;) and optimum cure time (tgg) decreased with SAC400 loading, reaching
their lowest values at 5 min 58 sec and 11 min 05 sec, respectively. Acceleration of the curing
process, in line with previous findings that finer particles increase thermal conductivity
and internal friction, thereby shortening the overall curing time [60]. A shorter tgg increases
energy efficiency in processing [61,62], while a lower ts; improves the processability of
the compound.

The cure rate index (CRI), representing vulcanization kinetics, was highest for
SAC400 at 55 phr, confirming its superior curing performance [63]. SAC400’s enhanced
surface properties high surface area, porosity, and polarity are key contributors to this
outcome, promoting faster heat distribution and chain mobility. As observed in Table 5, the
trend of increasing Smax with SAC loading suggests a corresponding increase in cross-link
density, likely driven by interactions between SAC hydroxyl groups and the NR matrix [64].
Meanwhile, S;, values fluctuated moderately, likely influenced by the balance between
filler dispersion and matrix viscosity.

At equivalent loadings, SAC400 consistently outperformed SAC200 in terms of tsp,
tog, and CRI, confirming its superior curing efficiency. Variations in cross-link density
and internal heat generation largely governed the differences in curing behavior from
filler-rubber friction [65]. Overall, NR compounds filled with 45-55 phr SAC400 exhib-
ited the most favorable curing characteristics, high Smax, low tsy, tog, and elevated CRI
values. These findings position SAC400 not only as a reinforcing filler but also as an active
contributor to vulcanization kinetics. Its dual role underscores its potential as an efficient,
bio-based alternative to conventional fillers, particularly for demanding applications such
as automotive rubber bushings [66].
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3.3. Mechanical Properties and Performance Analysis
3.3.1. Hardness

Hardness is a key mechanical parameter reflecting the resistance of a vulcanizate
to surface deformation and is directly related to cross-linking density and filler-matrix
interactions. In automotive rubber bushings (VRBs), which must maintain dimensional
stability under repeated mechanical stress, hardness serves as a crucial performance metric.
As shown in Figure 3 and Table 4, the addition of SAC to natural rubber compounds can
significantly increase hardness.

70 4 == SAC200
== SAC400
mmm Without SAC

Hardness (Shore A)

35
SAC Loading (phr)

Figure 3. The effect of SAC type and loading on the Shore A hardness of vulcanized natural
rubber bushings.

The unfilled control sample exhibited a baseline hardness of 45 Shore A. With increas-
ing SAC loading, a progressive rise in hardness was observed. SAC400, carbonized at
400 °C and possessing a finer particle size (38 um), consistently yielded higher hardness
values than SAC200 (75 pum, 200 °C). At 55 phr, SAC400 reached 70 Shore A, fulfilling the
industrial standard for VRB (70 = 5 Shore A). Because SAC200 could only support 60 Shore
A at the same loading, the reinforcement was less effective. Activated carbon with smaller
particle size and richer surface functionality provides better reinforcement in the rubber
matrix, resulting in higher hardness values compared to larger particle fillers.

The superior performance of SAC400 is attributed to its higher surface area and carbon
purity, which promote effective filler dispersion and interfacial bonding. FTIR analysis
(Figure 2) confirmed the presence of functional groups such as C=C and C=0, along with
reduced —OH intensity in SAC400, indicating greater graphitization and hydrophobicity.
The detection of sulfur-containing bonds (C-S, S-S) further indicates that SAC400 can
participate in the vulcanization reaction, contribute to the formation of three-dimensional
networks, and influence the VRB hardness value. The enhancement in hardness is closely
related to increased crosslink density. The observed increase in hardness is primarily due
to the presence of functional groups in SAC, as identified through FTIR analysis. These
functional groups enhance interfacial interactions with the rubber matrix. Furthermore,
cross-linking formed by sulfur, accelerated by accelerators and activators, increases the
overall cross-linking density. This contributes to the increase in VRB hardness. These
findings are consistent with previous findings on bio-based fillers [67]. The use of the ZnO
stearic acid system, in combination with CBS and TMTD accelerators, supported efficient
vulcanization and uniform crosslink distribution. However, hardness plateaued at loadings
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above 45 phr, likely due to filler agglomeration, which may hinder matrix uniformity and
restrict further reinforcement.

The presence of coupling agents during mixing reduces interfacial tension and im-
proves filler-rubber adhesion [68]. In modified natural rubber (MNR), polar functional
groups can interact favorably with SAC, while non-polar domains align with the rubber
matrix. Larger SAC particles may limit chain mobility during deformation, resulting in
greater localized indentation and decreased hardness [69]. Overall, SAC400-filled NR
compounds at 45 and 55 phr met commercial hardness requirements, demonstrating the
material’s capability for application in high-performance automotive bushings (VRB). The
combination of optimized morphology and surface chemistry supports SAC400 as a viable
bio-derived alternative to conventional fillers in elastomeric systems.

3.3.2. Tensile Strength

Tensile strength is a fundamental parameter for assessing the mechanical performance
of vulcanized rubber (VRB), especially in reinforced systems. It represents the material’s
ability to withstand stress under tensile loading before failure. Figure 4 presents the tensile
strength of VRB filled with SAC200 and SAC400 across various loadings.
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Figure 4. The effect of SAC type and loading on the tensile strength of vulcanized rubber bushings.

The unfilled compound exhibited a tensile strength of 5.52 MPa, establishing the
baseline for comparison. As SAC content increased, tensile strength improved progressively,
confirming SAC’s reinforcing capability. The increased tensile strength is due to improved
filler-matrix adhesion, interfacial stress transfer, and physical interlock, all of which are
facilitated by SAC’s porous structure and large surface area. These results are consistent
with earlier studies on the enhancement of elastomeric properties by carbon fillers derived
from biomass [70]. The existence of polar functional groups on the filler surface explains
the higher tensile strength of VRB, particularly those reinforced with SAC400.

The polar groups actively encourage greater interfacial adhesion by forming hydrogen
bonds and dipole-dipole interactions with the non-polar polyisoprene chains. Interfacial
adhesion improves stress transfer effectiveness in the composite. Furthermore, the polar
surface properties of SAC400 promote better dispersion into the NR matrix. The resulting
interfacial adhesion interacts with ZnQO, stearic acid, sulfur, and other additives to form
tighter cross-links. This results in a significant increase in tensile strength.

Across all loadings, SAC400 outperformed SAC200. At 45 phr, SAC400 reached a
peak tensile strength of 13.4 MPa, significantly higher than SAC200’s 9.56 MPa at the same

66



Polymers 2025, 17, 2996

loading, an increase of approximately 40%. This value exceeds the tensile strength range
typically reported for carbon black-filled NR (11-13 MPa at 30 phr) [71,72], highlighting
SAC400’s competitive performance. The superior performance of SAC400 is attributed
to its finer particle size (38 um), higher carbonization temperature (400 °C), and higher
surface area, which collectively enhance dispersion and interfacial bonding. At 55 phr,
SAC400 maintained a high tensile strength of 12.51 MPa, surpassing the minimum industry
requirement of 11 MPa for automotive VRB. In contrast, SAC200 exhibited a marked
reduction at this loading, likely due to agglomeration and poor dispersion, common
challenges in particulate-filled elastomer systems.

The reinforcing mechanism involves both physical and chemical interactions. Phys-
ically, SAC particles interact with rubber chains via van der Waals forces. Chemically,
functional groups on the SAC surface (-OH, C=0) form bonds with the rubber matrix
during vulcanization [72]. The presence of maleated natural rubber (MNR) as a coupling
agent further enhances compatibility and stress distribution. SAC400’s optimized mor-
phology also contributes to a more uniform crosslink network, resulting in higher tensile
strength [73]. These results support earlier findings on the importance of filler particle
size, surface area, and dispersion in achieving mechanical reinforcement [74]. Overall,
SAC400 demonstrated superior performance compared to SAC200, positioning it as a
highly effective, sustainable filler for high-performance vulcanized rubber bushings.

3.3.3. Elongation at Break

Elongation at break is an important parameter that reflects the flexibility and toughness
of VRB under tensile stress. This parameter indicates the extent to which a material can
stretch before breaking. As shown in Figure 5, the unfilled control sample (0 phr SAC)
exhibited an elongation at break of 530%, demonstrating unrestricted chain mobility in the
absence of fillers. The SAC200 and SAC400 loadings on each VRB significantly affected
these properties. The loading of SAC200 and SAC400 on each VRB significantly affected
these properties, consistent with previous findings that the addition of bio- or carbon-based
fillers limits chain mobility and reduces elongation at break due to stronger filler-rubber
interactions. According to Azura et al. [71], elongation at break is influenced by filler load,
where increasing filler load will reduce elongation at break.
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Figure 5. The effect of SAC type and loading on the elongation at break of vulcanized rubber bushings.
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The gradual addition of SAC fillers reduced elongation due to restricted polymer
chain mobility, as the rigid particles acted as physical crosslinking points. In SAC200-filled
compounds, elongation values declined notably, especially at 35-55 phr, where values fell
below the minimum industrial standard of 400%. This was attributed to poor dispersion,
weak filler-rubber interfacial bonding, and filler agglomeration, which disrupted matrix
homogeneity and increased stiffness.

At higher SAC content, the reduction in free volume further hindered chain flexibility.
Excess filler led to saturation, preventing complete interaction between the SAC and the
VRB. This condition compromises elasticity and promotes premature failure under tensile
loading. In contrast, SAC400 demonstrated superior elongation-at-break performance.
At 25 phr and 35 phr, elongation at break reached 435% and 460%, respectively, within
the optimal range (400-500%) for VRB applications. However, further increasing the
loading to 45 phr and 55 phr reduced elongation to 415% and 370%, respectively. This
reduction was due to filler aggregation, which restricted chain extension and introduced
stress concentration points.

The improved performance of SAC400 is largely due to its smaller particle size (38 um)
and higher carbonization temperature (400 °C), which results in greater surface area
and porosity. These characteristics enhance stress distribution across the VRB, interfacial
adhesion, and filler dispersion. SAC400’s higher porosity resulting from thermal activation
also allowed for tighter rubber filler contact and better stress transfer, as shown in similar
studies using biomass-based carbon [54]. By comparison, SAC200 with a larger particle
size (75 um) led to uneven stress distribution, localized microvoids, and poor elongation
results at higher loadings. These phenomena underline the importance of filler structure
and dispersion quality in mechanical reinforcement [75].

The 35 phr SAC400 formulation represented the optimal filler level, where elonga-
tion at break peaked at 460%. Above this threshold, the performance declined below the
400% standard, reflecting the onset of filler overloading. Similar behavior was observed
in carbon-filled composites post-thermal treatment, as reported [76]. Notably, SAC-filled
VRB outperformed conventional carbon black systems, which typically exhibit maximum
elongation between 350% and 400% at 20-30 phr [77]. In comparison, SAC400 reached
460% at 35 phr, demonstrating its superior reinforcement efficiency. This also highlights
SAC400’s viability as a sustainable alternative to petroleum-based fillers, combining me-
chanical reliability with environmental advantages, wide availability, and renewability.
When considered together, the data confirm that SAC400 enhances both elasticity and
toughness of VRB more effectively than SAC200, particularly at optimal loading. Its fa-
vorable elongation performance, alongside its bio-based origin, supports its use in the
development of environmentally sustainable, high-performance rubber composites.

3.3.4. Compression Set

Compression set is an important parameter for evaluating the long-term dimensional
stability and elastic recovery of rubber materials, especially in VRB applications. Compres-
sion set measures the ability of a rubber vulcanizate to return to its original shape after
prolonged compression at elevated temperatures [78]. Lower VRB compression set values
indicate superior elasticity, structural resistance, and the material’s capacity to maintain
mechanical integrity under thermal and compression loads [79]. Figure 6 presents the
compression set values of VRB reinforced with various loadings of SAC200 and SAC400.
All samples were aged at 100 °C for 72 h to simulate thermal degradation conditions. The
control (unfilled) sample exhibited a compression set of 29.5%, typical of non-reinforced
vulcanizates. In contrast, the addition of SAC fillers significantly reduced compression
set values across all formulations, suggesting enhanced elastic recovery due to increased
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crosslink density and stronger filler-matrix interactions. Figure 6 presents the improved
VRB compression set values with various SAC200 and SAC400 loadings.
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Figure 6. The effect of SAC type and loading on the compression set values of vulcanized rubber bushings.

For samples loaded with SAC200, the VRB compression set decreased from 24.2% at
10 phr to 20.3% at 30 phr, indicating improved dimensional stability. SAC400 consistently
outperformed SAC200 at equivalent loads. At 30 phr, SAC400 achieved the lowest com-
pression set value of 18.7%, representing a 36.6% reduction compared to the control. At
45 phr, SAC400 maintained a value around 24%, still lower than the SAC200 counterpart.

These improvements are attributed to SAC400’s smaller particle size (38 um), higher
surface area, and more porous structure—resulting from carbonization at 400 °C, which
facilitated better dispersion and stronger interfacial bonding with the rubber matrix [66,71].
The superior performance of SAC400 is further supported by its higher surface polarity and
structural stability, which helped distribute applied pressure more evenly and restricted
polymer chain relaxation [80]. This led to reduced permanent deformation and improved
dimensional resilience. The enhanced filler—rubber bonding in SAC400 composites is due to
greater contact area and a more favorable distribution of functional groups, consequences
of its higher carbonization temperature and optimized microstructure.

A sharp decline in compression set was observed when filler loading exceeded 25 phr,
suggesting the formation of a percolation network. This interconnected filler structure
enhanced matrix reinforcement and minimized voids through increased physical contact
and interfacial bonding [81]. Similar trends have been reported in elastomers filled with
high-surface-area carbon materials, where enhanced stress transfer and limited chain
mobility reduced permanent deformation [29]. These observations align with the study
by Yan et al. [55], which demonstrated that finer carbon fillers significantly improve stress
distribution and limit molecular relaxation. The 25 phr threshold appeared critical, beyond
which compression set performance improved markedly [82]. Notably, SAC400-filled VRB
in the 35-55 phr range showed compression set values between 24% and 30%, meeting the
industrial requirement (<30%) for automotive and general-purpose bushing applications.

The excellent compression set resistance of SAC400 is also linked to its high porosity
and functional surface chemistry, which promote physical entrapment of polymer chains
and the formation of van der Waals and hydrogen bonds [83]. These interactions increase
network compactness, reduce voids, and enhance the rubber’s ability to recover from com-
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pressive strain. The synergy between small particle size, high carbonization temperature,
and broad surface functionality highlights the potential of SAC400 as a sustainable active
filler alternative derived from biomass.

3.3.5. Swelling Behavior

Swelling behavior in VRB is primarily governed by free volume, crosslink density, and
interfacial interactions between the rubber matrix and the swelling medium. The swelling
rate, defined as the percentage of absorbed oil, reflects the extent of solvent diffusion within
the polymer network [42]. In this study, swelling tests were conducted on VRB using oil
immersion at two temperatures (25 °C and 100 °C), as shown in Figure 7.

SAC200, T Swelling 25°C
SAC200, T Swelling 100°C
SAC400, T Swelling 25°C
SAC400, T Swelling 100°C
Without SAC

Swelling (%)

35
SAC Loading (phr)

Figure 7. The effect of SAC type and loading on the oil swelling behavior of vulcanized rubber bushings.

The formulations are detailed in Table 4. At 25 phr filler loading, SAC200 and
SAC400 exhibited the highest swelling ratios, indicating lower crosslink densities.
SAC200 swelled up to 50% at 25 °C, while the unfilled compound showed ~55% swelling
at 100 °C. This high swelling [84], is associated with insufficient crosslink formation, which
permits solvent penetration and polymer chain expansion. Additionally, polar groups
result in less swelling in non-polar solvents, which suggests improved network integrity
and solvent resistance.

When the filler content increased to 55 phr, the swelling percentage of VRB decreased
significantly. This phenomenon indicates increased cross-linking and improved compat-
ibility of the filler with the rubber matrix due to the addition of SAC. VRB filled with
SAC400 consistently showed lower swelling compared to SAC200. Furthermore, the denser
three-dimensional network formed during vulcanization reduces solvent uptake by physi-
cally restricting chain mobility and void space. This effect is supported by FTIR results and
aligns with previous findings that higher cross-linking density reduces matrix permeability
and swelling [62]. Furthermore, the results of FTIR analysis showed that the presence of
polar groups increased tissue integrity and solvent resistance by reducing the amount of
swelling in non-polar solvents.

Swelling resistance was consistently lower at higher SAC loadings, particularly in the
range of 35-55 phr for SAC400. These results emphasize the role of filler morphology and
surface chemistry in limiting chain relaxation and solvent transport. This behavior is more
pronounced at high temperatures (100 °C), where solvent diffusion is accelerated and me-
chanical integrity is reduced. Nevertheless, SAC-filled samples maintained better swelling
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resistance compared to unfilled VRB. Furthermore, strong interfacial bonding through
hydrogen bonding, van der Waals forces, and chemical linkages contributed to improved
matrix cohesion and solvent exclusion, This was especially evident in SAC400 systems,
which offered superior dimensional and chemical stability under thermal and chemical
stress. In summary, VRB filled with SAC400 exhibited superior swelling resistance com-
pared to SAC200. This was attributed to the finer structure of SAC400, higher surface
reactivity, and better integration into the rubber matrix. These findings support the use
of SAC400 as a reinforcing filler to enhance cross-linking and reduce solvent-induced
degradation of VRB in vulcanized rubber systems.

4. Conclusions

(1) Sawdust-derived activated carbon (SAC) successfully incorporates oxygenated and
aromatic functional groups, as confirmed by FTIR and XPS.

(2) The addition of SAC improves the hardening properties, tensile strength, modulus,
hardness, and tear resistance of NR vulcanizates.

(3) SAC200 retains more oxygenated groups, enhancing interfacial interactions, while
SAC400 increases stiffness due to the increase in aromatic domains.

(4) Compared with conventional carbon black and other biomass-derived fillers, SAC
exhibits superior sustainability and reinforcement potential.
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Abbreviations

The following abbreviations are used in this manuscript:

NR Natural rubber

SAC Sawdust-derived activated carbon

VRB vulcanized rubber bushings

SAC200 Activated carbon derived from sawdust with a particle size of 75 um, carbonized at

a temperature of 200 °C
Activated carbon derived from sawdust with a particle size of 38 um, carbonized at

SACA00 a temperature of 400 °C
ZnO Zinc Oxide
CBS N-Cyclohexyl2-benzothiazole sulfenamide
TMTD Tetramethyl thiuram disulfide
MNR Maleated natural rubber
SIR-20 Standar Indonesia Rubber
TMQ Polymerized 2,2,4-trimethyl-1,2-dihydroquinoline
6PPD N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine
PVI Pre-Vulcanization Inhibitor
H3PO, Phosphoric Acid
CB Carbon black
H, Hydrogen
N, Nitrogen
FTIR Fourier transform infrared
ATR Attenuated Total Reflectance
MDR Moving Die Rheometer
CRI Cure rate index
ASTM American Society for Testing and Material
W Weight
Mpa Megapascal
°C Degrees Celsius
%o Percent
Mikrometer um
kegf Kilogram-force
cm Centimeters
um micrometer
phr parts per hundred of rubber
tsoy Scorch time
too Cure time
Smax Maximum torque
Smin Minimum torque
Ag Torque difference
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Abstract

Recycling end-of-life rubber to compound components for new formulations is one of
the most promising ways to reach the sustainability goals of the rubber industry. Today,
devulcanization and pyrolysis are both methods to reuse crosslinked elastomers. A third
recycling approach is to process end-of-life rubber into ground rubber (GR), which is then
added to green compounds. However, free sulfur diffuses during mixing, storage and
vulcanization from the matrix material into the GR particles. As a result, the crosslink den-
sity in the matrix is reduced, which deteriorates the in-rubber properties of GR-containing
vulcanizates compared to those that do not contain GR. Therefore, GR particles are mainly
used today for rubber parts with less demanding dynamic-mechanical requirements, which
limits the use of the particles. This study presents an approach for reducing the sulfur
diffusion from the matrix into the GR particles by prevulcanizing the green matrix ma-
terial. This leads to GR-containing vulcanizates with significantly improved mechanical
properties. This new approach shows that the quality of the recycled rubber product can
be significantly increased by blocking the sulfur diffusion. Even though such prevulcan-
ization is currently only feasible under laboratory conditions, it might also pave the way
for finding solutions in a production scale for an effective incorporation of GR into new
rubber compounds.

Keywords: rubber; ground rubber; rubber recycling; sulfur diffusion; prevulcanization;
crosslink density

1. Introduction

In terms of sustainability and the circular economy, the rubber industry is seeking
ways to reduce energy consumption and CO, emissions in the manufacturing of rubber
products. Recycling plays a key role in achieving such a reduction. Efforts are being
made to further process polymer material from end-of-life tires (ELTs) by pyrolysis [1,2],
devulcanization [3,4] or refining into ground rubber (GR) [5,6] as an additive for new
products. This recycled additive reduces the absolute need for virgin material of a new
vulcanizate and thus contributes to the overall goal of the circular economy. In this study;,
the recycling method of GR is examined in more detail, and a solution is presented to
improve the tensile properties of GR-containing compounds.

To date, shredding and grinding ELTs into small particles is common practice. The size
of these particles ranges roughly from diameters from 20 to 40 mm (“chips”), to 1-20 mm
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(“granulate”), and down to 0-0.4 mm (“powder”) [7]. In this study, GR is referred to as
particles with diameters between 0.2 and 2 mm, as previous measurements [8] have shown.

The incorporation of GR particles into green rubber during compounding is an ap-
proach for recycling the polymer fraction of ELTs. However, the properties of GR-containing
vulcanizates are deteriorated in comparison to those that do not contain the recycled mate-
rial [9-16]. The main reason for this effect is the diffusion of sulfur from the surrounding
green matrix into the GR particles [9,14,15,17-19]. This diffusion out of the uncured com-
pound leads to a reduction of the sulfur concentration in the matrix and consequently
to a reduction in crosslink density (CLD) within the matrix [19,20]. At the same time,
the sulfur concentration increases in the GR particles, which leads to particles with a
higher CLD [19,20]. This diffusion effect causes an inhomogeneous vulcanizate in terms
of different local sulfur concentrations and thus different local viscoelastic properties [19].
The combination of stiff GR particles in a flexible matrix is therefore responsible for the
deteriorated in-rubber behavior of the vulcanizate.

It could be shown in [19] that the concentration difference of free, i.e., not covalently
bound soluble sulfur (cyclo-Sg) between the matrix and GR particles is the driving force
of the curative diffusion, as the concentration of free cyclo-Sg is high in the green matrix.
In contrast, the concentration of free cyclo-Sg is low in the GR particles because these are
vulcanized, and thus the sulfur is covalently bound. When GR is incorporated into the
green matrix compound, free cyclo-Sg diffuses from the matrix into the GR particles to
reestablish a concentration equilibrium of free cyclo-Sg in both phases. The diffusion ends
when both phases contain the same amount of free cyclo-Sg. However, the diffusion also
ends with the start of the vulcanization process in both phases. This also explains why
the sulfur diffusion from the matrix into the GR particles is even more pronounced when
the scorch time of the GR is shorter than that of the surrounding matrix: with a short
scorch time of the GR, the sulfur diffuses from the surrounding matrix into the GR until
final vulcanization, as the sulfur is only bound in the matrix at a later stage. Thus, the
concentration difference of free cyclo-Sg between matrix and GR is maintained until the
vulcanization also starts in the matrix, which significantly reduces sulfur diffusion.

Phadke et al. [15,18] developed an approach for counteracting the effects of sulfur dif-
fusion. They achieved higher sulfur concentrations in the vulcanized matrix by increasing
the amount of both the sulfur and the also mobile accelerator in the green matrix compound
before crosslinking. Sulfur diffusion continues to occur, as described above. However, the
increased sulfur content in the matrix led to a higher sulfur equilibrium between both the
matrix and GR particles. As the matrix became supersaturated with sulfur, it continued
to release it through diffusion. However, due to the overall high sulfur concentration, the
matrix retained a sufficient amount of sulfur. A satisfactory CLD in the matrix thus was
formed and the deterioration of in-rubber properties of the entire vulcanizate is less severe.
Until today, this method is a good way to counteract the negative influence due to the
incorporation of GR particles [6,19,21].

Therefore, this technique is a first step in reducing the detrimental effects of sulfur
diffusion. Nevertheless, sulfur enrichment in the GR continues to reduce the homogeneity
between matrix and GR particles with respect to e.g., CLD. Furthermore, the use of a sulfur
supersaturated matrix has the disadvantage of allowing diffusion to proceed unimpeded.
For example, GR particle solubility and crosslinking kinetics will alter if its compound
formulation changes. Thus, for every variation in GR type and quantity, the sulfur concen-
tration may need to be adjusted. Determining the ideal ratio between GR quantity and
sulfur supersaturated matrix requires long and laborious preliminary testing [19].

To minimize the deterioration of the properties of GR-containing vulcanizates, it
therefore seems more appropriate to prevent sulfur diffusion. Three approaches were
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investigated in [19]. It could be shown that a sulfur donor system does not lead to reduced
sulfur diffusion during vulcanization conditions. In contrast, the use of polymeric sulfur
could significantly reduce the diffusion of sulfur during mixing and storage conditions.
However, during the vulcanization process, the polymeric sulfur converts back into free
cyclo-Sg and thus leads to a diffusion behavior similar to that described above.

The third approach, however, showed promising results in reducing sulfur diffusion
and thus increasing the in-rubber properties of GR-containing vulcanizates. It was shown
that sulfur diffusion mainly occurs during mixing, storage and the scorch time of the curing
process due to the elevated temperatures. At the same time, it was demonstrated that sulfur
diffusion is mainly limited to the pure form of free cyclo-Sg. In contrast, sulfur species
in combination with ZnO, stearic acid or accelerators are significantly less mobile in the
elastomeric matrix. These species can be, e.g., ZnS or the active sulfurating agent complex
that are formed during mixing and the scorch time of the crosslinking process [19].

For these reasons, the idea of prevulcanization of the matrix before the incorporation
of GR particles was introduced. The current process thus enables the pure cyclo-Sg to
diffuse from the matrix into the GR particles during mixing, storage and vulcanization
processes. In contrast, large proportions of the added free cyclo-Sg are first converted into
a less mobile sulfur species in the matrix during prevulcanization, as explained above.
The reduced mobility of the sulfur-containing species is expected to lead to less sulfur
diffusion from the matrix into the subsequently incorporated GR particles. This hypothesis
of prevulcanization will be investigated in the following sections.

2. Materials and Methods

For the following investigations, the same experimental approach was used as already
described in previous publications [19,20,22]. In total, the same compounds were produced
five times together with the previous work cited and all vulcanization curves were com-
pared with each other, so that in each case a very good match could be established and
reproducibility was ensured.

2.1. Process Chain Ouverview

The entire process chain, from compounding to the finished test specimens, is illus-
trated in Figure 1. First, the natural rubber (NR, red) and styrene-butadiene rubber (SBR,
blue) compounds are produced separately in mixing step 1. The vulcanization properties at
155 °C of both compounds are then determined in the rubber process analyzer (RPA). With
this vulcanization information, the NR compound (red) is vulcanized to tgs and formed
into 6 mm thick sheets (130 mm x 117 mm). The NR sheets are then converted into GR
in a mill, as described in [8]. This material is thus defined as “NR-GR”. Alternatively,
the SBR compound (blue) is prevulcanized to the vulcanization time tx with x < 10 in the
available heating press to 6 mm thick sheets. This prevulcanization of the matrix compound
is the only difference to the current state of the art in processing GR. To date, the GR is
incorporated into a non-prevulcanized matrix. The material pairing of NR-GR in an SBR
matrix was chosen because [19] showed that sulfur diffusion is pronounced in this material
combination, since tgs of the NR-GR material is 4 times lower than that of the surrounding
SBR matrix material.

In mixing step 2, the NR-GR is incorporated into the prevulcanized SBR matrix on a
two-roll mill. The crosslinking characteristics of the new compound (red-and-blue-colored
arrows) are then determined again in the RPA. With this information, rubber sheets with
a thickness of 2 and 6 mm are vulcanized to tgs. These sheets are converted into test
specimens for the following examinations.
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The following sections describe the separate production steps and the equipment used
in more detail.

NR or SBR

| |
—! Internal :
§": mixer i
a ! -
£ B :
Ry !
b : Two roll mill i
RPA
Heating press: Heating press:
Vulcanization to to5 Prevulcanization to t,
Grinding
process
[ .0
o
®
L 2P

s i

Mixing step 2

Two roll mill @ @ .
RPA

\ 4

Heating press:
Vulcanization to tgs

\ 4

Sample
preparation

Figure 1. Process chain overview.

2.2. Compound Formulations and Mixing Conditions

This study investigates the diffusion behavior of soluble sulfur between the SBR
matrix and the NR-GR material. The formulations, as well as the names and manufacturing
companies of the individual compound components, are depicted in Table 1. The NR
vulcanizate was manufactured to be subsequently converted into GR and then to be
incorporated into compounds of SBR. In total, three SBR compounds were manufactured,
each prevulcanized to different ty. Details are explained in the following table.
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Table 1. Compound formulations; all values are given in parts per hundred rubber (phr), adapted
from [20].

NR SBR Name Company
NR 100 - SIR 20 Weber & Schaer GmbH & Co. KG, Hamburg, Germany
E-SBR - 100  Buna SE 1502 L Arlanxeo Deutschland GmbH, Cologne, Germany
N330 50 50 Corax N330 Orion Engineered Carbons S.A., Eschborn, Germany
ZnO 5 5 Zinkoxid Rotsiegel L. Briiggemann GmbH & Co. KG, Heilbronn, Germany
Stearic acid 3 3 Palmera B1804 KLK Emmerich GmbH, Emmerich am Rhein, Germany
Soluble sulfur 1.2 1.2 K46859483 542 Merck Chemicals GmbH, Darmstadt, Germany

CBS

1.2 1.2 Vulkacit CZ/EG-C Lanxess Deutschland GmbH, Krefeld, Germany

The compound components described in Table 1 were mixed in mixing step 1 using
an internal mixer (Werner & Pfleiderer, 1.5 1, PES3) and a laboratory mill (Schwabenthan
200 x 450). Mixing step 1 is a two-stage mixing process, divided into the preparation
of the base and the final compounds. An overview of the mixing sequence and the key
parameters of the base compounds can be found in Table 2. Prior to the compounding
of the base compounds, 1 kg of the NR is masticated in the internal mixer for 20 min at
20 rpm and 25 °C.

Table 2. Production procedure of base compounds of mixing step 1 [19].

Time/Min Processing Step of Base Compounds
0 Polymer
1 Zn0O, stearic acid, carbon black
2.5 Cleaning step
4.5 Dump
Weight check

Sheeted off on laboratory mill (both rollers 20 rpm, gap 2.5 mm, 40 °C)
for 1 min. Relaxation for 1 h.

Table 3 depicts manufacturing details of the final compounds of mixing step 1.

Table 3. Production procedure of final compounds of mixing step 1 [19].

Time/Min Processing Step of Final Compounds

0 Base compound, sulfur, accelerator
3 Dump
Weight check
Sheeted off on laboratory mill (front roller 16 rpm, back roller 20 rpm gap
2.0 mm, 40 °C)
0 Final compound on laboratory mill
1 Cutting three times left and right, roll up and blend back at a gap of 1 mm
4 Gap: 2.5 mm, both rollers at 20 rpm, dump

The NR vulcanizate was then ground in a centrifugal mill (see Section 2.4). In contrast,
the SBR compounds were prevulcanized to ty and formed into 6 mm thick sheets with
dimensions of 130 mm x 117 mm. Each sheet was then cut with common rubber scissors
into four stripes to increase the processability on the two-roll mill in mixing step 2.

In the latter compounding process, 30 phr of NR-GR was incorporated on the two-roll
mill into the prevulcanized SBR matrix (see mixing step 2 in Figure 1). This compound
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is referred to as “SBR&NR-GR” in the remainder of this article. Table 4 describes the
compound constituents of SBR&NR-GR in detail.

Table 4. Compound formulation for mixing step 2: addition of 30 phr NR-GR into a prevulcanized
SBR-matrix; all values are given in phr.

SBR&NR-GR
E-SBR 100
N330 50
Zn0O 5 Prevulcanized to ty with x < 10;
Stearic acid 3 cut into 6 mm thick stripes
Soluble sulfur 1.2
CBS 1.2
NR-GR 30

The procedure of incorporating 30 phr NR-GR into a prevulcanized SBR-matrix in
mixing step 2 is displayed in Table 5.

Table 5. Production procedure for mixing step 2.

Time/Min Processing Step of SBR&NR-GR

Laboratory mill (both rollers 20 rpm, gap 6 mm, 40 °C)

Start feeding stripes of the prevulcanized SBR compound onto both rollers
All stripes are incorporated; reduction of gap to 2.5 mm

Friction: front roller at 16 rpm, back roller at 20 rpm

Reduction of gap to 2.0 mm

Friction: front roller to 20 rpm, back roller to 16 rpm

Cutting two times left and right

Adding 30 phr ground rubber

3 x roll up and blend back at gap of 1.0 mm

15 Both rollers at 20 rpm, gap of 2.0 mm, dump

= YN=RCSIN o N )

2.3. Vulcanization Behavior

Subsequent to mixing steps 1 and 2, specimens were cut from the compound sheets
with the SIS-VS punch press from TA Instruments (New Caste, Delaware, USA, former
Scarabaeus) for the following investigations with the RPA. The latter is a SIS V50 from TA
Instruments (former Scarabaeus) and was used to determine the curing behavior of all
samples at 155 °C, with a frequency of 1.667 Hz and an oscillation angle amplitude of 0.50°
within a measurement time of 60 min. Every compound was measured three times. The
rheometer was equipped with the software SQ5—RPA Monitor Version 6.15.

2.4. Mill

A centrifugal mill, ZM200, from the company Retsch (Haan, Germany), with a 12 tooth
rotor and a sieve with a mesh size of 2 mm was used to grind the NR at a frequency of
18.000 rpm. To prepare the samples for this grinding process, the 6 mm thick sheets of
NR were cut with common rubber scissors into approximately 6 x 6 x 6 mm? cubes.
Subsequently, these cubes were cooled below their glass transition temperature (Tg) using
liquid nitrogen. Then, they were placed in portions of several 10 g into the mill. In the
centrifugal mill, the vulcanizate cubes were further reduced to GR. The SBR material was
not ground.
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2.5. Heating Press

The heating press Polystat 200 T from Servitec (Wustermark, Germany) was used to
prevulcanize the SBR matrix to tyx and to vulcanize both the NR and SBR&NR-GR to tos.
The heating press was equipped with two molds to produce both 2 and 6 mm thick sheets
with dimensions of 130 mm x 117 mm.

2.6. Micro X-Ray Fluorescence Analysis

A micro X-ray fluorescence analysis (1-XRF) was employed to investigate areas of
10 mm X 10 mm of the vulcanized 6 mm thick sheets. This technique is used to qualify
and quantify chemical elements on (rubber) surfaces in an imaging manner [22-25]. For
the investigations, an M4 Tornado from Bruker Nano Analytics (Berlin, Germany) was
equipped with a rhodium tube that was set to 200 pA and 50 kV. The target material was
rhodium, no filter was chosen. The diameter of the X-ray beam was set to 25 pum, identical
to the resolution (distance between two measurement spots). Each spot was measured
three times for 40 ms. The fluorescence radiation was detected with two silicon drift
detectors. To enhance the sulfur signal by eliminating the argon present in the ambient
air, the sample chamber was evacuated to an absolute pressure of 20 mbar for the analysis.
This was necessary, since the fluorescence energies of both elements are similar [26]. The
software Esprit M4 (version: 1.6.0.286) was used to qualify and quantify the local sulfur
concentrations [19].

2.7. Tensile Tests

S2 tensile test specimens were cut out of the 2 mm thick vulcanized rubber sheets
using a Zwick punch press 7103 (Ulm, Germany). These specimens were then investigated
using a Zwick 1474 tensile testing machine (Ulm, Germany) based on DIN 53,504 with a
crosshead speed of 50 mm min L. The software Doli Test & Motion, version 4.6.0.6, was
used to process the data.

2.8. Measurement Errors

For all results, mean values were calculated, which are listed in the following chapter.
These mean values are presented with their measurement error, calculated using the
Student’s t-test with a 95% confidence interval. This means that the mean values reported
in this article, including their measurement errors, are valid with a 95% probability [27,28].

3. Results

The results of the different test methods are described in the following section.

3.1. Vulcanization Behavior

The crosslinking behavior is depicted in Figure 2. The elastic torque S’ in dNm is
plotted over the measurement time in min. The median curves for S'max from three mea-
surements of the NR and SBR1 (one of three investigated SBR compounds) are illustrated.
The NR shows a relatively short scorch time, after which S’ rises to a maximum value of
16.6 £ 0.2 dNm. In the following, S decreases again, indicating that the material shows
reversion. Compound SBR1, however, behaves differently: the material reaches a plateau
with a value of 16.5 £+ 0.4 dNm for S’; therefore, the maximum S’ values of NR and SBR1 are
at an identical level, taking the measurement error into account. Furthermore, the scorch
time of SBR1 is significantly longer than that of NR, although identical concentrations of
sulfur and accelerator were used in both compounds. This increased scorch time could
be due to the retarding effect of the added ZnO in the SBR, as described in [29]. In this
article, it was found that the postulated vulcanization process described by Morrison and
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Porter [30] applies to NR. In contrast, it was found that for other polymers, such as high
vinyl SBR, other ring opening and vulcanization reactions occur, and that ZnO can exhibit
a retarding effect in these processes. For example, sulfur can accumulate in the ZnO crystal
and can therefore not participate in vulcanization reactions [31].

20 PO ST S S N TR T ST T N S T TN NN N TR U U S N TR S S S R T S T
1 155°C |
15
g
Z 10 i
in
5] .
] NR and SBR1 |
0 1 T 1 T 1
0 10 20 30 40 50 60

Time / min

Figure 2. Crosslinking behavior of NR and SBR1: median curves (maximum of S’) of three measure-
ments each.

In Table 6, characteristic values of the RPA measurements of all analyzed samples
are listed. Each compound was measured three times, with the mean values including
errors for tg, tsp, tos and S'max given in each case. It is evident that the NR compound cures
significantly faster than the three compounds made of SBR (SBR1, SBR2 and SBR3).

Table 6. Crosslink characteristics of the investigated compounds.

Compound t10/min t50/min t9s/min S max/dNm
NR 3.0£0.0 42402 85402 16.6 =0.2
SBR1 6.9 + 0.6 11.7 £ 0.9 26.9 £3.0 16.5 + 0.4
SBR2 72403 121 £ 0.5 29.2 +£2.1 169 + 0.3
SBR3 6.8 +0.3 11.4 £+ 0.8 26.6 =29 171 £ 0.6
SBR_0min&NR-GR * 31+0.1 8.6 +0.1 288+ 1.3 11.3 £+ 0.8
SBR1_2min&NR-GR 39+0.1 8.7+ 0.8 24.6 £3.7 12.0 £ 0.3
SBR2_4min&NR-GR 25+0.1 6.3+0.2 199 + 0.6 12.0 £ 0.3
SBR3_6min&NR-GR 1.2 4+ 0.0 4.0+0.2 152 + 1.6 11.6 = 0.2

* Reference sample without prevulcanization but identical compound formulation; adapted from [12,32].

The three SBR compounds each have a tjy of approximately 7 min. Preliminary tests
were carried out, which showed that GR could not be incorporated into t;y prevulcanized
matrix compounds. This can be explained by the lack of viscous processing behavior
of the compound because first crosslinking reactions initiated the transformation of the
matrix into a vulcanizate. Accordingly, the prevulcanization time was shortened to enable
the incorporation of the recycled material. Consequently, SBR1, SBR2 and SBR3 were
prevulcanized to different t, with x < 10. Prevulcanization times of 2, 4 and 6 min (tp, t5
and ty accordingly) were selected for SBR1, SBR2 and SBR3, before 30 phr of NR-GR was
incorporated into each. The GR-containing and prevulcanized compounds are referred to
as “SBR1_2min&NR-GR”, “SBR2_4min&NR-GR” and “SBR3_6min&NR-GR”.
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Figure 3 depicts the median (S'max) vulcanization curves of these three compounds.
The S’-values of all three GR-containing samples settle on a plateau of approximately
12 dNm. These plateaus are approx. 4 dNm below that of SBR1, which was not prevulcan-
ized, does not contain GR and serves as a reference here. Because the three prevulcanized
specimens reach the same plateau, it appears that the degree of prevulcanization has no
influence on the resulting S’max. Thus, the 4 dNm difference between SBR1 and the three
prevulcanized samples corresponds to the general influence of the GR. This influence is
underlined by “SBR_0min&NR-GR”, a sample with an identical formulation to the first
three specimens. The difference from the other three samples is that the matrix was not
prevulcanized before the incorporation of 30 phr of NR-GR. It is therefore a sample that
represents the current manufacturing process in the rubber industry. The sample has
already been examined in more detail in [12,19]; however, the results are illustrated here
again because, together with those of the three prevulcanized specimens, they demonstrate
the influence of prevulcanization. It is therefore evident that the reduction of S’ pax is an
effect of the addition of GR and not of prevulcanization (see also Table 6).

20 | IS TR S [N SR SR SR (T SN SN SR I R S S | PR S T I S
SBR1: no prevulcanization, no GR
15 -
z
e o) 10 T -
~
@ SBR_0min&NR-GR
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5 ] SBR2_4min&NR-GR 0
SBR3_6min&NR-GR
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0 71T T T 1 T
0 10 20 30 40 50 60
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Figure 3. Crosslinking behavior of the prevulcanized and the 30 phr NR-GR-containing compounds
SBR1_2min&NR-GR, SBR2_4min&NR-GR and SBR3_6min&NR-GR with the reference compounds
SBR1 (compound that was not prevulcanized and does not contain GR) and SBR_0min&NR-GR (not
prevulcanized but contains 30 phr NR-GR). Median curves (maximum of S’) were derived from three
measurements each.

In comparison, however, the scorch time decreases significantly with the degree of
prevulcanization. The reactions of all three prevulcanized samples start earlier than the
SBR1 reference. The scorch time is reduced with increasing prevulcanization: t;y decreases
from 6.9 & 0.6 min for SBR1, to 3.9 & 0.1 min for SBR1_2min&NR-GR, 2.5 £ 0.1 min for
SBR2_4min&NR-GR and 1.2 =+ 0.0 min for SBR3_6min&NR-GR. This reduction in scorch
time can be explained by the matrix material having already been prevulcanized, thereby
initiating and interrupting scorch reactions. This scorch status is maintained during the
incorporation of NR-GR and then continues at crosslinking temperatures.

The non-prevulcanized reference SBR_0min&NR-GR also exhibits a shorter scorch
time compared to SBR1. This is consistent with the findings of Gibala and Hamed [14] and
can be explained by the diffusion processes of accelerator fragments from the GR particles
to the matrix material, speeding up vulcanization.
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The comparison with SBR1 (blue) reveals that S, is higher for the other four samples.
This is because each of them contains 30 phr of NR-GR, i.e., already crosslinked material,
which increases the initial torque. It becomes apparent that the 6 min prevulcanized
specimen (green) exhibits the highest initial torque. The possible reason for this could be
that parts of the matrix had already crosslinked slightly, increasing S’pin.-

The exact tyg, t50 and tg5 can be found in Table 6 and in Figure 4. The latter shows
t10, tso and tgs of the investigated samples from Figure 3 during the prevulcanization of
the matrix material. It is evident that all three characteristic times decrease linearly as
prevulcanization progresses. This reduction can be explained by the matrix material having
already been prevulcanized, thereby both initiating and interrupting scorch reactions.
Longer prevulcanization times of the matrix compound thus lead to shorter characteristic
vulcanization times of the NR-GR-containing compounds.
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Figure 4. The influence of prevulcanization on tyg, t59 and tys.

3.2. Micro X-Ray Fluorescence Analysis

Using pu-XREF, the local sulfur concentrations of the three samples with different degrees
of prevulcanization SBR1_2min&NR-GR, SBR2_4min&NR-GR and SBR3_6min&NR-GR,
as well as those of the non-prevulcanized reference SBR_0min&NR-GR, were determined,
investigating areas of 10 mm x 10 mm. The results can be found in Figure 5.

The non-prevulcanized sample SBR_0min&NR-GR—top left in Figure 5—shows an
inhomogeneous sulfur distribution because of the diffusion processes during the mixing,
storage and crosslinking steps [19]. The GR particles can be identified by their green-to-red
coloration. The local sulfur concentration is therefore approx. 1.8-3.5 wt%. Considering
that the initial concentration according to the formulation was only 0.93 wt%, it can be
concluded that the sulfur concentration in the GR particles is locally doubled to quadrupled.
The reason for the sulfur enrichment is that the latter diffuses from the matrix into the GR
particles due to the concentration differences in free sulfur between the matrix and GR [19].
This depletes the matrix of sulfur, which can be distinguished from the GR particles by
its dark blue coloration. A sulfur concentration of approx. 0.4 wt% is achieved within
the matrix, i.e., approximately halving the sulfur concentration according to the initial
formulation (0.93 wt%). In [19], it is shown that the local viscoelastic properties also change
with the local inhomogeneous sulfur distribution, whereby the in-rubber properties of the
entire vulcanizate are deteriorated.
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Figure 5. Local sulfur concentrations detected via pu-XRF on different vulcanizate surfaces with
measurement areas of 10 mm x 10 mm for every specimen. The GR particles are identifiable by
their higher sulfur concentration compared to the surrounding matrix. With increasing prevulcaniza-
tion of the matrix material, the homogeneity of the sulfur distribution increases. Levels of matrix
prevulcanization: 0, 2, 4 and 6 min (from top left to bottom right).

Sample SBR1_2min&NR-GR (top right in Figure 5) also shows an inhomogeneous local
sulfur distribution. Higher sulfur concentrations are found in the GR particles compared
to in the surrounding matrix. Compared to sample SBR_0min&NR-GR, however, it is
evident that there are fewer red zones with sulfur concentrations of 3.5 wt% in the GR
particles. At the same time, more GR particles are colored green, which indicates a local
sulfur concentration of approx. 1.8 wt%. It is therefore clear that less sulfur accumulates in
the GR particles if the matrix was prevulcanized for 2 min before incorporating the NR-GR.
There are still regions in the matrix with a concentration of approximately 0.4 wt% because
2 min of prevulcanization could not fully stop the sulfur diffusion from the matrix into the
GR. However, there are also areas in the matrix which, at around 0.9 wt%, are within the
target range according to the compound formulation. It is therefore evident that a matrix
prevulcanization of 2 min already restricts sulfur diffusion.

If the prevulcanization is extended to 4 min—bottom left in Figure 5—it reveals that
sulfur diffusion is further restricted. Most GR particles are displayed in green, which
corresponds to a local sulfur concentration of approx. 1.8 wt%, and thus a doubling of
the initial concentration (0.93 wt%) and at the same time a halving in comparison to the
concentrations of the non-prevulcanized sample (3.5 wt%). The extremely low-sulfur
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zones in the matrix become steadily smaller. Most of the matrix has a sulfur content of
approx. 0.75 wt%, which is closer to the target range (0.93 wt%) according to the compound
formulation. Accordingly, sulfur diffusion seems to be further restricted with prolonged
prevulcanization.

This trend continues with 6 min of prevulcanization (see bottom right in Figure 5).
This specimen exhibits the most uniform sulfur homogeneity of all four analyzed samples.
At the same time, an increased sulfur concentration is still determined in the GR particles.
However, the difference from the concentration in the matrix is the lowest in this compound
in comparison to all other compounds. An extension of the prevulcanization time therefore
leads to a more homogeneous distribution of sulfur within the sample.

A summary of the u-XRF investigations of the local sulfur concentration is depicted
in Figure 6 in the form of distribution curves. The locally measured sulfur concentrations
are plotted on the abscissa. According to the formulation, both compounds—i.e., NR and
SBR—contain 0.93 wt% sulfur. This concentration is plotted on the abscissa as a dashed
line. The distribution curve of the sulfur concentration was determined using the matrix
material SBR, which has not yet been prevulcanized and does not yet contain NR-GR,
shown here as an example (blue curve). The data originates from [19]. The most frequently
detected sulfur concentration in SBR is 0.9 wt%, but there are also zones with lower and
higher local concentrations of sulfur. The curve of sample SBR_0min&NR-GR (red curve,
also originating from [19]) shifts towards lower sulfur concentrations. This means that the
matrix has a significantly lower sulfur concentration due to diffusion processes.

4,0x10* L 0'.93 L
SBR_0min&NR-GR 1

3.5x10* SBR1 2min&NR-GR SBR: no prevulcanization, no GR
O - =

SBR2_4min&NR-GR -

3.0x10% 4 SBR3_6min&NR-GR

2.5x10% 4

2.0x10% 4

Counts /1

1.5x10* 4
1.0x10*

5.0x10° 4

0.0

Sulfur concentration / wt%

Figure 6. Distribution curves of local sulfur concentrations in the matrices of different vulcanizates.

However, if the matrix is prevulcanized for 2 min (black curve) before NR-GR is
incorporated, the local sulfur concentration changes. The distribution curve shifts to higher
concentrations compared to that for the non-prevulcanized sample (red). More sulfur
remains in the matrix because of the reduced diffusion behavior of the sulfur species
formed during prevulcanization. This behavior increases with longer prevulcanization
times of 4 min (purple) and 6 min (green). Compared to the non-prevulcanized sample
(red), with a maximum of approx. 0.45 wt%, the vulcanizate with a matrix prevulcanized for
6 min reaches a peak at 0.8 wt%. This behavior supports the hypothesis proposed by [19],
that species formed during crosslinking—e.g., the active sulfurating agent postulated
by Morrison and Porter [30]—are less mobile than the free sulfur initially present. It is
thus evident that with increasing prevulcanization of the matrix, less free sulfur is able
to diffuse into the GR particles. As a result, more sulfur remains in the matrix, and the
distribution curves shift with increasing prevulcanization to the SBR-reference (blue). Even
during the relatively short prevulcanization of 2 min, the content of the less mobile species
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formed is so high that the distribution curve (black) differs significantly from that of the
non-prevulcanized curve (red).

The distribution curves indicate that, apart from the matrix peak, there is no other peak
representing the sulfur concentration in the GR particles. Instead, there are higher sulfur
concentrations at moderate counts to the right of the matrix peaks. It therefore indicates
that the sulfur concentration in the GR particles is less uniform and instead extends over
a wide concentration range, e.g., from concentrations of approx. >1 wt% in the 2 min
prevulcanized sample (black).

Compared to the SBR reference (blue), the matrices of the prevulcanized compounds
are comparatively less sulfur-depleted, which leads to the expectation of increased mechan-
ical properties compared to the non-prevulcanized specimen (red), for example. This is
investigated in the following section.

3.3. Tensile Tests

To assess the influence of prevulcanization on mechanical properties, tensile tests were
carried out.

In Figure 7 and Table 7, the sample SBR1 (blue) reaches a tensile strength of approx.
22.5 MPa at an elongation at break of 435%. For the same matrix material to which 30 phr
NR-GR was added, and for which the matrix was not prevulcanized (SBR_0Omin&NR-GR,
red), the tensile strength and elongation at break are significantly reduced. SBR_0min&NR-
GR is again derived from [12,19] and serves as a reference to assess the influence of
the prevulcanization.

25 " 1 " 1 " 1 " 1
SBR1: no prevulcanization, no GR
20 4 -
(o]
£ 15 -
& SBR3_6min&NR-GR
E SBR2_4min&NR-GR
A SBR1_2min&NR-GR
© 10 -
a
5 L
SBR_0min&NR-GR
O T T T T T T T
0 100 200 300 400
Strain / %

Figure 7. Stress strain curves of SBR1 and vulcanizates containing ground rubber with different
degrees of prevulcanization.

Table 7. Summary of tensile properties of the investigated vulcanizates.

Specimen Number of Mean Stress Mean Strain
Valid Tests /N mm? Incl. 95% Error /% Incl. 95% Error
SBR1 12 21.8+1.0 421 + 13
SBR_0min&NR-GR 10 4.04+0.3 232 +£12
SBR1_2min&NR-GR 12 10.1 £ 0.8 379 £ 19
SBR2_4min&NR-GR 11 129 £ 0.8 395 + 17
SBR3_6min&NR-GR 11 15.0 £ 0.5 372 £11
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This influence of prevulcanization is demonstrated by the curves of SBR1_2min&NR-
GR, SBR2_4min&NR-GR and SBR3_6min&NR-GR. The samples differ from SBR_0min&NR-
GR (red) only in terms of the prevulcanization of the matrix for 2, 4 or 6 min, respectively.
A 2 min prevulcanization already leads to a more than doubled tensile strength of 10 MPa
compared to the red reference curve, exhibiting only 4.8 MPa. The elongation at break
increases from 240% to almost 400%. This significant effect is the result of the prevulcaniza-
tion step prior the incorporation of GR particles. Extending the prevulcanization time leads
to a further increase in tensile strength with the same elongation at break. The significant
increase in tensile strength and elongation at break can be explained by the higher sulfur
concentration in the matrix and therefore an assumed higher CLD. The fact that the elonga-
tion at break for all three prevulcanized specimens remains identical at just under 400%
could be due to the GR particles increasing the intrinsic elongation of the surrounding
matrix. This leads to a local rise in strain in the vicinity of the particles, leading to failure of
the entire specimen when this strain exceeds the elongation at break of the matrix material.
The tensile tester, however, detected only one non-local strain value of the entire specimen,
which is listed in Table 7 to be between 372 and 395%. This value might not be sensitive
enough to distinguish differences between the different prevulcanized samples.

4. Discussion

The rubber industry is making efforts to drive towards a more circular economy to in-
crease its sustainability. The recycling of rubber components such as end-of-life tires (ELTs)
is an essential part of this procedure. Recycling rubber is challenging due to the covalent
crosslinks between the polymer chains formed during the vulcanization process. These
bonds define the viscoelastic properties of the vulcanizate. One recycling method involves
grinding the ELTs into ground rubber (GR) particles. These particles can then be incorpo-
rated into green compounds to reduce the need for raw material. However, GR-containing
compounds exhibit significantly deteriorated properties compared to those without GR.
This is firstly because the GR particles perform as an inactive filler, increasing the intrinsic
elongation of the matrix material in their vicinity. Secondly, free sulfur diffuses from the
matrix into the GR particles during compounding, storage and vulcanization, resulting in
matrix systems with lower and GR particles with higher crosslink density (CLD).

To improve the properties of GR-containing vulcanizates, the influence of matrix
prevulcanization upon the diffusion behavior of sulfur was investigated in this article.
It was found that the mobility of sulfur is significantly reduced when it forms different
intermediates or species during the vulcanization process. Therefore, it was investigated
whether the incorporation of GR particles into a prevulcanized matrix leads to less sulfur
diffusion and thus increased tensile properties compared to a compound with the particles
being incorporated into a non-prevulcanized matrix.

RPA measurements showed that prevulcanization reduces the scorch time of GR-
containing compounds, because the heating phase continues the already started but inter-
rupted vulcanization process during prevulcanization. An influence of the prevulcanization
upon the maximum torque could not be detected.

It was demonstrated, by using micro X-ray fluorescence analysis (1-XRF), that sulfur
diffusion significantly decreases with the degree of prevulcanization. This indicates that
the mobility of sulfur is reduced in prevulcanized matrix compounds in comparison to
those that have not been prevulcanized. In contrast to the conventional production process
without prevulcanization, the sulfur content in the matrix could almost be doubled, because
less sulfur diffused out of the matrix into the GR particles.

The increased sulfur concentration in the matrix results in the formation of a higher
CLD, which has a positive effect both on tensile strength and elongation at break. It was
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thus possible to increase tensile strength from about 4 MPa to 15 MPa, improving the
elongation at break at the same time from about 230% to almost 400%. Besides that, the
elongation at break reaches a maximum, indicating the influence of the GR particles in
form of an inactive filler.

Prevulcanization is a comparatively simple method on a laboratory scale because it
does not need any additional machinery or changes of compound formulations besides the
prevulcanization step itself. However, the prevulcanization will face challenges bringing
it into industrial scale production because of higher resulting viscosities (compounding,
energy consumption) and vulcanization processes (scorching). If the scorching behavior
could be tailored with respect to torque rise over a relatively long time, the prevulcanization
could be installed into the rubber production procedure. Therefore, prevulcanization might
pave the way for effective incorporation of GR into new rubber compounds, even at
production scale.
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Abbreviations

The following abbreviations are used in this manuscript:

u-XRF Micro X-ray fluorescence analysis
CLD Crosslink density

cyclo-Sg  Soluble sulfur

ELTs End-of-life tires

GR Ground rubber

RPA Rubber process analyzer

S’ Elastic torque

S max Maximum elastic torque

S’ min Minimum elastic torque

t10 Time to reach 10% of full vulcanization
tso Time to reach 50% of full vulcanization
tos Time to reach 95% of full vulcanization
Tg Glass transition temperature

tx Time to reach x % of full vulcanization
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Abstract

Pyrolysis has emerged as a commercially viable material recovery process that supports
circularity in the tyre industry. Here, it is demonstrated that a high degree of control can
be imparted over the UK tyre waste stream and that statistically different feedstocks can
be used to produce different grades of rCB based on their ash contents. The lower ash
content rCB produced from truck tyres had superior in-rubber properties, closely matching
those of the N550 reference. Silica, when not paired with a coupling agent, is known to be
less reinforcing than CB, lowering the reinforcing behaviour of the high ash content rCB
variant produced from car tyres. This justifiably places ash content within the classification
and specification development discussion. However, a proximate analysis of UK waste
tyres suggests that the typical rCB ash specifications of <20 wt% are unrealistic. Such limits
would force producers to consider modifying process conditions to allow the deposition
of carbonaceous residues to artificially dilute the ash content. This study investigates
this process philosophy but conclusively demonstrates that carbonaceous residue is more
detrimental to rCB performance than ash content. As such, carbonaceous residue content
demands far more attention from the industry than it is currently afforded.

Keywords: rCB; pyrolysis; waste tyres; recycling; rubber; reinforcement; sustainability

1. Introduction

The UK generates approximately 50 million waste tyres, equivalent to 700,000 tonnes,
each year. Since the EU ban on landfilling came into effect in 2003 (EC Directive 1999/31),
most of these waste tyres have been utilised in civil engineering applications, sports and
recreational surfaces and for energy recovery as fuel in cement kilns [1]. The emergence of
policy drivers to combat climate change and to promote material circularity, such as the
European Commission Green Deal [2], has increased pressure on the industry to recover
materials from waste tyres. Now, all the major tyre brands have imposed stringent sustain-
ability goals, with most targeting the construction of tyres from 100% sustainable materials
by 2050. This necessitates a movement away from traditional mechanical recycling tech-
nologies to those that can chemically deconstruct waste tyres into reusable raw materials.
Pyrolysis has emerged as the frontrunning commercially capable material recovery process
to support circularity in the tyre industry. As well as offering recovered products with low
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global warming potential and avoiding the consumption of fossil resources [3,4], properly
controlled tyre pyrolysis comes with minimal emissions or residual waste [5].

Pyrolysis is defined as the thermal decomposition of organic materials in the absence
of oxygen [6]. In the case of tyres, this involves cracking the long organic polymer chains
into a hot gas phase, which consists of low-molecular-weight non-condensable gas and
condensable tyre pyrolysis oil (TPO) fractions. The removal of organic matter leaves behind
a solid mixture consisting of carbon black (CB), inorganic compounding ingredients and
other pyrolysis residues, defined as ‘raw recovered carbon black (rCB)’ by ASTM committee
D36 [7]. Assuming the raw rCB is of sufficient quality, it undergoes further milling and
pelletising processes to alter its physical properties to meet the specification requirements
of the end user [8]. This paper focusses on demonstrating how the properties of rCB are
controlled by both feedstock selection and pyrolysis conditions.

The key to any material recovery process, including pyrolysis, is to produce consistent
products that always meet the specification requirements of the end user. This poses a
significant challenge to rCB producers, given that tyres are structurally complex articles
comprising several different rubber components, including the tread, carcass and sidewall,
alongside steel and textile reinforcements [9]. Each of the rubber components will typically
contain one or more elastomers, reinforcing fillers such as CB and silica, plasticising agents,
antidegradants, processing aides, curatives and other additives. It has been reported that
more than one hundred ingredients can be added to the tyre, the precise nature of which
depends on its specific use requirements [10,11]. To tackle the challenges associated with
product consistency, it seems prudent to narrow the compositional variance of pyrolysis
feedstocks by segregating the waste stream into structurally and compositionally similar
tyres. However, it is acknowledged that manufacturer variability will persist even when
segregating the waste stream by type. In the UK and the EU, the two main classes of
tyres are passenger car and truck, accounting for approximately 70 wt% and 20 wt% of
the total tyre waste stream, respectively. Passenger car tyres contain a higher synthetic
rubber content and a greater utilisation of silica filler and textile reinforcements [12]. In
contrast, truck tyres contain higher levels of steel, natural rubber and carbon black [13]. An
additional benefit of feedstock selection is to narrow the aggregate size distribution of the
resultant rCB, as passenger car and truck tyres contain different grades of CB. A broader
aggregate size distribution has been linked to a reduced reinforcing potential for rCB [8,14].

The first aim of this study was to assess the ability to produce compositionally different
pyrolysis feedstocks by segregating car and truck tyres from the UK waste stream, and,
further, to assess the impact on the composition and reinforcing ability of the resultant
rCB products. The major difference between the feedstocks is the higher silica content
of the passenger car tyre, arising from the drive to enhance fuel efficiency following the
introduction of labelling rules by the European Commission in 2012 [15]. Assuming a
complete pyrolysis of the tyre rubber, the resultant solid rCB product is a mixture of CB,
silica and other inorganic compounding ingredients. tCB produced from passenger car
tyres is, therefore, expected to contain a higher silica (ash) content. The ash content of
an rCB has been reported as an influential factor on rubber reinforcing potential [16-18],
the dominant factor being that silica, when not paired with a coupling agent, is a less
reinforcing filler than CB, with laboratory produced rCB samples demonstrated to decrease
in reinforcing potential with increasing silica content [8]. It is also documented that silica
interacts with zinc during compounding, leading to the removal of soluble zinc from its
normal accelerator activating function, subsequently reducing crosslink density [19]. Based
on these observations, it is understandable that tyre manufacturers have developed rCB
specifications that stipulate a requirement for ash content to be <20 wt% [20]. However,
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these observations are only relevant to ‘clean’, low-residue-content rCB produced from the
complete pyrolysis of the rubber feedstock.

The goal of tyre pyrolysis is the complete conversion of all organic matter into TPO
and non-condensable gas products, yielding an rCB free of pyrolysis residues. Process
optimisation with this in mind has two major benefits:

1. By preventing the formation of pyrolysis residues, the surface of the recovered fillers
is accessible in the elastomer phase, thus promoting reinforcing behaviour.

2. The biogenic carbon contained within the feedstock is recovered in the TPO and gas
phases, where it adds value by reducing scope 1 emissions when using these materials
directly, or after refinement as fuels.

rCB pyrolysis residues arise from two primary routes. Firstly, the incomplete removal
of organic matter will leave oily residues on the surface of the rCB which, at high levels,
have been conclusively linked to poor reinforcing properties [21]. Such residues pose
little challenge to the industry, as they are easily identifiable by both the producer and
end user using standard ASTM techniques, such as toluene discolouration (D1618) and
thermogravimetric analysis (D8474) [22,23]. The second type of residue arises from polymer
decomposition reactions that lead to the formation of additional fixed carbon, often referred
to as carbonaceous residue [21,24,25]. Carbonaceous residue contents of >20 wt% have been
reported and linked to a significantly reduced surface activity of rCB [8,26-30]. This residue
is much harder to differentiate from the CB content of rCB, and so it often goes unnoticed.
The net result of these pyrolysis residues is a reduction in ash content by the dilution effect,
and this may be seen as an opportunity to meet the stringent ash content specifications
applied in the rubber industry. The second aim of this study was to intentionally produce a
high-carbonaceous-residue-content rCB from car tyres to explore an alternative strategy to
meet ash specifications, and to assess the impact on morphological and in-rubber properties.

2. Materials and Methods
2.1. Tyre Granulate Preparation and Characterisation

Through careful selection of waste tyres, pyrolysis feedstocks were prepared from
100% car tyres or 100% truck tyres using Murfitts Industries commercial processing line at
Lakenheath in the UK. The multi-stage process comprises shredding, granulation and sepa-
ration steps to produce a <8 mm granulate with at least 99% steel and 98% fibre removal.

Proximate and ultimate analyses of twenty batches each of the car and truck feedstocks
were completed. Proximate analysis followed the procedure outlined in ASTM D8474 [23],
using a Perkin Elmer TGA4000 (Waltham, MA, USA) to yield volatile matter (VM), fixed
carbon (FC) and ash contents.

2.2. rCB Materials Preparation

Pyrolysis trials were conducted using a two-stage continuous process comprising two
in-sequence ETIA Technologies Spirajoule® (Lacroix-Saint-Ouen, France) reactors with
an overall throughput capacity of 90 kg/h. The operating conditions of the first stage
were designed to complete >90% of the pyrolysis, with the second stage operating at a
higher temperature to remove the residual organic matter from the raw rCB. Although
the full process conditions cannot be disclosed for proprietary reasons, a brief description
of how the process was optimised to produce the different rCB materials for this study is
provided below.

Two grades of rCB were produced from the different feedstocks using process condi-
tions optimised to minimise the rCB yield. This means that the target yield was based on
the FC + ash content from the feedstock proximate analysis, producing material that is as
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free as possible from pyrolysis residues. The car tyre-derived rCB is referred to as Mi360+
and the truck tyre-derived grade as Mi360HP.

A further rCB material was produced from the car tyre feedstock but using very
different process conditions to minimise the ash content. The different process conditions,
including higher temperatures, were selected to promote the formation of carbonaceous
residue on the rCB, thus diluting the inorganic components. This material is referred to as
HCR (high carbonaceous residue).

All three materials were finalised in the same manner. The particle size was reduced
to a target D97 of 10 £ 0.5 um using a Hosokawa jet mill (Augsburg, Germany) before wet
pelletising with a MARS Minerals (Mars, PA, USA) pin mixer and subsequent drying to
produce pellets of <80 gf maximum hardness.

2.3. rCB Material Characterisation

A series of ASTM standardised techniques developed for carbon black and rCB were
used to characterise the samples: this included BET surface area (D6556) [31], toluene
discolouration (D1618) [22], bulk composition by TGA (D8474) [23], milled particle size
distribution (WK87480) [32] and pellet hardness (D5230) [33].

To determine zinc and silicon contents, 250 mg of sample was digested on a hotplate
with sulphuric and perchloric acids. When cold, they were transferred to plastic flasks
where hydrofluoric acid was added to digest the silicon. Quantitative elemental analysis
was performed using an Agilent 5800 (Agilent, CA, USA) inductively coupled plasma
optical emission spectrometer (ICP-OES).

rCB morphology and inorganic distribution assessments were made using a Thermo
Scientific F200i scanning (Waltham, MA, USA)/transmission electron microscope (S/TEM)
fitted with a Bruker SDD XFlash 6.100 Energy Dispersive X-ray (EDX) detector (Berlin,
Germany). The TEM was operated at 200 kV, and Velox software v3.19 used to acquire and
process the elemental maps. Sample preparation involved a modified version of ASTM
D3849 [34], as described by Grulke et al. [35].

2.4. In-Rubber Characterisation Protocol

The ASTM D3191 styrene butadiene rubber (SBR) formulation was used to evaluate
the in-rubber behaviour of the rCB samples and an N550 reference [36]. A filler loading
of 70 parts per hundred rubber (pphr) was used, as recommended in ASTM D8491 for
rCB materials [37]. Compounds were produced using a 78 cc Haake Rheomix OS/3000
(Waltham, MA, USA) with Banbury style rotors set at 40 °C, with a rotor speed of 60 rpm.

Moving die rheometer (Alpha Technologies MDR2000, Akron, OH, USA) testing (to
ASTM D5289) at 160 °C was used to assess the cure characteristics of each compound and
to allow preparation of cured test sheets using a cure time to T9