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Effect of Tulbaghia violacea-Derived Devulcanized Rubber
on the Properties of Natural Rubber/Styrene-Butadiene

Rubber Blends

Jabulani I. Mnyango, Buyiswa G. Hlangothi, Briswell Mabuto, Christopher D. Woolard,

and Shanganyane P. Hlangothi*

The current study serves to demonstrate the potential utilization of
devulcanized rubber produced using Tulbaghia violacea Harv. in a
supercritical media. The devulcanized rubber, ranging from 5 to 35 wt% is
incorporated into virgin natural rubber (NR)/styrene-butadiene rubber (SBR)
blends. The effect of devulcanized rubber addition is assessed by evaluating
variations in the curing characteristics, physical attributes, morphologies,
mechanical properties, and dynamic mechanical analysis of several
vulcanized blends. The findings indicate a reduction in the blends’ curing
characteristics with an increase in devulcanized rubber proportion, except for
minimum torque. Furthermore, the ultimate tensile strength, elongation at
break, tear strength, and rebound resilience decrease, while the tensile moduli
and stiffness exhibit an increase with an increase in devulcanized rubber
proportion. The observed decline in mechanical property is associated with
failure points identified through surface fracture imaging. Additionally, an
increase in crosslink density and hardness aligned with the alterations in

for millions of years since they do not read-
ily break down as plants or animals do.['?]
As a result, waste tires not only take up
landfill space for naturally degrading mate-
rials but also damage the linings that keep
groundwater and surface water from mix-
ing with contaminants in the landfill.>-#!
Moreover, waste tire pile fires have had a
much harsher effect on the environment be-
cause they emit harmful substances, such
as gases and solids, into the air, soil, and wa-
ter systems.[>1% Ag a result, there are sig-
nificant health and safety dangers to the
public from the waste tires in landfills,
as well as those that have been randomly
discarded. This drives researchers to de-
velop innovative recycling methods to com-
bat these issues. As an efficient way of re-

dynamic mechanical properties as the proportion of devulcanized rubber is
increased. The study suggests that the rubber devulcanized with T. violacea
Harv.—when blended with virgin NR/SBR blends—could be tailored for

specific applications.

1. Introduction

Waste tire management practice has a long history. The bulk of
waste tires are typically stored in landfills, but they remain there
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cycling tires, the recovery of raw materi-
als from waste tires has gained widespread
acceptance.”#1%1 However, current recov-
ery processes often contribute to secondary
pollution or necessitate substantial energy
consumption.['-13]

Exploring renewable resources or plant-
based materials as alternative devulcanizing
agents offers a promising path for more friendly recycling
processes.!'17V] These materials are non-toxic and require lower
temperatures and shorter reaction times for successful rubber
devulcanization. For instance, Chen et al.'®! used a soybean oil-
based devulcanizing agent, enhancing the compatibility and me-
chanical properties of the waste tire rubber/virgin rubber blends.
Similarly, De et al.['*] utilized renewable resource material (RRM)
to reclaim waste rubber, resulting in increased tensile moduli (at-
given-elongation) but decreased ultimate tensile strength (UTS)
and elongation at break (e;) as the proportion of reclaimed rub-
ber was increased in the virgin natural rubber (NR)/styrene-
butadiene rubber (SBR) blend compounds. Furthermore, Yang
et al.'”l demonstrated how plant-derived lignin acted as a com-
patibilizer, improving the mechanical properties of the reclaimed
rubber/virgin rubber blends. These examples of the usage of
waste tire rubber that is devulcanized or reclaimed using plant-
based materials show the same potential in promoting sustain-
ability and reducing the environmental impact of waste tire dis-
posal. Nevertheless, works involving rubber devulcanization or
reclamation using different chemical agents often demonstrate
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a detrimental effect on the final properties of recovered rub-
ber/virgin rubber blends.

Various studies have reported differing effects of devulcanized
rubber loading on the properties of devulcanized rubber/virgin
rubber blends. For instance, Kojima et al.l’] noted increased
Shore A hardness, tensile modulus, €, and torque values with
increasing devulcanized rubber proportion in NR/butadiene rub-
ber blend compounds, while the optimum curing time (t.,) and
UTS decreased. Conversely, Mangili et al.['®] reported a reduction
in maximum torque (My) and torque difference (M,; — M) of
the devulcanized rubber/virgin rubber blend vulcanizates as the
devulcanized rubber proportion increased. Jiang et al.l?! corrobo-
rated these findings. Zhao et al.['l and Kumnuantip et al.?! re-
ported increased glass transition temperature (T,), storage mod-
ulus (E'), and loss modulus (E'') but decreased maximum tan-
gent delta (tan 6) of the devulcanized rubber/virgin rubber blend
vulcanizates with increased devulcanized rubber proportion. One
of the factors suggested to have contributed to the observed
changes in the properties is the restriction of polymer chain mo-
bility as more devulcanized or reclaimed rubber was added to the
blends.[256.11-21]

Building upon our previous study,’*] where the crude extract
of the Tulbaghia violacea Harv. plant exhibited devulcanizing ca-
pability on truck tire vulcanizates, our current work aims to evalu-
ate the effect of incorporating the devulcanized rubber from that
study into virgin NR/SBR blends. This was done by looking into
the curing characteristics (i.e., scorch time (ts), t.qp, minimum
torque (M), My, M,; — M, and cure rate), mechanical proper-
ties (i.e., UTS, ¢, tensile moduli, tear strength, hardness, and re-
bound resilience), morphologies, and dynamic mechanical anal-
ysis (i.e., stiffness, E', E”, tan §, and T,) of the resultant vulcan-
izates.

2. Experimental Section
2.1. Materials and Methods

2.1.1. Rubber Compounding

Compounding materials’ supplier details and preparation are
the same as those in the previous work.!'* Table 1 provides an
overview of the mixing procedure followed in the preparation of
unfilled and unvulcanized virgin NR/SBR blend.

The compounded NR/SBR blend was combined, according to
Table 2, using a two-roll mill, with devulcanized rubber to get var-
ious samples, viz.: S1 to $8.1*22%] To ensure thorough blending,
each sample underwent ten passes (X 10) through the mill.[??]
During this process, the orientation of the sample was continu-
ously adjusted by rotating it #90° between the rolls.

2.1.2. Preparation of Vulcanizates and Soxhlet Extraction

Approximately 45 g of each sample was covered with two sheets
of Airbrush Stencil Mylar Film and inserted between steel plates
set at 150 °C. The assembly was immediately positioned in a lab-
oratory curing press, applying 7 MPa pressure, to initiate vulcan-
ization at the same temperature. The cut-off time was an opti-
mum cure time (tq,), which was determined using the ASTM
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Table 1. Rubber compounding procedure.

Step  Action

Mixing of virgin rubbers

1 70 phr NR and 30 phr SBR were blended using a two-roll mill, forming the
NR/SBR raw blend.
First-stage
2 This blend was further mixed for 1 min at 80 rpm in the internal mixer.

3 Zinc oxide (5 phr) and stearic acid (2 phr) were added to the blend in the
internal mixer and mixed at 80 rpm for 3 min. Renacit 7 (0.1 phr) and
N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine (5 phr) were then
added simultaneously, followed by blending for an additional 3 min at
80 rpm. To moderate the temperatures caused by the high internal
friction at 80 rpm, the mixing speed was reduced to 60 rpm before adding
paraffinic oil (10 phr) and polyethylene glycol 4000 (0.5 phr), which were
then blended for another 3 min.

4 The rubber compound obtained after step 3 was removed from the internal
mixer and sheeted (x2) on a two-roll mill.
Second-stage
5 The sheeted rubber compound was loaded into the internal mixer and
mixed with sulfur (1.5 phr) and N-cyclohexylbenzothiazol-2-sulphenamide
(1 phr) simultaneously for 3 min at 40 rpm.

D6204-99 standard with the MonTech Dynamic Rubber Process
Analyzer (D-RPA 3000, MDR mode), employing parameters of
0.5° oscillation angle, 1.67 Hz frequency, and 150 °C vulcaniza-
tion temperature. For block-shaped samples, ~45 g of the mate-
rial was placed into a mold preheated at 150 °C, followed by cur-
ing in a press—set at 150 °C and 7 MPa—for the prescribed time
(i-e., tgp + 20 min). Sheeted and rectangular-shaped S1 to S8 vul-
canizates were conditioned under ambient conditions for 72 h be-
fore conducting any tests. The Soxhlet extraction was performed
following the procedures detailed in the previous work,'3] em-
ploying the same set of solvents and justifications.

2.1.3. Characterization of Devulcanized Rubber

Table 3 shows the characteristics of the devulcanized rubber,
where the parameters were measured using a simultaneous dif-
ferential scanning calorimetry-thermogravimetric analyzer (SDT
Q600 from TA Instruments, United States), whose temperature
was calibrated using a high-purity zinc standard’s melting en-

Table 2. Incorporation of devulcanized rubber into unfilled and unvulcan-
ized virgin NR/SBR blend compounds.

Devulcanized
rubber [wt%]

Virgin NR/SBR blend
compound [wt%)]

Designation

100 0 S1
95 5 S2
90 10 S3
85 15 S4
80 20 S5
75 25 S6
70 30 S7
65 35 S8
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Table 3. Characteristics of devulcanized rubber obtained using SDT.

Parameter Weight [wt%)]
Volatiles 7.2
Polymers 56.6
Carbon black 31.8
Inorganics 3.7

dotherm. A sample of #10 mg in an alumina crucible (90 pL) was
heated ata rate of 5 °C min~! from ambient temperature to 800 °C
in a nitrogen atmosphere flowing at 100 mL min~' through the
balance, with a switch—done promptly after cooling—of purge
gas to oxygen at 550 °C. Runs were repeated in triplicates; re-
ported in Table 3 are average values.

2.2. Analyses
2.2.1. Determination of Curing Characteristics

A D-RPA 3000 was used (in MDR mode) to determine the cur-
ing characteristics of S1 to S8 shown in Table 2, employing pa-
rameters of 0.5° oscillation angle, 1.67 Hz frequency, and 150 °C
temperature. The scorch time (), minimum torque (M, ), max-
imum torque (M), torque difference (M,; — M, ), and cure rate
were the curing characteristics studied in addition to t_,.

2.2.2. Swelling Tests

The swelling tests for determining the crosslink densities of S1
to S8 vulcanizates were carried out as reported in the previous
work.[13] Since S2 to S8 contained carbon black (CB) filler, their
rubber volume fraction (V,) was corrected by Kraus equations
(Equation (1))}

Vio/V. =056 +0.44 (1)

where, V,, is the corrected volume fraction of the rubber network
in the swollen gel, and z is the mass concentration of CB filler.

2.2.3. Measurement of Mechanical Properties

Tensile Properties: A Benchmaster cutter from Sterling Ma-
chinery Exchange (South El Monte, United States) was used to
punch out tensile test specimens in accordance with ASTM D638
type IV standard dumbbell die. Using a Fowler Ultra-Cal V Elec-
tronic Caliper (6/150 mm), the specimens’ thickness (2 mm)
and width (6 mm) were measured. Tinius Olsen tensile tester
(Noida, India) equipped with a load cell of 5 kN was used to mea-
sure the tensile properties at ambient temperature as per ASTM
D412-06a. The crosshead speed was set to 500 mm min~?, and
the sample rate was 10 pts s~!. An extensometer by Tinius Olsen
with a 25 mm travel gauge was used. Data for modulus at 100%
(M100), 200% (M200), and 300% (M300) elongation, as well as
UTS and elongation at break (e;,), were recorded. Each set of sam-
ples had six specimens, and the average results were utilized to
determine their respective final values.
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Tear Strength: The specimens for tear resistance or strength
testing were cut out according to ASTM D624 Type C (right an-
gle) test piece type. Based on the same standard test, the Uni-
versal Tensile Testing Tensometer (Shimadzu, Japan) was used
at 20 mm min~! with 1 kN load cell. The test specimens were
2 mm thick, 10 mm wide, and had a length of 102 mm. To get the
tear strength values, the highest rupture force was determined
and divided by the thickness of the test specimen.!**] For each set
of samples, six specimens were used, and average values were
given.

Hardness: The hardness property—type Shore A—of
rectangular-shaped samples of 50 mm X 25 mm X 25 mm
(length x width X thickness) was examined. The test was
performed in accordance with ASTM D2240 on a Durometer
(Hildebrand Priif- und Meftechnik GmbH, Germany). It was
done by setting a sample on the instrument’s flat surface un-
derneath its indenter and then using the instrument’s manually
operated lever to allow the indenter to press onto the sample.[??]
Following 5 s of solid contact between the indenter and the
sample, the hardness was determined.[?”] Values were acquired
at three separate positions on the sample’s smooth sides dur-
ing testing at room temperature.l?”l These values were then
averaged, and the resultant figures were recorded.

Rebound Resilience: A vertical rebound pendulum (Scott) was
used to measure in accordance with ASTM D2632-01 the re-
bound resilience (R, %) of samples similar to those tested for
hardness. The testing was done at ambient temperature. After
inserting the test block into the instrument’s holder, the pendu-
lum’s arm was permitted to descend at 15° (angle of incidence),
striking the test block’s midsection.[?”) The three readings’ av-
erage was used as one data point.[?2] R was measured utilizing
Equation (2) in accordance with ASTM D2632-01

1 — cos (angle of rebound
R — (ang )

x 100 2)
1 — cos (angle of incidence)

2.2.4. Morphological Properties

Examination of the tensile fractured surfaces was performed us-
ing a JSM-IT100 InTouchScope scanning electron microscope
(SEM, JEOL Ltd., Tokyo, Japan). For superior image resolution
and to prevent electrostatic charging on sample surfaces, gold
was sputtered-coated onto them before analysis.[**] A mix of two
signals (i.e., backscattered electron detector [BSD] and secondary
electron detector [SED]), an accelerating voltage of 10 kV, and a
working distance of 11 mm were employed for the examination.

2.2.5. Dynamic Mechanical Analysis

Dynamic mechanical properties of S1 to S8 vulcanizates, viz.:
stiffness, storage modulus (E’), loss modulus (E’’), tangent delta
(tan 6) and glass transition temperature (T,), were determined
using a TA instrument Q800 (New Castle, United States) dy-
namic mechanical analyzer (DMA). Rectangular specimens with
dimensions of 13 mm X 7 mm X 2 mm (length x width X thick-
ness) underwent tension mode analysis (DMA Multi-frequency-
strain) utilizing a film tension clamp measuring system.[?%) Prior
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Table 4. Effect of devulcanized rubber percentage on the curing properties
of various samples.

Sample tss t.o0 M, My My - M, Cure rate
[min] [min] [dNm]  [dNm] [dNm] [dNm min~"]

S1 14.2 18.5 0.8 7.3 6.5 1.8

S2 13.5 18 0.7 7.2 6.5 1.8

S3 13 16.5 0.7 6.8 6.2 1.7

S4 12.6 14.9 0.7 6.6 5.9 1.6

S5 11.9 14.5 0.8 6.5 5.7 1.5

S6 10.8 14 0.8 6.1 5.3 13

S7 10.6 13.6 0.9 5.8 49 1

S8 6.1 13.4 1.1 6.1 5 0.8

to the tests, calibration was performed for the film tension and
clamp compliance (<0.5 ym N~1). Specimens were subjected to
a set strain (10.00%), frequency (1.00 Hz), and preload force
(0.0100 N). The analysis was conducted over a temperature range
of —80 to +60 °C using liquid nitrogen—as a cooling system—
and a heating rate of 5.00 °C min~1.[20]

3. Results and Discussion

3.1. Characterization of Blends
3.1.1. Curing Characteristics

The changes in the cure characteristics presented in Table 4 align
with findings from prior studies.!'®2-3] As the proportion of de-
vulcanized rubber increased, an overall decrease in the cure char-
acteristics of the blends was observed. This is because the devul-
canized rubber contains a lesser number of active cure sites, pen-
dant groups from residual crosslinks, and shorter rubber chains
due to chain scission during devulcanization processes, com-
pared to the virgin counterparts.3236-31 Consequently, this re-
sults in reduced processability as more of the virgin rubber is re-
placed by the devulcanized rubber. The notable decrease in both
scorch time (t;) and optimum cure time (t.,) can be attributed
to crosslink precursors in devulcanized rubber and the presence
of active crosslinking sites, facilitating crosslinking upon heat-
ing. A slight increase in minimum torque (M, ) was observed for
blends containing 20 wt% < devulcanized rubber loading (i.e., S2
to S5). This marginal rise in M; can be attributed to the presence
of CB filler and the existence of crosslinks within the devulcan-
ized rubber, which tends to elevate stock viscosity.[2%303235-3] At
and beyond 25 wt% devulcanized rubber loading (i.e., S6 to S8),
t., stabilizes, likely due to the crosslinked state of devulcanized
rubber limiting further crosslink formation in the blends.

3.1.2. Crosslink Density

Increases in the devulcanized rubber proportion in the blends
resulted in corresponding increases in the crosslink densities
(Figure 1). This is primarily due to the presence of residual
crosslinks in the devulcanized rubber that adds to the existing
crosslink density. During devulcanization, some crosslinks per-
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2.05E-03
1.71E-03
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Crosslink density, mmol.cm-

3.50E-04 1

1.00E-05

0 5 10 15 20 25 30 35 40
Devulcanized rubber, wt. %

Figure 1. Effect of devulcanized rubber percentage on the crosslink den-
sity of various vulcanizates.

sist in the rubber while others are severed.'%323738] These resid-
ual crosslinks from the devulcanized rubber therefore contribute
to the overall crosslink density of the blend upon re-vulcanization
to form new blends. Furthermore, the devulcanized rubber also
has some available active or functional sites that can undergo
vulcanization, crosslinking with the virgin rubber chains thereby
forming additional crosslinks.[*4~*¢] Additionally, increases in the
crosslink densities of the blends as the devulcanized rubber pro-
portion increased is demonstrated by corresponding increases in
hardness and stiffness of the blends while elongation at break (e)
decreases (Sections 3.1.3 and 3.1.5).

3.1.3. Mechanical Properties

Tensile properties: It is apparent from Figures 2 and 3 that the
addition of the devulcanized rubber is detrimental to the UTS
and elongation at break (¢,) of the blends. This is revealed by
a decline in these tensile properties as the devulcanized rubber
loading is increased. This reduction can be explained by the ex-
istence of residual crosslinks in the devulcanized rubber, which
affect compatibility with the virgin rubbers. Residual crosslinks
in the devulcanized rubber result in poor mixing, entanglements,

Ultimate tensile strength, MPa
[e:]

0 5 10 15 20 25 30 35 40
Devulcanized rubber, wt. %

Figure 2. Effect of devulcanized rubber percentage on the ultimate tensile
strength of various vulcanizates.
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Figure 3. Effect of devulcanized rubber percentage on the elongation at
break of various vulcanizates.

and crosslinking of this devulcanized rubber with the virgin rub-
ber chains.[*’-% This results in poor interfacial adhesion, cre-
ating weak interfaces that can act as sites for stress concentra-
tion and initiation of cracks, thereby reducing vulcanizates’ abil-
ity to effectively transfer stress. Consequently, the UTS and ¢,
are reduced.!'827364751] Similarly, the devulcanized rubber may
contain remnant devulcanizing agents, by-products, or pendant
groups that may interfere with the polymer network, reducing its
strength and elasticity.[151827:32]

Increases in the tensile moduli of the blends (Figure 4) with in-
creased devulcanized rubber proportion indicate increases in the
stiffness of these blends. This is mainly attributed to increased re-
striction in the movement of polymer chains as the devulcanized
rubber proportion is increased. Restriction in rubber chain mo-
bility impedes its ability to deform under applied stress, result-
ing in higher stiffness or modulus. Research by Ismail et al.3!]
suggests that the heightened modulus of blends with increased
devulcanized rubber proportion implies the behavior of the uti-
lized devulcanized rubber as a rigid particulate filler, inducing
stiffness and thereby augmenting the modulus. Similarly, in-
creases in the devulcanized rubber proportion also increase the
CB filler content, which, due to its reinforcing ability, results
in reduced rubber chain mobility thereby enhancing stiffness.

4
35 T )i
1 |
g 3 T
= T ®
3 25 1 T l
_g T ® l
g 2 1 I
o I ¢ ¢
215 1 i ¢
= ¢
1 : i ® ¢
» [
[ [ e
0.5 T T T T r T T
0 5 10 15 20 25 30 35 40
Devulcanized rubber, wt. %
eM100 @eM200 ®M300

Figure 4. Effect of devulcanized rubber percentage on the tensile modulus
at 100%, 200%, and 300% elongation of various vulcanizates.

Macromol. Mater. Eng. 2024, 309, 2300410 2300410 (5 of 9)

www.mame-journal.de

55

Hardness, Shore A
S (4.
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35

0 5 10 15 20 25 30 35 40
Devulcanized rubber, wt. %

Figure 5. Effect of devulcanized rubber percentage on the hardness of var-
ious vulcanizates.

Additionally, during devulcanization processes, main chain scis-
sion may occur alongside crosslink scission, resulting in shorter
rubber chains that tend to increase the overall stiffness of the
blends.[5:12:15:18.19.25.27.32:4245-48] Moreover, as observed in Figure 1,
the addition of the devulcanized rubber increases the crosslink
density of the blends due to residual crosslinks in the devulcan-
ized rubber. These additional crosslinks further enhance the stiff-
ness of the blends by retarding molecular chain mobility, result-
ingin a greater load being needed for elongation, thereby increas-
ing the overall tensile moduli of the blends.[1:31:394650.52]

Tear Strength, Hardness, and Rebound Resilience: Increases in
blends’ hardness (Figure 5) with increased devulcanized rubber
proportion corroborate the observed increases in the crosslink
densities (Figure 1). This notable increase in crosslink density, as
well as increased stiffness and CB filler content, associated with
higher devulcanized rubber loading significantly contributes to
the increased hardness of the blends, as depicted in Figure 5.
Conversely, the reduced compatibility associated with the devul-
canized rubber due to residual crosslinks as explained before, re-
sults in failure points that hinder effective stress transfer in the
blends. Consequently, reductions in the tear strength (Figure 6)
and rebound resilience (Figure 7) of the blends are observed as
the devulcanized rubber proportion is increased. Furthermore,

54

i

4.8 1

}

4.2 {

RE

3.6

Tear strength, MPa

0 5 10 15 20 25 30 35 40
Devulcanized rubber, wt. %

Figure 6. Effect of devulcanized rubber percentage on the tear strength of
various vulcanizates.

© 2024 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

tMISeS
lar
Materiols and Engineering

www.advancedsciencenews.com
75

70

65

60 } }

55

; |

Rebound resilience, %

40

35

0 5 10 15 20 25 30 35 40
Devulcanized rubber, wt. %

Figure 7. Effect of devulcanized rubber percentage on the rebound re-
silience of various vulcanizates.

the devulcanization process alters the molecular structure and
chain length of the rubber, subsequently influencing characteris-
tics like elasticity and its ability to effectively interact with the vir-
gin counterpart.3%4345] These changes in the rubber chain struc-
ture hinder the material’s capability to regain its original form
after deformation, thereby diminishing its rebound resilience.
Consequently, the introduction of increasing amounts of devul-
canized rubber leads to an overall decline in the elasticity and
resilience of the blends.

3.1.4. Morphological Properties

The surface morphology of S1 (i.e., 100 wt% virgin rubber vulcan-
izate) shows homogeneity with featureless fractal texture (Figure
8a).1232453] This pattern often denotes the vulcanizate’s superior
mechanical strength and resistance to failure,[232431:325153] which
was previously shown under mechanical properties. The blends
comprising 5, 10, and 15 wt% devulcanized rubber, which are S2,
S3, and S4 vulcanizate, respectively, exhibited a similar pattern
(Figures 8b—-d), though the latter two (i.e., S3 and S4 vulcanizates)
showed minimal micro defects (yellow arrow). This similarity in
patterns between S1 vulcanizate and S2 to S4 vulcanizates sug-
gests that the devulcanized rubber is evenly distributed through-
out the matrix with good compatibility.!16:23:2431323451] Shown by
Figure 8e—g, however, is that as the devulcanized rubber propor-
tion increased further (> 20 wt%), featured regions appeared as
a result of numerous holes (black arrow) and cracked paths (red
arrow). These regions show points of defects that are the root of
the lowering of mechanical properties or failure of the blends.
The defects substantially weaken the interaction between the de-
vulcanized rubber and virgin rubber matrix resulting in poor in-
terphase strength thereby rendering the blends susceptible to
failure via detachment of devulcanized rubber from the virgin
rubber matrix.[16233132455455] Consequently, the blends with >
20 wt% devulcanized rubber proportion (i.e., S5 to S8 vulcan-
izates) had considerably inferior UTS, €, and tear strength.

3.1.5. Dynamic Mechanical Analysis
The stiffness and storage modulus results were determined at

the temperature (i.e., —80 °C) at which all runs were set to end,
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Table 5. Effect of devulcanized rubber percentage on the tangent delta and
glass transition temperature of various vulcanizates.

Sample tan & T, [°C]
S1 13 —34
S2 1.2 —34
S3 1.1 =31
S4 1.1 -30
S5 1 -29
N 1 -29
S7 0.9 -28
S8 0.7 =25

whereas the loss modulus results were determined at the tem-
perature (i.e., —50 °C) at which the samples showed their peaks’
maximum point.?°! Figure 9 shows the effect of devulcanized
rubber loading on the stiffness (i.e., dynamic rigidity of a ma-
terial) as a function of test temperature for S1 to S8 vulcanizates.
It increased substantially with the proportion of devulcanized
rubber. According to previous research,2%2655 this increase in
stiffness is caused by restricted polymer chain mobility, result-
ing from increased crosslink density and CB filler content that
is due to increased devulcanized rubber proportion in the vul-
canizates. Figure 1 demonstrates how the devulcanized rubber
loading increased the crosslink density of the S1 to S8 vulcan-
izates. As a result of increasing stiffness, the storage modulus (E')
increased (Figure 10), the outcomes found to be consistent with
those of the tensile moduli (Figure 4). Additionally, E’ is the mate-
rial’s elastic response, which explains why it increased as stiffness
increased.[202427:32] A comparable trend was seen with loss mod-
ulus (E”) (Figure 11), which is the amount of heat or energy lost
through internal friction and motion over the course of one load
cycle.3?) Typically, E'" measures the viscous component’s dissi-
pated energy, that is, energy that cannot be recovered during a
load cycle.[17:20222427.32] [ addition to stiffness, E’ increased be-
cause of increased internal molecular friction and viscoelasticity
of the vulcanizates, which resulted from increased crosslink den-
sity and CB filler content associated with increased devulcanized
rubber proportion.|162023.242627.2932:45)

A further parameter assessed from the dynamic mechanical
analysis of S1 to S8 vulcanizates was the maximum tangent
delta (tan 6), which was utilized to determine the glass transi-
tion temperature (T,) of these vulcanizates. Similar to those re-
ported by Kumnuantip et al.,[?] the tan § values of the vulcan-
izates were found to decrease while their T, increased as the
devulcanized rubber proportion increased (Table 5). These re-
sults can be attributed to the same reasons that induced stiff-
ness, E', and E'".[202452] Fyrthermore, the tan § values of S2 to S8
vulcanizates were anticipated to be lower than tan § value of S1
vulcanizate since CB itself has a very low loss angle.[20:244445,56]
Therefore, a considerable reduction in the values of tan § sug-
gested a relatively high interaction between CB (in the devulcan-
ized rubber) and virgin rubber matrix.[2%5¢ Thus, the observed
properties that are typically influenced by CB filler including M,

crosslink density, UTS, e, tensile moduli, tear strength, E’, E”/,
and T..[20,24,44,45,52,56]
o
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4. Conclusion

The incorporation of devulcanized rubber in virgin natural rub-
ber/SBR blends resulted in a decrease in UTS, tear strength,
elongation at break, and rebound resilience, while the crosslink
density, tensile moduli, hardness, and most of the dynamic me-
chanical properties exhibited an increase. The decrease in the for-
mer was attributed to the presence of residual crosslinks in the

Macromol. Mater. Eng. 2024, 309, 2300410 2300410 (7 of 9)

devulcanized rubber, as indicated by a reduction in most of the
blends’ curing characteristics. Notably, the variations in UTS re-
vealed an optimal devulcanized rubber content of 15 wt%, where
further additions demonstrated detrimental effects. Moreover,
the blend containing this devulcanized rubber content demon-
strated only a marginal decline of 3.5 MPa in UTS, highlighting
the potential use of the examined devulcanized rubber in rub-
ber formulations without significantly compromising the tensile

© 2024 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

M} SeSiar

Materiols and Engineering

www.advancedsciencenews.com

1400

}
o

Stiffness, kN.m-

©
=]
)
e
e

400
0 5 10 15 20 25 30 35 40

Devulcanized rubber, wt. %
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strength. Consequently, the investigation illustrates the viability
of T. violacea Harv. extract as an eco-friendly yet efficient poten-
tial devulcanizing agent, which could be readily employed for in-
dustrial applications owing to its renewability and natural abun-
dance, thereby facilitating the manufacturing of cost-effective
products.
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Figure 11. Effect of devulcanized rubber percentage on the loss modulus
of various vulcanizates.
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