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This work describes the devulcanization of ground tire rubber (GTR) with particle sizes ranging from 0.6 to
0.122 mm using a non-toxic, biodegradable, and biocompatible deep eutectic solvent (DES) based on
choline chloride and urea. In addition to reducing the environmental impact of the process, other goals
of this study were to minimize time and energy consumption. To meet these targets, a new de-
vulcanization method has been developed. The methodology consists of using probe and bath
sonication. The de-vulcanized rubber samples were then characterized using attenuated total
reflectance Fourier-transform infrared spectroscopy (ATR-FTIR), scanning electron microscopy (SEM),

thermogravimetric analysis (TGA), electron dispersive X-ray spectroscopy (EDX) and atomic force
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Flory=Rehner and Horikx analyses were also carried out to calculate the

devulcanization percentage and investigate the successful devulcanization of the samples through

DOI: 10.1038/d4su00079] selective crosslink scission. The results showed that rubber samples of 120 mesh (0.122 mm) were
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devulcanized up to 58% by using 182 W power only during a 30 minutes process.

To address the challenge of waste tire rubber and the imperative to recycle it, a sustainable, time and energy-efficient devulcanization process based on Deep

Eutectic Solvent (DES) for ground tire rubber with four different particle sizes is introduced. This innovative approach aims to significantly reduce energy
consumption, processing time, and environmental impact compared to existing devulcanization methods. It achieves a high devulcanization rate and generates

larger quantities of devulcanized rubber using a green and biodegradable DES solvent. This initiative aligns with the United Nations Sustainable Development

Goals, specifically SDG 7 (affordable and clean energy), SDG 9 (industry, innovation, and infrastructure), and SDG 13 (climate action).

1 Introduction

The rubber industry has experienced consistent growth over the
years, primarily driven by strong demand in the market. Natural
rubber (NR) production doubled in 2015 compared to the year
2000." The demand for rubber is projected to remain robust in
the foreseeable future as rubber products continue to play
a vital role in various niche applications. However, this
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increased production and consumption of rubber also leads to
a rise in rubber waste, which, if mishandled or processed
improperly, can have detrimental effects on the environment.
This casts a shadow on achieving Goal 12 of the United Nations’
Sustainable Development Goals (SDG12).2

Rubber products, especially synthetic types, exhibit high
resistance to natural degradation due to the vulcanization
process. The sulphur crosslinks formed during vulcanization
enhance rubber's mechanical strength and physical and
chemical properties. However, the intricate three-dimensional
structure of vulcanized rubber makes it challenging to decom-
pose through biodegradation. Additionally, additives, antioxi-
dants, and fillers further contribute to its resistance to
biodegradation.**

Discarded tires contribute significantly to rubber waste in
the environment, primarily because the tire production sector
utilizes a substantial amount of raw rubber, accounting for
approximately 70% of annual natural rubber (NR) production.®
Projections suggest that the annual quantity of waste tires could
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reach 1.2 billion units by 2030."* Additionally, the demand for
rubber gloves has surged due to the pandemic, leading to
widespread usage of personal protective equipment (PPE) such
as masks and gloves. As of June 2020, it was estimated that
around 129 billion face masks with polyisoprene rubber ear
loops and 65 billion rubber gloves were disposed of monthly
worldwide.® Other significant sources of rubber waste include
automotive components like shock absorbers and conveyor
belts and municipal solid waste, including clothing, shoe soles,
toys, electric wires, sofas, and cushions.”

Traditional approaches to rubber waste management typi-
cally involve landfill disposal or incineration. However, these
methods have adverse environmental consequences, such as
leaching toxic substances and heavy metals into groundwater.
Rubber stockpiles can also fuel persistent fires, as demon-
strated by an 18 days incident at a landfill site in Iowa City,
Towa, USA, in 2012. Such fires release hazardous air pollutants,
including carbon dioxide, sulphur dioxide, fine particulate
matter (PM2.5), and polycyclic aromatic hydrocarbons (PAH).”

The 4Rs waste management approach (reduce, reuse, recycle,
and recover) was introduced by the European Commission in
2008 to enhance rubber waste management practices.” Within
this framework, “Reduce” takes precedence as the primary focus,
aiming to minimize rubber waste generation. “Reuse” extends
the lifespan of rubber products for their intended purposes. At
the same time “Recycling” involves grinding rubber waste into
small particles (ground rubber) or devulcanization processes that
break the crosslinks between polymer chains, allowing for
repurposing in other applications. Lastly, “Recover” refers to
processes that decompose waste through heat, yielding fuels or
valuable substances with lower molecular weights.”

Rubber recycling involves several methods. The downsizing
of rubber particles can be performed via dry or wet ambient
grinding or using a water jet. Other downsizing methods
include Berstoff's and cryogenic methods, which are among the
most commonly used techniques for downsizing rubbers.”?
Reclaiming and devulcanizing involve the separation of cross-
links and bonds within the rubber. Reclamation and devulca-
nization have distinct definitions. Devulcanization refers to
breaking specific crosslinks like C-S and S-S bonds, while
reclamation includes breaking both the crosslinks and main
chain bonds.® Physical devulcanization methods exploit the
lower bond energies of C-S bonds (310 k] mol ) and S-S bonds
(270 kJ mol ™), whereas reclamation also involves higher bond
energy C-C bonds (370 kJ mol ').** However, main chain scis-
sion can still occur during devulcanization due to the abun-
dance of C-C bonds.™

Chemical methods for rubber reclamation involve using
various chemicals to break the crosslinks between rubber
chains or prevent the recombination of sulphur linkages.
Several chemicals have been identified as effective devulcaniz-
ing agents, including sulphides, peroxides, amines, deep
eutectic solvents (DESs), and ionic liquids (ILs).***” Walvekar
et al. also investigated the use of deep eutectic solvents (DES) as
devulcanizing agents. The DES comprised of zinc chloride-urea
at mole ratios of 2:7 and 1:4, and the devulcanization was
carried out via ultrasonic treatment at various temperatures.
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The authors concluded that DES containing ZnCl, and urea was
highly effective for the desulphurization of rubber, with sol
fractions exceeding 85%.'® Thermomechanical methods are
used to break crosslinks with a combination of high tempera-
ture and shear force. Different types of equipment and tech-
niques have been considered for thermomechanical
devulcanization."**** Ultrasonic methods involve the use of
wave energy vibrations to induce cavities in the polymer matrix,
leading to the scission of crosslinks (C-S and S-S bonds) in
vulcanized rubber.?»** Microwaves can also be used to
devulcanize rubber. This method makes use of microwave
heating to break crosslinks in rubber, assuming the rubber is
sufficiently polar to absorb the microwave radiation. For
rubbers with poor radiation absorption like NR, SBR, and
ethylene-propylene-diene rubber (EPDM), polar fillers such as
silica and carbon black (CB) can be added to enhance devul-
canization.” In contrast to the chemical methods, the biological
degradation of rubber polymer offers a safer alternative, as it
involves the use of enzymes produced by microorganisms to
catalyze the devulcanization process, but the yield of the
process is relatively low." An emerging devulcanization tech-
nique that involves the use of supercritical carbon dioxide
(scCO,) as a reaction medium. The use of scCO, offers advan-
tages, such as non-flammability, non-toxicity, and chemical
inertness, therefore ensuring process safety.™”

Abbot et al. in 2003 showed that when hydroxyethyl-
trimethylammonium (choline) chloride and urea are combined,
they remain in a liquid state even at normal room temperature.
This is despite the melting points of choline chloride and urea,
which are 302 °C and 133 °C, respectively.”® The mixture forms
a eutectic system that melts at a significantly lower temperature
than the melting point of its constituents. This substantial
reduction in terms of melting point arises from the distribution
of charges facilitated by the hydrogen bonding between the
molecules of urea and the chloride ion. The resulting liquid was
discovered to possess intriguing solvent properties akin to those
observed in ionic liquids (ILs). To distinguish these liquids
from ILs, Abbot et al. came up with the term “Deep Eutectic
Solvents” (DESs), which is still being used today.**?* DESs
include a blend of organic substances involving a hydrogen-
bond acceptor (HBA) and a hydrogen-bond donor (HBD),
demonstrating a melting point substantially below that of either
individual component. The formulation of numerous DESs is
a straightforward process, achieved through the combination of
an uncharged HBD (which could be an amino acid, sugar,
carboxylic acid, amine, amide, or alcohol) and an HBA, for
example, a quaternary ammonium salt. Choline chloride has
been a frequent choice for the HBA in DESs due to its minimal
toxicity.® DESs are known for being non-flammable, main-
taining high chemical and thermal stability, being recyclable,
having low volatility, and displaying significant solubilisation
potential. Deep eutectic solvents (DESs) offer several noteworthy
advantages over ionic liquids (ILs). DESs are typically less
expensive to produce than ILs due to their use of economical
raw materials. DESs can also be prepared using simple proce-
dures that do not require intricate purification steps. Signifi-
cantly, DESs are often less toxic and more biodegradable than

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Devulcanizing agents for chemical method and their main advantages and disadvantages*

Devulcanizing agent Advantages

Disadvantages

Diphenyl disulphide (DD)
78% devulcanization
DES
97% devulcanization
Hexadecylamine (HDA)

Tonic liquids (ILs)

Widely used selective crosslink scission up to
Biodegradable non-toxic biocompatible up to

Biodegradable up to 59% devulcanization

Simultaneous scission of backbone and

Toxic carcinogenic
Susceptible to water uptake

The most expensive agent in the table (GBP 85.6
per 25 g) aspiration hazard (cat. 1) specific target
organ toxicity (cat. 2)

Non-biodegradable toxic precursors

crosslink up to 65% devulcanization

scCO, + DD
devulcanization
Supercritical fluids
devulcanization

Table 2 Various chemical devulcanization methods and their results*

Selective crosslink scission up to 52%

Selective crosslink scission up to 75%

Toxic carcinogenic

Produces volatile organic compounds

Devulcanization
Rubber type Devulcanizing agent Temperature (°C) Time (min) percentage (%) Ref.
Waste tire rubber Benzoyl peroxide 80 30 45.2 26
Waste tire rubber Diphenyl disulphide 180 240 78.4 9
GTR scCO, in the presence of diphenyl 180 Not available 52 27
disulphide
GTR DES (with sonication) 180 65 96 28

ILs. As a result, DESs are emerging as a promising category of
sustainable solvents.>

Tables 1 and 2 provide a benchmark between different
devulcanizing agents, and the performance and de-
vulcanization yields of various methods.

Sustainability issues call for green chemistry-based solutions
that minimize the power consumption for rubber devulcaniza-
tion, especially the ones extracted from ground tyre rubber
waste (GTR). Consequently, this paper describes a novel
combination of chemical, thermal, and ultrasonic methods for
devulcanizing GTR, which has not been described before in
open literature. The proposed method achieves the target of
effective devulcanization, sustainably, and with minimal envi-
ronmental impact. Key features of this devulcanization process
are minimizing time and energy consumption for ultrasonic
and thermal methods and using a green, non-toxic, biocom-
patible, and biodegradable solvent for the chemical
approaches. Scheme 1 in ESIt shows a schematic diagram of the
devulcanization procedure proposed in this work.

2 Materials and methods

Choline chloride (ChCl) and urea were bought from Thermo
Fisher Scientific - UK, and toluene was purchased from Merck.
GTR samples were provided by Genan, Denmark. All the chem-
icals were used as purchased and without any further treatment.

2.1 Rubber devulcanization procedure

The novelty of the procedure designed in this work is its focus
on minimizing time and energy consumption. Due to the

© 2024 The Author(s). Published by the Royal Society of Chemistry

scarcity of information in the open literature about the use of
DESs for the devulcanization of rubbers, it was decided to follow
the procedure suggested by Saputra et al.***®

In the first step after the preparation of the DES (please see the
ESIT for preparation method), GTR and solvent were mixed with
a 1:20 mass ratio, and the mixture was sonicated at 15% power
(12 W) for 10 minutes. Ultrasonic waves were applied alterna-
tively (1 second on/1 second off) to allow the mixture to dissipate
the generated heat. The heat build-up during ultrasonication can
become a serious threat to the polymer chains since it can cause
the backbone of the polymer to break at heightened tempera-
tures and under the waves' pressure. Chain scission is sometimes
mistaken for devulcanization, while in reality, it can be inter-
preted as the degradation of the polymer.***

In the second step, the mixture was placed in a GT Sonic D2
bath sonicator at 50 °C, operating at full power (50 W) for 15
minutes. This step complements the probe sonication and can
reduce the chances of chain scission due to the reduction of
applied tension to the rubber backbone and controlled
temperature.

As mentioned, GTR and solvent were mixed with a 1:20
mass ratio."” The reason for choosing this ratio was to use the
minimum amount of solvent while achieving a good wetting of
rubber particles and preventing the production of a sluggish
mixture that would result in a reduced contact surface between
GTR and DES. This would lead to a reduction in the devulca-
nization efficiency."”*** The mixture was then added to a vial,
placed on a heater/stirrer (2000 W), and heated up to 180 °C
while being stirred using a magnetic bar at 1400 rpm for 5
minutes.’"*?

RSC Sustainability, 2024, 2, 2295-2311 | 2297
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Table 3 Rubber size and sample coding

Devulcanized
Rubber type Untreated coding coding
Super fine (0.2-0.6 mm) S.F, S.Fqy
40 mesh (0.411 mm) 40 M, 40 Mgy
80 mesh (0.178 mm) 80 M, 80 My,
120 mesh (0.122 mm) 120 M, 120 My,

After completing the last step, the mixture was filtered using
a 500 mesh woven wire stainless steel filter. Samples were
washed with ultrapure water and filtered multiple times to
ensure effective solvent removal. The obtained devulcanized
rubbers were dried overnight in an oven at 80 °C. Table 3 shows
the coding and the mesh size of the samples.

During the 30 minutes procedure, the power usage was
approximately 182 W, which is a limited amount of energy
consumed. Since the work of Saputra et al.*® is the closest to this
study, a comparison between the energy consumption of the
two studies can provide a better understanding of the energy
saved with the current method. The power of the bath sonicator
used in the study by Saputra et al. was 330 W, and the sonication
time was 60 minutes. Their mixture was then heated up to 180 ©
C; by assuming the use of a regular 2000 W heater/stirrer, the
total energy consumption would have been approximately
497 W. This wattage is more than twice the amount of power
needed for the procedure described in the present work.
Assuming that the exact same procedures are carried out for 12
months with 20 working days and 8 hours shifts, the method
proposed in this work would yield 3840 cycles, while the other
procedure would lead to 1920 cycles. The energy consumption
for the cycles with the proposed method would be 698.9 kW,
while the other procedure would require 954.2 kW. This is
a 255.3 kW save while providing twice the amount of product.
However - as will be shown in later paragraphs - the percentage
of devulcanization obtained with the proposed method is lower
than the one provided by Saputra et al.

2.2 Density measurements using a pycnometer

The pycnometer is extensively used to measure the density of
solvents and can also be utilized for detecting the density of
solids. The pycnometer was weighed at room temperature when
empty and after being filled with distilled water. The density of
distilled water at room temperature is 0.99753 g ml ‘. The
actual volume of the pycnometer was measured by dividing the
distilled water's mass by density. This calibration was used for
all the other measurements.

To find out the density of rubber, 2 g of rubber was poured
into the pycnometer and then filled with distilled water. The
mass of distilled water could be found by measuring the weight
of the filled pycnometer. By dividing the mass of the water by its
density, the volume of the water can be found. Previously, the
volume of the pycnometer was calculated, and by knowing the
volume of the distilled water, the volume of the rubber can be
found. The density of the rubber can be finally identified by
dividing the mass of the rubber (2 g) by its volume.

2298 | RSC Sustainability, 2024, 2, 2295-2311

View Article Online

Paper

2.3 Characterization

2.3.1 Scanning electron microscopy (SEM). A Joel IT300
SEM facility was used to obtain SEM micrographs of the
samples. The highest magnification of the SEM facility is at
5 nm. The samples were sputter-coated using graphite.

2.3.2 Energy dispersive X-ray analysis (EDX). EDX analysis
was carried out using the energy dispersive spectrometer that is
mounted on the Joel IT300 SEM.

2.3.3 Atomic force microscopy (AFM). Atomic force
microscopy (AFM) investigation of the samples was conducted
in an ambient environment utilising a multi-mode VIII micro-
scope with Nanoscope V controller and PeakForce feedback
control Bruker, CA, USA. The force sensitivity of the cantilever
was calibrated via simple harmonic fitting to the thermally
induced resonance of the probe giving a spring constant of
0.277 £ 0.003 nN nm~ ' with a nominal tip radius of 2 nm.
Quantitative Nanomechanical Mapping (QNM) was conducted
concurrent with the measurement of topography across 2 pm x
2 um. With values extracted in real-time from the force curves of
the PeakForce feedback control, the adhesive forces between
the silicon tip and the sample represent an average of 65 536
individual data points across this region.

2.3.4 Attenuated total reflectance Fourier-transform
infrared spectroscopy (ATR-FTIR). To obtain the ATR-FTIR
data, a PerkinElmer spectrometer equipped with an ATR
accessory was used. Each sample was investigated with 4 scans
between 500 to 4000 cm ™" and a resolution of 1 cm™".

2.3.5 Thermogravimetric analysis (TGA). TGA was carried
out using a Netzsch STA equipment in a nitrogen environment
to prevent the samples from thermo-oxidative degradation
between 40 to 500 °C with a ramping rate of 10 °C min ™.

2.3.6 Flory-Rehner analysis. The Flory-Rehner theory must
be used to better understand the efficiency of the devulcaniza-
tion process.”®*****3* Using this theory, the density of crosslinks
before and after devulcanization (»; and »¢) can be calculated by
determining the mass of rubber (M,), mass of solvent (M),
density of rubber (p,), density of solvent (pg), soluble fraction (S),
Flory-Huggins polymer-solvent interaction (x), swelling degree
(Q) and the volume fraction of polymer in a swollen network in
equilibrium with pure solvent (V,).?*****3* The equations for
calculating these parameters are described in the ESIT section.

2.3.7 Horikx analysis. During the devulcanization proce-
dure, three different scenarios can occur. The first one is the
cleavage of the C-C chains, namely the polymer's backbone.
Cleavage of the backbone leads to the reduction of the
mechanical properties, i.e., the degradation of the polymer. The
second scenario is a random scission of C-C and C-S bonds. In
this case, crosslinks and backbones are being broken randomly
and as a result, degradation and devulcanization occur at the
same time. The third and last scenario involves the selective
crosslink scission, which is the most desirable outcome in every
devulcanization process. This scenario implies that no C-C
backbone is broken during the process, and the devulcanization
is carried out successfully.***¢ Please see Section 3 of the ESI}
for the descriptions and equations of the Horikx analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion
3.1 Chemistry of the devulcanization

To have an improved understanding of what happens during
the devulcanization process, examining the chemistry of the
DES and its structure is beneficial. Fig. 1 shows the chemical
structures of ChCl, urea, and ChCl-urea DES.

As shown in Fig. 1, hydrogen atoms located on the carbon
atoms neighbouring the nitrogen centre (so-called a-carbons)
carry a partial positive charge due to the charge distribution in
the choline chloride-urea DES. This makes them prone to H-
bonding with electron-rich sulphur atoms on the vulcanised
rubber. The relatively acidic proton on the oxygen atom of
choline will likely also be involved in the formation of the H-
bonds and bring an additional contribution to the reduction
of S-S bonds.

The mechanism of devulcanization using the DES is shown
in Fig. 2.

During the devulcanization, the o-hydrogen atoms play
a critical role. These atoms can form hydrogen bonds with
sulphur which has a negative charge (67), and hence, the
sulphur atom will be reduced, leading to the breakage of S-S
bonds.****** On the other hand, hydrogens from the OH group
can actively reduce S-S bonds due to their positive charge.

View Article Online
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Hence, the hydrogen atom that reduces the S-S bond can come
from the a-carbons or the OH group. The other sulphur atom
can form a C=S and get neutralized after the S-S bond cleavage.

3.2 Scanning electron microscopy (SEM)

The microstructure and morphology of the samples before and
after devulcanization are shown in Fig. 3-6. Notably, in the
images, the left column belongs to backscattered electrons, and
the right column shows the secondary electron scans, which were
detected using a backscattered electron detector (BED) and
a secondary electron detector (SED). Furthermore, there are the
difference between these modes is that backscattered electrons
are the results of an elastic interaction after the beam reaches the
sample. As a result, backscattered electrons are reflected from
deeper regions and they are also highly sensitive to the atomic
number of the elements they are reflected from. Hence, the
brighter areas in the backscattered electron images correspond to
areas containing species with higher atomic numbers.***

On the other hand, the secondary electrons’ source is the
rubber atoms. When the beam reaches the sample, secondary
electrons are reflected because of an inelastic interaction
between the beam and the rubber. Hence, secondary electrons
come from the surface and give an insight into the surface
morphology of the samples.***?

DES

Fig. 1 The chemical structures of ChCl, urea, and ChCl-urea DES (reprinted with permission).3”38

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SyH —— [(CH,);NCHCH,OH[CI"....CH,N,0

H,C CH;

;

Hydrogen Bond

Fig. 2 Mechanism of devulcanization using ChCl-urea DES in which hydrogen can come from the a-carbon or the OH group.

As can be observed from the SEM images, the untreated
GTR samples feature more impurities and inhomogeneity in
terms of particle size. A closer look at the images shows that
GTR samples have a slightly smoother surface than devul-
canized specimens. As the devulcanization percentage
increases, the surface roughness shows an increase, which can
be a sign of successful devulcanization, according to Saputra
et al.>®*

Another observation from the SEM images is the availability
of bright points in backscattered electron images. These points
dispersed throughout the rubber matrix can be silica, zinc,

magnesium, iron, calcium, or other additives used in the rubber
compound. Normally, the most abundant additives should be
silica and zinc. In the next section, the composition of the
rubber is discussed in detail using the EDX method.

To have a better investigation of the surface morphology
after devulcanization, high-magnification images can be very
helpful. As can be seen from Fig. 3, the surface morphology of
the S.Fq, sample is slightly rougher than that of the S.F,. This
has increased for the 40 My,, 80 My,, and 120 Mg,. When the
devulcanization percentage increases, the surface of the poly-
mer becomes like a molten plastic's surface.”®

Fig. 3 SEM images of the S.F, (top) and S.F4, (bottom) samples, left column: SED and right column: BED.
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Fig. 4 SEM images of the 40 M,, (top) and 40 My, (bottom) samples, left column: SED and right column: BED.

This plasticization results from breaking crosslinks that changes in the surface morphology and the adoption of plasti-
limit the polymer chain movements. When the crosslinks are cized surface morphology.
broken and because of high temperature, polymer chains can The surface roughness for the 120 Mg, sample is much
move with a higher degree of freedom; this, in turn, leads to higher than other devulcanized samples, and it is shown in

Fig. 5 SEM images of the 80 M, (top) and 80 My, (bottom) samples, left column: SED and right column: BED.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2024, 2, 2295-2311 | 2301
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Fig. 6 SEM images of the 120 M,, (top) and 120 My, (bottom) samples, left column: SED and right column: BED.

Fig. 6. The rubber particle has a highly rough surface, and there
are signs of stretched rubber in the middle of the particle.
Furthermore, there are droplet-like points on the surface, which
show that the rubber behaved very similarly to a molten poly-
mer during the devulcanization procedure.

3.3 Atomic force microscopy (AFM)

AFM was utilised to investigate the morphology and adhesive
properties of the 120 M sample, which had the highest
percentage of devulcanization. Fig. 7 and 8 show the topography
of the samples and the concurrent map of adhesive interaction
(in blue). The left-most images of each figure are without any
flattening; this shows the tilt in the sample and its true heights.
The central images provide a higher contrast for identifying fine
surface structure through applying a second-order polynomial
fitting, removing the inherent tilt of the sample.

The surface of the 120 M,, sample presents small grains/
platelets of material in a stepped layer structure, while areas

-679.1 nm

400.0 nm

of higher adhesive interaction are largely at the interface
between grains.

The 120 My, sample appears to contain larger flatter platelets
than the 120 M,, therefore forming large regions protruding
from a film of amorphous material. This amorphous material is
highly adhesive and poorly resolved, suggesting the presence of
a potentially semi-liquid state. This confirms the changes of the
rubber after devulcanization and the plasticization observed in
the 120 My, sample observed from SEM (Fig. 9).

Fig. 10 shows the average force of the adhesive interaction
for the 120 M, and 120 Mg,. The values of the force are 1.19 +
0.73 nN and 9.84 + 2.52 nN, respectively, as averaged from 65
536 measurements per sample over 2 pm x 2 pum regions. This
clearly indicates an approximately 8-fold increase in adhesive
interaction after devulcanization. These observations confirm
the potential of the devulcanized rubber to form blends and
compounds with other polymers and additives for various
applications.

98.5 nm 7.6 nN

-4.7 nN

400.0 nm

Fig. 7 AFM images of 120 M, sample, blue the concurrent map of the adhesive interaction.
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Fig. 8 AFM images of 120 Mg, sample, blue the concurrent map of adhesive interaction.

2.0 W

120 M,

2.0 un

Fig. 9 AFM images of 120 M, and 120 Mg, samples, blue the concurrent map of adhesive interaction.

3.4 Energy dispersive X-ray spectroscopy (EDX)

The rubber samples were analysed before and after treatment to
investigate the changes in composition. The reported percent-
ages are the average values of five different spectra taken from
each sample to consider the difference in the dispersion of the
elements. Tables 4 and 5 show the composition of the samples
before and after devulcanization, respectively. The available
elements in the GTR samples included C, O, S, Si, Zn, Fe, Al, Mg,
Na, and Ca. For this study, C, O, S, Si, and Zn were recorded and
investigated, which are shown in Table 4.

Apart from the carbon black fillers, the highest additive
contents belong to the sulphur, silicon, and zinc, which are the
curing agent, reinforcing and wear-resistant filler, and vulca-
nization activator which were also mentioned in previous
studies.*>*

© 2024 The Author(s). Published by the Royal Society of Chemistry

As shown in Table 5, the devulcanization process affects the
atomic percentage of all the elements. During vulcanization,
sulphur forms bonds between the polymer chains as crosslinking
agent. These bonds are the targets of the devulcanization process.
One can notice a slight increase in the atomic percentage of
sulphur in every sample. Sulphur content cannot be directly
correlated to the available crosslinks but, residual sulphur on the
surface of the rubber from the vulcanization process and sulphur
free radicals after crosslink cleavage can all lead to the formation
or rearrangement of bonds, including new crosslinks that are re-
flected in the atomic percentage. In addition, the possible
formation of H,S and CS, could also affect the sulphur content.”®**

Another interesting fact is the availability of N and Cl after
devulcanization. This shows that during devulcanization, the
ChCl-urea molecules are attached to the sulphur atom through

RSC Sustainability, 2024, 2, 2295-2311 | 2303
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Fig. 10 The average adhesive force of the untreated and devulcanized 120 M samples (averaged from 65536 measurements per sample).

Table 4 Elemental analysis of the untreated GTR (At.%)
C (0] S Si Zn
S.Fy 91.8 6.1 0.6 0.2 0.8
40 M, 93.4 4.8 0.8 0.3 0.4
80 M, 90.7 7.3 0.5 0.8 0.3
120 M, 93 5.4 0.5 0.5 0.3
Table 5 Elemental analysis of the devulcanized GTR (At.%)
C o S Si Zn N Cl
S.Fqy 90.4 5.9 0.8 0.4 0.4 1.0 0.3
40 My, 85.5 8.1 0.9 0.7 0.4 3.1 0.7
80 Mgy 86.9 7.1 0.8 1.2 0.4 2.4 0.6
120 Mgy 85.9 6.5 0.9 1.2 0.4 3.6 0.6

a hydrogen bond. That also proves the incorporation of the DES
in the bulk of the material, which confirms the suggested
mechanism shown in Fig. 2.

3.5 Attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR)

The samples were characterized using ATR-FTIR spectroscopy
before and after devulcanization. The data obtained is shown in
Fig. 11 and the observed peaks are summarized in Table 6.

Starting from the 3400 to 3500 cm ™", in this specific range,
there are multiple stretching related to N-H in primary amide,
stretching of -OH from moisture uptake, and stretching of Si-
OH, which is between the silica, water, and -OH functionality of
the DES.>%3%7

In addition to that, the wavenumbers at 2910 to 2950, 2850,
1444, 1370, and 827 cm ' belong to the symmetric and

2304 | RSC Sustainability, 2024, 2, 2295-231

asymmetric stretching of -CH in -CHg, stretching of -CH in -
CH,- bending of -CH,- and CHj3;, and bending of C=C, respec-
tively. These are characteristic peaks of natural rubber present in
the GTR and did not show any reduction in any of the samples
after devulcanization. It is likely that the backbone scission was
minimal during the devulcanization process and the process did
not harm the polymer structure in a way observable via FTIR
technique. This also agrees with other observations of this study
and also available in open literature.”®>***5

The stretching of N-H that occurs at 3100 to 3400 cm™
alongside the C-N stretching and the coupling of symmetric
and asymmetric N-H bend at 1608 to 1666 cm ™ * confirms the
grafting of the ammonium group from the solvent onto the
chains of the polymer. This is further proof of the suggested

1

mechanism of devulcanization.>*?*>

The product of the reaction between ZnO and stearic acid
(the vulcanization activators) is Zn(COO), and can be seen at the
wavenumber around 1500 to 1540 cm™". There is another sign
of the available additives in the rubber compound, which can be
seen at 1030 to 1110 cm™'; this belongs to the carbon black
fillers and stretching of Si-O-Si. Observing this band can show
that the devulcanization reaction did not affect the carbon black
fillers.?®

The band between 669 and 938 cm ™" shows the presence of
the C-S bonds. Fig. 3-6 in the ESIt show the FTIR spectra in the
mentioned wavenumbers. All the spectra show a slight decrease
in intensity when comparing GTR and the devulcanized rubber.
This indicates that the mono, di, and polysulphidic bonds were
broken, and selective crosslink scission occurred during the
devulcanization. This observation can be the most important
data extracted from the ATR-FTIR spectroscopy to prove the
successful devulcanization of the GTR samples.?®?***** There
are signs of peaks, especially in the 80 My, sample. These peaks
can be attributed to impurities originating from the cellulose-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 ATR-FTIR spectra of (a) S.F sample, (b) 40 M sample, (c) 80 M sample, (d) 120 M sample, the black line belongs to untreated, and the red

line belongs to the devulcanized rubber.

Table 6 ATR-FTIR peak summary

Wavelength (cm™") Description References
3400-3500 Stretching of N-H, -OH from water uptake, and Si-OH 32,46 and 47
3100-3400 Stretching of N-H 28 and 32
2910-2950 Stretching of -CH from the backbone 29 and 48
2850 Stretching of -CH from the backbone 29 and 49
1608-1666 Stretching of C-N, coupling of symmetric and asymmetric N-H 28 and 50
1500-1540 Related to Zn compounds and crosslinks 28 and 45
1444 Bending vibration of -CH, 49 and 51
1370 Bending of ~-CH; 46

1030-1110 Carbon black, stretching of Si-O-Si 28 and 46
827 Bending of C=C 46

669-938 Representing mono, di, and polysulphidic bonds 28, 29, 43 and 52

based filter paper used after the devulcanization and the rear-
rangement or reformation of sulphur bonds, which can also be
in the form of new crosslinks.

3.6 Flory-Rehner analysis

Flory-Rehner's analysis provides a better understanding of the
efficiency of the devulcanization procedure by using equations 5
and 6 from the ESL{ The density of the crosslinks can be
measured before and after devulcanization; this is used as
a criterion to determine the success rate of the devulcanization
method. The devulcanization percentage for each sample was
calculated (Fig. 12) after the soluble content of the samples was
obtained (Fig. 13).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Results showed that as the particle size decreases, the effi-
ciency of the devulcanization increases. The reduction of the
particle size allows the solvent molecules to penetrate the
polymer network more easily and more surface area is available.
Smaller particle sizes are also likely to provide an effective
energy transfer from ultrasonic waves to the C-S and S-S bonds.
The resulting network would be smaller in dimension, and the
applied energy would affect the sulphur bonds instead of the
backbone of the polymer. This explanation can also be applied
to other samples; however, the energy transfer is less effective
due to the particle and network sizes."***¢

The C-C bonds of the polymer's backbone are broken if the

sol content increases during devulcanization. The

RSC Sustainability, 2024, 2, 2295-2311 | 2305
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Fig. 13 The soluble content of the untreated and devulcanized samples.

measurements of the sol content showed that the least amount
of sol was generated during the devulcanization procedure,
which confirms the selective scission of sulphur bonds in the
polymer network.>*** This can also be investigated using the
Horikx analysis.

3.7 Horikx analysis

Horikx analysis provides an evaluation of the devulcanization
procedure by using equations 7 and 8 in the ESI.{ Horikx
analysis determines if the broken bonds belong to the polymer's
backbone or the crosslinks. In Fig. 14, if the devulcanization
percentage (the black triangle) of a sample falls below the
selective crosslink scission curve (red curve), it indicates that
the least amount of sol content was generated during the
process. Consequently, it can be concluded that during the
procedure no or a minimum number of C-C chains were
broken.*®** Furthermore, this shows that the intensity of the
method was lower than the intensity needed to inflict damage

2306 | RSC Sustainability, 2024, 2, 2295-231

on the backbone of the polymer which is regarded as
degradation.°

As can be observed in Fig. 14, the black triangles show the
devulcanization percentage and are also an indication of the
amount of sol fraction. These triangles either fall below the
selective crosslink scission curve or - in the case of the S.Fg, - on
the curve. This shows that during the devulcanization proce-
dure, a minimal amount of energy was applied to the backbone
of the polymer which was unable to damage it.**** It was
previously observed in open literature that devulcanization
occurs at the same time as reclamation.*>* During this process,
many studies show that the dominant type of scission belongs
to the C-C bonds of the backbone.***¢ As a result, any proce-
dure that can reduce the amount of main chain scission or
minimize it can be considered successful.**3%*

Another interesting observation from the Horikx plots goes
back to the effect of particle size on the efficiency of the
devulcanization. Although the procedure was similar for every

© 2024 The Author(s). Published by the Royal Society of Chemistry
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which the backbone scission is dominant.

sample, the 120 My, has the highest efficiency. This shows that
smaller rubber particles make it more feasible for the solvent to
penetrate through the bulk of the rubber and break the C-S or
S-S bonds with the least amount of energy and time. The results
of the Horikx analysis can prove that the devulcanization
process was carried out successfully. This was achieved using
a green, biodegradable, biocompatible, and non-toxic DES.>*>*

3.8 Thermogravimetric analysis

TGA curves of the untreated and devulcanized samples are
presented in Fig. 15 and 16, respectively. As can be observed, the
untreated rubber samples have the same behaviour. The onset
of mass loss falls between 340 to 345 °C, while their final mass
loss falls between 59 to 61%. The samples' thermal stability and
degradation behaviour are also similar; this shows that all the
samples have the same origin and additive contents with slight
differences in filler content.”®

Fig. 16 shows four different thermal regions attributed to
volatilization, degradation of isoprene, degradation of styrene-
butadiene and char residue. Within the first region (from 100
to 250 °C), low molecular weight materials, any absorbed

© 2024 The Author(s). Published by the Royal Society of Chemistry

moisture, oils, and waxes are degraded.”® In the following
region, natural rubber (the major constituent of GTR) degrades
at approximately 250 to 400 °C.**

In the next region, styrene-butadiene, which has higher
thermal stability than natural rubber and is another major
constituent of the GTR, is degraded at a temperature range of
400 to 480 °C.*®

The char residue after 500 °C is attributed to carbon black,
silica, and degraded natural rubber.* Normally, char residue
remains unchanged after devulcanization, as also mentioned in
previous studies.”®***¢ This is the case for S.F, 40 M, and 120 M
samples, but the 80 M has a different char residue. This can be
attributed to cleavage of the polymer backbone, existing
impurities, or differences in composition. According to the
Horikx diagram (Fig. 14C), the 80 My, sample sits below the
selective crosslink scission curve which shows that the
assumption of backbone cleavage is false. The TGA plots for the
untreated samples show that they have similar compositions
but, there can be differences in filler content since the GTR is
sourced from various types of rubber. This can be confirmed by
the slight char residue differences in the untreated TGA curves

RSC Sustainability, 2024, 2, 2295-2311 | 2307
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Fig. 16 TGA curves of the devulcanized samples.

(refer to Table 7 for details). In addition, the SEM images in the
ESIt clearly show that fibrous impurities are available in the
GTR. These impurities can also affect the char yield since they
have various sources such as polyester cords that are used as ply
fabric.

Furthermore, the FTIR curve for the 80 Mg, shows peaks in
the range between 600-1000 cm ™" that normally should be less
intense after devulcanization. This again can be due to impu-
rities from the filter paper used for extracting the devulcanized
rubber which may also affect the char residue. Table 7 repre-
sents the thermal decomposition temperature of the samples at
5, 10, 20, and 50% mass loss in addition to the residual mass.

3.9 Efficiency and scalability of the procedure

An efficient and scalable procedure to obtain a product with the
desired characteristics is essential for manufacturing and
synthesis processes. To better understand the efficiency of the
proposed method, the devulcanization percentages from Table

2308 | RSC Sustainability, 2024, 2, 2295-2311

2 are compared to the highest percentage achieved in this study.
Considering both time consumption and devulcanization
percentage, the proposed method can be considered an efficient
and environmentally friendly procedure, with a 58% devulca-
nization percentage achieved in a 30 minutes procedure with
low energy consumption.

Given the availability of industrial scale sonicators, sonica-
tion is a feasible method for scaling up this procedure. In
addition, many industries already use highly efficient heated
reactors, which means heating the mixture to 180 °C is also
easily achievable. The most important part is the product yield
of 1 g per 20 g of DES on the lab scale. Assuming a linear scale-
up of the process (which should be confirmed by further
investigations), if the capacity of a reactor is 1000 kg, the
amount of solvent needed is 952 kg, and the amount of ob-
tained devulcanized rubber after a 30 minutes procedure will be
48 kg (neglecting the possible losses). This means that 96 kg of
devulcanized rubber can be produced each hour using a 1000 kg

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Thermal decomposition temperatures of the samples

Residual mass

Sample  Tso, (°C)  Tio (°C)  Taoo (°C)  Tsom (°C) (%)

S.F, 338.3 356.8 375.6 437.8 40.94
S.Fay 319.3 352.3 373.5 439.5 39.88
40 M, 338.2 358.7 378.1 443.6 39.1

40 Mgy 295.9 347.6 371.8 440.4 38.73
80 M, 340.7 358.5 376.7 438.5 38.81
80 Mgy 293.6 345.4 369.4 428.1 33.38
120 M, 339.2 357.7 376.6 438.3 39.79
120 Mg, 239.4 313.8 364 431.9 37.94

reactor, and after 8 hours (daily shift), 768 kg of devulcanized
rubber can be produced. This assumption is made based on
a linear scale-up and has to be investigated and evaluated in the
future.

This procedure can be even more efficient if the DES can be
used multiple times with the same devulcanization efficiency.
To confirm this, DES should be thoroughly studied before and
after the recycling procedure, and the devulcanization
percentage should be investigated. The suggested procedure
can be highly effective on the condition of using one batch of
DES for multiple devulcanization procedures.

Finally, the DES constituents' price, urea and choline chlo-
ride should also be considered when assessing the performance
of this devulcanization approach. At the time of writing this
paper, urea (99%) from Sigma-Aldrich was sold for GBP 57.80
and choline chloride (98%) for GBP 80.60 per kg resulting in
a GBP 65.39 for a kilogram of the ChCl-urea DES. For better
insight, DD (99%), HDA (98%), and benzoyl peroxide are priced
at GBP 147 per 250 g, GBP 85 per 25 g, and GBP 154 per kg,
respectively.

In conclusion, this procedure is a scalable method with the
potential to be highly efficient and profitable if DES proves to be
reusable. This claim should be investigated more thoroughly
from financial and chemical perspectives in future studies.

4 Conclusion

In this study, four different GTR samples were successfully
devulcanized using ChCl-urea DES and a combination of probe
and bath sonicators, followed by heating. The 120 M ground tire
rubber samples had the highest devulcanization percentage of
58.13%, while the devulcanization for 80 M, 40 M, and S.F
samples were 51.48, 42.1 and 29.3%, respectively.

The morphology of the devulcanized rubber was similar to
plasticized polymers with a rough surface that increased with
the percentage of devulcanization. The change of morphology
in the devulcanized rubber was observed both by SEM and AFM.
The average adhesion force measured via AFM in the 120 M
devulcanized sample was almost 8 times larger than the vulca-
nized counterpart. ATR-FTIR analysis confirmed that multiple
disulphide bonds were selectively broken during devulcaniza-
tion with minimal or no damage to the C-C bonds of the
polymer backbone. EDX analysis revealed that there was no
backbone scission during devulcanization and that N and Cl

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from the DES had formed chemical bonds with the polymer
chains. TGA analysis showed the thermal behaviour and
stability of the samples before and after devulcanization.

Flory-Rehner analysis calculated the devulcanization
percentage using various formulations and measurement data.
Horikx analysis and plots were used to evaluate the results of
the Flory-Rehner analysis. Horikx analysis showed that the
samples fell below the selective crosslink chain scission curve,
confirming the accuracy and credibility of the data from the
characterization techniques and Flory-Rehner analysis.

One of the goals of this study was to devulcanize GTR using
the least amount of time and energy consumption and mini-
mizing the environmental impacts of using a solvent. This
method achieved a 58% devulcanization of the 120 M sample
after 30 minutes and consuming only 182 W. We suggest that
future research investigate various green DESs and optimize
devulcanization parameters to achieve even higher devulcani-
zation percentages, which could have significant scientific and
technological importance.
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