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a new devulcanizing method; study on influencing
parameters

Marzieh Shabani and Masoud Jamshidi *

In this work, a vulcanized blend of natural rubber (NR) and styrene butadiene rubber (SBR) (i.e. at weight ratio

of 50 : 50) as a model for tire rubber was devulcanized using probe sonication. The effect of processing

parameters such as sonication media, power, temperature and time on sol/gel contents and

devulcanization percent of rubbery samples was investigated. Moreover, the influence of pre-immersion

of vulcanized NR/SBR samples in different liquids (i.e. water, oil and toluene) was assessed for different

sonication times (i.e. 10 to 60 min) and powers (i.e. 30 to 60 W). It was found that pre-immersion of

rubber particles in oil significantly increased the devulcanization percent. The optimum conditions for

devulcanization of the NR/SBR blend via probe sonication were found to be 60 Watts, 20 min, oil and

24 h for sonication power, sonication time, pre-immersion/sonication media and pre-immersion time,

respectively. The highest obtained devulcanization percent in this step was about 40%. The effects of

two devulcanizing chemical agents (i.e. diphenyl disulfide and VitaX) on devulcanization performances of

the samples were also studied. Results showed that higher devulcanization percent (i.e. about 52%) was

obtained by using VitaX. It was also observed that VitaX significantly improved re-vulcanization speed

(i.e. cure rate index) and decreased scorch time. It was also found that lower content of VitaX (i.e. 0.6

phr) caused better curing properties but lower mechanical properties compared to the higher content

(i.e. 1.2 phr).
1. Introduction

Elastomers are a specic category of polymeric materials whose
applications have been progressive in the modern-day world.1–3

There are various applications for elastomers ranging from
medical to the tire industry. Cross-linking through vulcaniza-
tion induces suitable physical/mechanical properties in
elastomers4–6

Nowadays, automotives have become an undeniable human
need. On this basis, the need for tire rubber has increased
signicantly in past decades. Millions of tires are produced
annually in the world and they are turned into waste aer usage.
The tire waste, due to their huge content and negative effects on
ecosystems, have become a major environmental problem. On
this basis, recycling of waste tire rubber has been essential from
environmental and economical points of view7,8

Some methods were used for elimination of waste tire
rubbers that include burning as a heat source,9 landlling,10,11

reclaiming12–14 etc. It has been known that burning and land-
lling of tire rubbers impact environment by releasing
esearch Laboratory, School of Chemical,

ersity of Science and Technology (IUST),
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26276
greenhouse gases (i.e. SOx and COx) in the air and immigration
of the toxic low molecular weight organic matters in to the soil,
respectively.

Rubber reclaiming attracted attention of researchers in the
beginning. However, reclaimed ground tire rubbers (GTRs), due
to the very low mechanical properties, disappointed producers.
In fact, during reclaiming a rubber, thermal/mechanical
stresses are encountered to ground waste rubber particles that
cause fracture in the polymer backbone and so signicant
decrement in the mechanical properties of the recycled
product.15–17

On this basis, an effective method is needed for recycling
waste rubbers. Literature review among published articles in
this eld shows that devulcanization (i.e. reverse process of
vulcanization) is a promising method for this purpose.18–20

Different methods has been introduced for devulcanization of
rubbers especially for ground tire rubbers (GTRs). For instance,
mechanical,21 thermal,22 thermo-mechanical,23 chemo-thermo-
mechanical,24 ultrasonic25 and microwave26,27 processes has
been used for devulcanization of waste rubbers.

The aim of devulcanization is breaking in C–S and S–S bonds
(i.e. cross-links) instead of C–C bonds (i.e. backbone) in the
vulcanized rubber network. In theory, fracture in C–C bonds
needs to higher energy than C–S and S–S bonds, but in real
condition both chain scission and cross-link breakage occur
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The composition of the used NR and SBR master batches

Sample
NR Masterbatch
(phr)

SBR Masterbatch
(phr)

Raw elastomeric gum 100 100
Carbon black (N550) 60 60
Process oil 20 20
ZnO 5 5
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during devulcanization.28 On this basis, the best devulcaniza-
tion method is a process with higher cross-link breakage to
chain scission ratio.

Using ultrasonic waves is one of the most considerate
methods for waste rubber recycling. Two sonication based
methods have been conventionally used for rubber recycling:
extrusion-sonication of waste rubber and sonication of rubber
particles in an ultrasonic bath. Liang and Isayev et al.29 used
ultrasonic waves for devulcanization of rubbers by combination
of sonication and extrusion methods. They assessed the effect
of rubber compound and ultrasonic amplitude on devulcani-
zation of unlled and silica-lled natural rubber. Based on the
results, ultrasonic amplitude had a direct relationship with
power. However, the die pressure illustrated an inverse trend
which is a consequence of rubber thixotropic properties and
declining in the chain breakage. Also, sonication caused
breaking in the NR chains that caused declining in the rubber–
silica connections. The devulcanazation of SBR contained
carbon black (CB) was also investigated.30–32 It was performed by
an extruder equipped to an ultrasonic die. It was claimed that
the revulcanized samples prepared from devulcanized SBRs had
close properties to the virgin rubber. The devulcanization of BR
and SBR/BR blend via sonication-extrusion process was also
investigated by Liang et al.33,34 They evaluated effects of different
llers (i.e. carbon black, silica and silanized silica) by a single
screw extruder and various ultrasonic amplitudes. It was found
that carbon black promoted the mechanical properties of SBR/
BR blend compared to silica ller. It was proposed that CBmade
some bridges in rubber structure which caused improved
properties. Based on the experiments, silica containing BR that
contained long side branches, showed strong rubber–ller
interactions that caused better distribution of silica in rubber
matrix but declined rolling resistance of the rubber.

Saputra et al.35 investigated effect of deep eutectic solvents
and their content at different heating times on devulcanization
of GTR in an ultrasonic bath. They assessed the relationship
between devulcanization performances and solvents viscosity. It
was found that low viscosity solvent led to success in de-cross-
linking process. They realized that increase in the heating
time caused decline in the cross-link density and enhancement
of devulcanization percentage. The Horikx theory was also used
to determine chain scission to cross-links breakage ratio. It was
found that the most broken bonds belonged to cross-links
which exposed to a selective devulcanization.

Kim et al.36 investigated devulcanization of waste tire rubber
through probe sonication. They studied devulcanization of
rubber through determination of prepared free sulfur content
that formed by cross-links breakage. The rubber fragments were
prepared by cryogenic processing of tire scrap (i.e. both the
tread wear and sidewall). The fragmented samples were
immersed in acetone for 24 h to extract plasticizers, paraffin's
and antioxidants. The samples showed increased volume that
conrmed suitable swelling. Thereaer, the samples were
sonicated by a probe ultrasonic device and then reuxed and
ltered to remove carbon black. The samples then dried and
analyzed for sulfur content. It was found that sonication in
© 2022 The Author(s). Published by the Royal Society of Chemistry
presence of H2O2 effectively increased fracture in the sulfur
bonding and cross-links.

Based on the literature review, it was found that sonication-
based devulcanization of waste rubbers have been studied in
few researches. Besides, in most cases ultrasonic devulcaniza-
tion performed by altering mechanical stresses (i.e. in an
extruder) along with sonication by a horn or ultrasonic bath.37

In one investigation, probe sonication was used for devulcani-
zation of waste tire rubber but the devulcanization properties
(gel/sol fractions and devulcanization percentage) and process
parameters (sonication power, time and etc.) were not assessed.
Due to the fact that probe sonication is a simple method and
involve higher energies to the rubber particles (e.g. GTRs)
compared to sonication bath, investigating the method and the
inuencing parameters would be a challenging subject.

In this study, probe sonication was used for devulcanization
of a cured NR/SBR blend as amodel tire rubber. For this purpose,
NR/SBR blend (i.e. at NR : SBR ratio of 50 : 50) was prepared and
vulcanized. The sample were ground to particles with mesh size
of 16. The crumbed particles were devulcanized by probe soni-
cation and also sonication in presence of chemical agent (DPDS
and VitaX). Effect of sonication media, swelling media, sonica-
tion power-time and chemical agent content on devulcanization
percent, cross-link density, sol/gel fractions, curing and
mechanical properties of the devulcanized samples was evalu-
ated. The samples characterized with oscillating disc rheometer
(ODR), Fourier-transform infrared spectroscopy (FTIR), differ-
ential scanning calorimetry (DSC) and thermogravimetric (TGA)
analysis. Finally the mechanical properties of the recycled
rubbers in blend with pristine rubber was evaluated.

2. Experimental
2.1. Material

Masterbatches of styrene�butadiene rubber (SBR) and natural
rubber (NR) were supplied from Mouj Andishe Novin Baspar
Company (Tehran, Iran) that their components are listed in
Table 1.

2.2. Preparation of vulcanized NR/SBR

SBR and NR compounds were blended at NR : SBR ratio of
50 : 50. Themaster batches were mixed by a two-roll mill at room
temperature for 15 min. At this stage, 1.5 phr of sulfur and 1.5
phr of N-cyclohexyl-2-benzothiazole sulfonamide (CBS) were
added to the rubber as vulcanizing agent and curing accelerator,
respectively. Aer homogenization and 24 hours conditioning,
Stearic acid 1 1
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Table 2 The prepared samples and their code

Sample code

Condition

Pre-immersion media Sonication media

Sonication power (W) Sonication time (min) Pre-immersion time (hr)Water Oil Toluene Water Oil Toluene

DGR-Ctrl — — — — — — 0 0 0
DGR-W(45-20) — — — O — — 45 20 0
DGR-O(45-20) — — — — O — 45 20 0
DGR-T(45-20) — — — — — O 45 20 0
DGR-W24(45-20) O — — O — — 45 20 24
DGR-O24(45-20) — O — — O — 45 20 24
DGR-T24(45-20) — — O — — O 45 20 24
DGR-T24W(45-20) — — O O — — 45 20 24
DGR-O24W(45-20) — O — O — — 45 20 24
DGR-O24T(45-20) — O — — — O 45 20 24
DGR-O24(30-10) — — — — O — 30 10 24
DGR-O24(30-20) — O — — O — 30 20 24
DGR-O24(30-30) — O — — O — 30 30 24
DGR-O24(60-20) — O — — O — 60 20 24
DGR-O24(60-25) — O — — O — 60 25 24
DGR-O24(60-30) — O — — O — 60 30 24
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the samples were molded in sheet shape and vulcanized at
160 �C for 15 min in a hydraulic molding hot-press.
2.3. Preparation of ground NR/SBR powder (GR)

Aer vulcanization of the NR/SBR sheets, they were ground in
a two roll mill and then multi-function disintegrator (BEST 100
Industrial Grinder). The ground particles were sieved to obtain
rubbery particles with mesh size of 16. The prepared samples
and the codes are listed in Table 2.
2.4. Devulcanization process

The process oil, toluene and water were selected as sonication
media in this investigation. The prepared GRs were suspended
in media and then exposed to sonication using a probe ultra-
sonic device (BANDELIN SONOPULS HD3100, HF power of
maximum 100 W, microtip MS 73, Italy). The sonication power
changed ranging from 30W to 60W and sonication time altered
between 10 and 30 min. A control sample was prepared by
mechanical devulcanization via two roll milling of the GR
sample for 20 min (i.e. DGR-Ctrl). To understand the swelling
effect on devulcanization yield, GRs were also pre-immersed in
oil, toluene and water for 0, 24 and 48 h.
2.5. Chemical devulcanizing agents

Diphenyl disulde (DPDS) were used as a conventional and
effective chemical devulcanizing agent at 1.2 phr38–40 in this
study. It was added directly to the NR/SBR powder on a two roll
mill. VitaX was also used as a new complex devulcanizing agent
at 0.6 and 1.2 phr.27 It was processed DPDS in presence of
CaCO3 and ZnO. To devulcanize rubber samples in presence of
VitaX, 80 g of ground rubbers (GRs) were soaked in 20 g of
process oil contained VitaX (0.6 or 1.2 phr) in an oven at 70 �C
26266 | RSC Adv., 2022, 12, 26264–26276
for 12 h. This helped intrusion of Vitax into the rubber bulk by
swelling process. Aer devulcanization, all the revulcanizable
rubber compounds were rolled by a laboratory two roll mill for
5 min to form sheets with 2 mm thickness.

2.6. Revulcanization process

Based on the devulcanization performances, some of the
devulcanized GRs (i.e. DGR samples) were revulcanized to
prepare rubber sheets for evaluating the tensile properties. To
re-vulcanize the DGRs, they weremixed to virgin NR/SBR at ratio
of 50 : 50 and then 1.5 phr of CBS and 1.5 phr of sulfur were
added to compounds on a two roll mill and mixing continued
for 10 min. Then the samples were molded and vulcanized with
hot-press under 50 ton pressure at 160 �C for 15 min.27 Aer
curing, dumbbell shape test specimens were prepared using
a cutter and manual press from revulcanized samples.

2.7. Estimating devulcanization percent (DP)

To evaluate sol and gel fractions of all devulcanized samples,
they were extracted by acetone and then by toluene in a Soxhlet.
The processes removed low molecular weight chains and oils
from de-vulcanized samples.4,25 For this purpose, about 2 g of
each sample was extracted in boiling acetone for 16 h and fol-
lowed by drying in an oven at 70 �C for 12 h. The next extraction
was performed for 24 h in boiling toluene and the sample was
dried at 70 �C for 12 h in an oven. The sol and gel fractions of
the DGRs was estimated by evaluating the soluble and insoluble
contents in toluene, respectively.41

To evaluate cross-link density (CLD) of the samples, they
were immersed in toluene at room temperature for 72 h. The
solvent was refreshed three times with pure solvent over the
swelling time (each 24 h). Thereaer, the samples were removed
from solvent and quickly dried by lter paper and weighted.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Finally, the samples were dried in an oven at 70 �C for 12 h to
evaporate the rest of solvent and then weighted again. The
cross-link density (eqn (1)) was calculated using Flory–Rehner
equation41 as following:

CLD ¼ ��Inð1� VrÞ þ Vr þ cVr
2
�

V1

0
@Vr

1
3 � Vr

2

1
A

(1)

Where Vr, c and V1 depict the volume fraction of the polymer in
the swollen sample, the Flory–Huggins polymer–solvent inter-
action parameter and themolar volume of the solvent (106.3 mL
mol�1), respectively. The Flory–Huggins polymer–solvent
interaction parameter (c) for NR/SBR blend was considered as
0.393.24

The volume fraction of polymer in swollen specimen (Vr) was
measured as following:

Vr ¼
weight of rubber

density of rubber

weight of dry rubber

density of rubber
þ weight of solvent absorbed

density of solvent

(2)

The density of dry samples was measured according to ASTM
D6814 (ref. 42) using the eqn (3) as following:

Density at 23� 2 �C g cm�3 ¼ 0:793� A

A� B
(3)

In which, A and B are weight of the specimen in air (g) and
methanol (g), respectively. On this basis, the density of pristine
NR/SBR sample was obtained 1.129 g cm�3.

The devulcanization percentages of the samples was also
calculated using eqn (4):41

DP ð%Þ ¼
�
1�

�
Cross-link density of devulcanized rubber

Cross-link density of control crumb rubber

��

� 100

(4)
Fig. 1 The devulcanization percentage of the samples in different liquids
effect of using different liquids for pre-immersion and sonication.

© 2022 The Author(s). Published by the Royal Society of Chemistry
2.8. Characterization methods

Pyrolysis Fourier transform infrared spectroscopy (Pyrolysis-
FTIR) analysis was performed by a PerkinElmer TGA 8000
instrument. Thermogravimetric analysis (TGA) was performed
on the samples by NETZSCH STA 449 F3 Jupiter device (Ger-
many) at heating rate of 10 �C min�1 to provide information
about thermo-oxidative degradation of the samples.41 Differ-
ential scanning calorimetry was carried out in N2 environment
at heating rate of 10 �C min�1 in the range of �100 to 300 �C by
NETZSCH DSC 200F3 instrument to depict curing behavior and
glass transition temperature of the samples before and aer
devulcanization. The curing behavior of samples were evaluated
at 160 �C in an oscillating disk rheometer (ODR) (Monsanto, R-
100 Oscillatory Disk rheometer) according to ASTM D 2084.43

The tensile tests were carried out on dumbbell-shaped
specimens (type C) using a SANTAM STM150 Universal
Machine at room temperature (25 � 2 �C) to evaluate tensile
strength and elongation at break of the pristine and re-
vulcanized samples based on the ASTM D 412.44 The uniform
crosshead speed of 500 mm min�1 was applied in tension and
the test was repeated 10 times for each sample.
3. Results and discussions
3.1. Effects of pre-immersion and sonication media

Three kinds of liquids (i.e. oil, water and toluene) and their
mixture were used as sonication media in this study. To
compare effect of different liquids, the ultrasonic power and
time were kept constant (i.e. 45 Watt and 20 min), at the rst
step. Results are shown in Fig. 1.

Fig (1a) shows the effect of sonication media on devulcani-
zation percentage. It is clearly seen that type of sonication
media affects the devulcanization percent (i.e. in the samples
processes without pre-immersion). It is well known that
breakage of these bubbles induce sonication energy to the
ground rubber particles. However, due to the hydrophobic
nature of rubber particles, they had not intimate contact to
water (in contrary to toluene) that this decreased induced
(i.e. sonicated at 45 W for 20 min): (a) effect of pre-immersion and (b)

RSC Adv., 2022, 12, 26264–26276 | 26267
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Table 3 The devulcanization properties of the samples

Samples CLD (�104) (�st. dev.) (%) Sol fraction (�st. dev.) (%) Gel fraction(�st. dev.) (%)

DGR-Ctrl 1.95 (�0.08) 10.5((�0.03) 89.5 (�0.03)
DGR-T(45-20) 1.4 (�0.095) 18.95 (�0.019) 81.05 (�0.019)
DGR-O(45-20) 1.44 (�0.034) 15 (�0.02) 85 (�0.02)
DGR-W(45-20) 1.54 (�0.035) 13.5 (�0.015) 86.5 (�0.015)
DGR-T24(45-20) 1.46 (�0.039) 13 (�0.01) 87 (�0.01)
DGR-O24(45-20) 1.32 (�0.031) 20 (�0.02) 80 (�0.02)
DGR-W24(45-20) 1.54 (�0.028) 15.4 (�0.025) 84.6 (�0.025)
DGR-T24W(45-20) 1.43 (�0.018) 16 (�0.02) 84 (�0.02)
DGR-O24W(45-20) 1.35 (�0.015) 18 (�0.03) 82 (�0.03)
DGR-O24T(45-20) 1.30 (�0.031) 20 (�0.01) 80 (�0.01)
DGR-O24(30-10) 1.71 (�0.024) 17.5 (�0.02) 82.5 (�0.02)
DGR-O24(30-20) 1.64 (�0.035) 17 (�0.033) 83 (�0.033)
DGR-O24(30-30) 1.62 (�0.027) 16.65 (�0.01) 83.35 (�0.01)
DGR-O24(60-20) 1.19 (�0.046) 22 (�0.05) 78 (�0.05)
DGR-O24(60-25) 1.35 (�0.015) 18.5 (�0.01) 81.5 (�0.01)
DGR-O24(60-30) 1.37 (�0.066) 16.25 (�0.022) 83.75 (�0.022)
DGR-O24 (60-20)-VitaX0.6 1.13 (�0.04) 19.15 (�0.03) 80.85 (�0.03)
DGR-O24 (60-20)-VitaX1.2 0.93 (�0.068) 20 (�0.03) 80 (�0.03)
DGR-O24 (60-20)-DPDS1.2 1.45 (�0.096) 15.4 (�0.025) 84.6 (�0.025)
DGR-O24 (30-10)-VitaX0.6 1.22 (�0.067) 13.37 (�0.035) 86.62 (�0.035)
DGR-O24 (30-10)-VitaX1.2 1.24 (�0.083) 16.1 (�0.01) 83.9 (�0.01)
DGR-O24 (30-10)-DPDS1.2 1.45 (�0.097) 15 (�0.05) 87 (�0.05)
DGR-O24 (60-20)-UBa 1.35 (�0.099) 15.83 (�0.084) 84.17 (�0.084)
DGR-O24 (60-20)-VitaX1.2-UB 1.32 (�0.019) 17 (�0.02) 83 (�0.02)

a UB : Ultrasonic bath.
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sonication energy to the particles. The low DP of the sample in
oil media was attributed to its higher viscosity that dissipated
induced sonication energy to the GTRs. The highest devulca-
nization percentage was obtained (i.e. about 28%) in the case of
using toluene as sonication media. The devulcanization
performances of the samples are illustrated in Table 3.

It is clearly seen that cross-link density (CLD) decreased
signicantly in the devulcanized samples compared to the
control sample (i.e. the mechanically devulcanized sample). It
proves that probe sonication caused fracture in the cross-links
properly as it was desired. The sol content shows that low
molecular weight and soluble chains increased considerably in
the sonicated samples. This was attributed to the chain scis-
sions that occurred during devulcanization in the rubber
matrix.

The gure also shows the effect of pre-immersion of the
samples in the individual liquids for 24 h. Results showed that
DP just increased in the case of using oil as pre-immersion
media. It is also obviously seen that just using oil as pre-
immersion media could inuence CLD and sol/gel fractions
of the sonicated samples (see Table 3). This was attributed to
diffusion of the oil into the rubber bulk during pre-immersion
step that swelled and expanded its network and helped effec-
tive devulcanization during sonication. In contrary, the CLD of
samples was not affected aer 24 h of immersing in water and
toluene, however, their sol content changed signicantly.

The pre-immersion of the samples in water caused incre-
ment in the sol content that means it increased the chain
scission. In contrary, pre-immersion in toluene caused decre-
ment in the chain scission. In fact, the chain scission represents
26268 | RSC Adv., 2022, 12, 26264–26276
unsuitable devulcanization of GTRs that decreases the
mechanical properties.33,34

Based on the results, toluene and oil were selected as effec-
tive liquids for pre-immersion step. The effect of water, toluene
and oil as sonication media was also evaluated. Results are
shown in Fig. (1b) and Table 3. It is obviously seen that using
different liquids for pre-immersion and sonication has negli-
gible effect on devulcanization percent. On this basis, the DGR-
O24 sample and oil were selected as the best devulcanized
sample (32%) and the best media for pre-immersion/
sonication, respectively.
3.2. Effect of sonication power and time

The effect of sonication energy (i.e.multiply of power and time)
on DP of the samples was evaluated. Results are shown in Fig. 2
and Table 3. It was found that by increment in the sonication
power from 30 to 60 W, the sol fraction and CLD enhanced at
constant sonication time (i.e. 20 min). It was attributed to this
fact that at higher sonication energies, bigger and more air
bubbles are formed in the sonication media and higher ener-
gies induced to the rubber particles. Due to the particulate
shape of the samples, it is normal to consider partial devulca-
nization as dominant mechanism for the recycling process.27

Based on the results, it was concluded that higher sonication
energies caused deeper diffusion of the waves in to the particles
core. Therefore, more breakage has been occurred in their
rubber network.

Negligible changes was observed in devulcanization percent
of the samples at sonication power of 30 W (at all times). The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Devulcanization percent of the DGR-O24 samples sonicated at different powers and times in oil (after 24 h pre-immersion in oil).
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highest DP was obtained at sonication power and time of 60 W
and 20 min (38%), respectively. Similar to the CLD and sol
fraction results, herein the DP increased with increment in the
induced energy. The reverse results was obtained at sonication
times of 25 and 30 min at amplitude of 60 W. It was postulated
that due to the very high energies encountered to the particles,
their surface scorched and formed an insulated layer which
decreased wave intrusion toward the particles core. Fig. 3 shows
a schematic for partial devulcanization of the rubber particles
that happened under probe sonication.

In these schematic, the mechanism of partial devulcaniza-
tion of ground rubber particle due to sonication was illustrated.
The degree of cross-links breakage incredibly depends on
ultrasonic amplitude, time and kind of liquid. The more soni-
cation amplitude causes decrement in the area of intact cross-
linked core and improvement in the DP and crosslinks
breakage. In contrast, at low sonication powers, devulcanization
just occurs at a thin surface layer of the particles.

3.3. Effect of chemicals agents

On the basis of the obtained results, DGR-O24(60-20) and DGR-
O24(30-10) samples were selected as the best and worst
Fig. 3 Schematic of devulcanization of rubber particles under probe so

© 2022 The Author(s). Published by the Royal Society of Chemistry
devulcanized samples by probe sonication. The effect of
chemical agents (i.e. DPDS and VitaX) on devulcanization
performances was evaluated in these samples. Table 3 shows
the CLD and sol/gel fraction results. It was found that using
VitaX caused better devulcanization of the samples compared to
DPDS at both low and high sonication energies. The CLD and
sol fraction of the samples decreased using VitaX. In fact, it
decreased chain scission and increased cross-links breakage. In
contrary, DPDS caused signicant decrease in the sol fraction
while considerable increase in the CLD. It means that DPDS
caused some new cross-linking in the rubber structure. It was
occurred due to accelerating effect of DPDS during revulcani-
zation process. It also enhanced the chain scission at the same
time. The negative effect of DPDS was not observed at lower
sonication energy and time (i.e. 30 W for 10 min).

Fig. 4 shows that both chemical agents signicantly
increased devulcanization percent of the sonicated samples
(DGR-O24), however, higher DPs were obtained using VitaX.
Devulcanization percent was improved considerably at higher
VitaX loading content (i.e. 1.2 phr). The VitaX content had
negligible effect on devulcanization percent at lower sonication
energies. Furthermore, DPDS had lower impact on
nication.

RSC Adv., 2022, 12, 26264–26276 | 26269
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Fig. 4 Devulcanization percent of the samples devulcanized in presence of different chemical agents.
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devulcanization percent compared to VitaX at low and high
sonication energies. The better results obtained by VitaX were
related to its complex chemistry and its different application
process.27 In fact, using processing oil along with VitaX caused
more intrusion of the VitaX into the particles core. On the other
hand, using VitaX increased the thickness of the devulcanized
layer in the partially devulcanized particles. In the case of using
DPDS, it just acted on the surface of the rubber particles this
limited its devulcanizing performance. The results were in good
correlation with CLD and sol fraction results.

3.4. Effect of sonication method

In previous researches, ultrasonic bath mostly used to
devulcanize the crumbed rubber particles. In this study, the
performance of probe sonication was compared to sonication
bath. Results are given in Fig. 5. It is obvious that probe soni-
cation illustrated higher devulcanization performances than
ultrasonic bath. It was attributed to the higher energies induced
Fig. 5 Devulcanization percent of the samples devulcanized by probe a

26270 | RSC Adv., 2022, 12, 26264–26276
to the particles in probe sonication and also direct contact
between rubber particles and the sonication source (i.e. probe).

3.5. Characterization

3.5.1 FTIR analysis. Fig. 6 shows results of FTIR analysis of
the virgin rubber (uncured NR/SBR compound), control sample
(crumbed DGR-Ctrl) and the sample with highest devulcaniza-
tion percentage (DGR-O24(60-20)-VitaX1.2). Table 4 depicts the
characterized peaks in the curves.

Comparing the spectrums of the virgin NR/SBR and DGR-
Ctrl samples showed that rubber grinding and then mechan-
ical devulcanization affected the rubber network structure
according to the peaks appeared at wavelength of 2800 to
3200 cm�1. It is apparent that the intensity of the peaks related
to CH and CH2 groups are reduced and CH3 has been added
aer grinding. This change simply conrmed chain scission
and creation of new CH3 groups at the end of the broken chains.
The peak at 3500 cm�1 is related to tension vibration of hydroxyl
nd bath sonication.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Pyrolysis-FTIR spectra of different samples; (a) from 400 to 600 cm�1, (b) from 600 to 1200 cm�1, (c) from 1200 to 1550 cm�1 and (d) from
1550 to 1800 cm�1.

Table 4 Characterized bonds by Pyrolysis-FTIR analysis of the
selected samples

Characterized peak
Wavenumber
(cm�1) Components Ref.

S–S stretching 540 Crosslinks 7,12,15
C–S stretching 603 Crosslinks 7,26
C]C bending 870 NR 15
C–C bending 900–1000 NR &SBR 15
C–C stretching 1018 Carbon black 5,7,15
C]C stretching 1645 NR/SBR 12,15,26
C]O 1720 CBS-stearic acid 5,9,12
C]C–H 3070 — 15,21,26

© 2022 The Author(s). Published by the Royal Society of Chemistry
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groups of carbon black. Moreover, the presence of a sharp peak
at 1650 cm�1 (bending vibration of OH groups) could also
conrm the presence of moisture in the sample. The observed
peak at 1690 cm�1 was related to –CH]CH– groups in the
virgin and control rubbers. The twin peaks at 1450 and
1550 cm�1 should be attributed to the benzene rings in the SBR.
Peaks in the range of 750 to 1200 cm�1 was corresponded to the
exural vibration of alkane compounds (–CH2–CH2–) which
increased by grinding of vulcanized rubber. This conrmed
occurrence of chain scission and formation of smaller chains in
the mechanically devulcanized sample (DGR-Ctrl). The increase
in the intensity of the peaks in DGR-O24(60-20)-VitaX1.2 sample
conrmed more failure of the rubber network aer sono-
chemical devulcanization.
RSC Adv., 2022, 12, 26264–26276 | 26271
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Fig. 7 Results of DSC analysis at temperature between (a) �90–0 �C, and (b) between 0–300 �C.

Table 5 The glass transition temperature (Tg) of the samples (determined from DSC curve)

Samples Tg1 (�C) Tg2 (�C) DCp at curing temperature (j g�1 K�1)

Vulcanized NR/SBR �66.75 �54.25 0.095
R-DGR-Ctrla �62.44 �51.94 0.02
R-DGR-O24 (60-20)Vitax1.2a �60.08 �50.08 0.077

a Revulcanized samples.
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The peak appeared at 720 cm�1 was related to the –C–SH
bonds which increased in devulcanized samples. This
conrmed that more breakage happened in the cross-links (i.e.
–S–S– bonds) in presence of sonication.

3.5.2 DSC analysis. Fig. 7 shows the DSC results for virgin
rubber, DGR-Ctrl and DGR-O24(60-20)-VitaX1.2 samples. The
detected Tg of the samples is given in Table 5.

As it is seen, the Tg values for both NR (i.e. Tg1) and SBR (i.e.
Tg2) parts were increased in the mechanically and sono-
chemically devulcanized samples compared to the uncured
virgin rubber. This was attributed to the networked structure
that created due to the primary and secondary vulcanization
steps that was performed on the devulcanized samples. The
exothermic peak observed at about 160 �C in all samples was
corresponded to the curing temperature of the rubbers. It is
obviously seen that this peak weakened in the mechanically and
sono-mechanically samples due to lower cross-links occurred in
these samples compared to the virgin rubber.

According to the results, the glass transition temperature
increased in the DGR-O24(60-20)-Vitax1.2 compared to the
DGR-Ctrl sample. This was attributed to presence of higher
amounts of low molecular weight chains (i.e. broken chains) in
the mechanically devulcanized sample. This conrms more
crosslinks breakage instead of chain scission in the sono-
chemically devulcanized sample.
26272 | RSC Adv., 2022, 12, 26264–26276
3.5.3 TGA analysis. Fig. 8 shows the TGA curves of the
revulcanized VitaX containing samples compared to the cured
NR/SBR. The results were listed in Table 6. The weight loss in
temperature range of 35–320 �C was corresponded to the
degradation of low molecular weight organic matters and
humidity (see Fig. (8a)). It is clearly seen that the weight loss in
this region increased in the samples contained VitaX. This
conrmed more fractures occurred in the rubber network and
creation of low molecular weight chains in presence of VitaX.

The temperature regions of 320–425 �C and 425–540 �C was
attributed to degradation of NR and SBR parts of samples,
respectively. It is obvious that both NR and SBR parts of sonicated
samples showed lower weight losses compared to the cured NR/
SBR sample due to the fractures occurred in polymers chains. It
is also seen that the weight loss related to NR part was lower in
the devulcanized samples in presence of VitaX compared to DGR-
O24(60-20) sample. This shows that in presence of VitaX, frac-
tures occurredmostly in the SBR network instead of NR structure.

Higher thermal stabilities were observed in revulcanized
samples due to the presence of intact-crosslinked core of parti-
cles that acted as reinforcing ller in devulcanized matrices.

Fig. (9b) shows DTG curves for the samples. The results
conrmed the higher thermal stabilities of the devulcanized
samples compared to the cured NR/SBR sample due to the incre-
ment in the degradation temperatures of the NR and SBR parts.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Results of TGA-DTG analysis for the vulcanized/re-vulcanized samples

Compounds

Data
Low molecular
weight organic mater NR part SBR part Inorganic residues

DT [�C] 35 to 320 320 to 425 425 to 540 540 to 750

Cured NR/SBR Dm [%] 5.90 34.21 27.24 35.8
Tmax [�C] — 386 457 —

R-DGR-O24(60-20) Dm [%] 5.75 29.64 14.85 49.69
Tmax [�C] — 383.03 437.27 —

R-DGR-O24(60-20)-Vitax0.6 Dm [%] 7.56 19.64 18.95 54.7
Tmax [�C] — 389.96 433.92 —

R-DGR-O24(60-20)-Vitax 1.2 Dm [%] 7.9 18.62 20.26 54.53
Tmax [�C] — 384.46 439.98 —

Fig. 8 The effect of VitaX on thermogravimetric properties of the samples; (a) TGA curve and (b) DTG curve.
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3.6. Curing properties

The curing properties of the samples was evaluated by ODR.
Results are shown in Fig. 9 and Table 7. The results showed that
MH � ML content which is a representative of cross-link density
(CLD) increased for sonication assisted devulcanized samples
compared to the mechanically devulcanized sample. It was
attributed to the more breakages that happened in the cross-
links in this sample that made more chances for revulcaniza-
tion of the compound during ODR test. However, the curing rate
Fig. 9 Comparative ODR results of the devulcanized samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
index (CRI) was higher in the sonicated samples in presence of
VitaX. It was also found that by addition of 0.6 phr of VitaX to
the sonicated sample, the CRI increased considerably and the
scorch time deceased very much. This nding proved the
positive effect of lower contents of VitaX on desired devulcani-
zation of NR/SBR compounds.
3.7. Mechanical properties

Fig. 10 shows the comparative tensile properties of the rubber
samples. It is clearly seen that the tensile strength of DGR-
O24(60-20)-VitaX1.2 is so close to the virgin sample that illus-
trates effect of VitaX on suitable devulcanization of sonicated
rubbers (i.e. it caused the least rubber chain scission). More-
over, this chemical agent increased cross-linking chance in the
revulcanization process which caused increment in the tensile
strength. On the other hand, in the samples which contained
lower concentration of VitaX, the mechanical properties
declined because of the high CLD and toughness and low
exibility.

Based on the results, modulus of the samples were obtained.
For the effectively devulcanized sample, the modulus content
conrmed the TS results. In comparison to the virgin sample, the
modulus of VitaX containing samples was considerably
increased because of their higher CLD and toughness. Therefore
RSC Adv., 2022, 12, 26264–26276 | 26273
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Table 7 Curing properties of the samples

Compounds ML [dN m] MH [dN m] MH � ML [dN m] t90 [Minute] CRI (%)

DGR-Ctrl 0.49 10.26 9.8 8.09 29.54
DGR-O24(60-20) 2.2 14.28 12.1 5.5 27.72
DGR-O24(60-20)-Vitax0.6 2.32 15.02 12.7 2.53 62.13
DGR-O24(60-20)-Vitax1.2 2.2 11.84 9.7 5.3 36.03

Fig. 10 The tensile properties of the re-vulcanized samples; (a) tensile strength/elongation at break and (b) modulus.
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the cross-links breakage were less selective in DGR-O24 (60-20)
sample compared to the VitaX containing samples. With regards
to elongation at breaks (EBs), it was vivid that DGR-O24 (60-20)-
VitaX0.6 with non-selective devulcanization and high toughness
resulted in lower EB (63%) than DGR-O24(60-20)-VitaX1.2. All in
all, devulcanaized samples show acceptable mechanical proper-
ties and conrmed other tests results.

4. Conclusions

A NR/SBR compound was cured and devulcanized through
probe sonication as model tire rubber. Chemical agents were
also used along with sonication. Based on the results, the
following conclusions were made:

� It was claimed that probe sonication is a promising
method for recycling of tire rubber due to its facility and
effectiveness compared to other methods (e.g. microwave
assisted devulcanization).

� It was found that devulcanization percent (DP) enhanced
from 15 to 32% by pre-immersion of ground rubber particles in
oil. However, sonication in all the liquids improved DP.

� There is a direct relationship between DP and sonication
power, while no specic relation was found between DP and
sonication time. Sonication at 60 W/20 min caused 6.34%
increment in the DP compared to the sample sonicated for 45
W/20 min.

� Devulcanization percent was improved 100% by using 1.2
phr of VitaX instead of DPDS. It was also about 20% more than
DP of the sample contained 0.6 phr of VitaX.
26274 | RSC Adv., 2022, 12, 26264–26276
� It was found that probe sonication caused about 27%
increment in the DP of the samples in absence of VitaX while it
increased up to 65% in presence of VitaX.

� The highest cure rate index (more than 60%) and the lowest
scorch time (about 1 min) was obtained in the case of using 0.6
phr of VitaX.

� It was found that devulcanization by sonication caused
decrement in the tensile strength (more than 40%) of virgin
rubber/devulcanized rubber blend (at 50 : 50 weight ratio),
except for the sample contained 1.2 phr of VitaX that showed
the same tensile strength as cured NR/SBR sample.
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