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Prototype of dripping hose for agriculture based on Natural Rubber

and recycled rubber blends
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Prototype of dripping hose for agriculture based on natural rubber (NR) and
recycled rubber (RR) blendswas studied. The influences of amount of de-vulcanized
rubber, carbon black, vulcanizing agent, and processing oil on processability, mechanical
properties and set properties of the blends were investigated. By mixing NR and RR in
composition of 60/40 wt%, 60 phr (Parts per hundred parts of rubber)of carbon black,
and 2 phr of sulphur, the blends show the acceptable tensile strength, elongation at
break and compression set. However, increasing amount of processing oil resulted in a
decrease of theblend mechanical properties. Based on this study, the compounding
recipes were finally obtained to achieve the suitable formulation for the dripping hose. A
die shape and structure were also designed and composted to the extruder. The |
dripping hose from the designed compounding formulation and the die was then
shaped. The NR/RR rubber blend-based hose showeda very low die swell with a smooth
surface and uniform dimension and nobubbles at both inner and surface of the rubber

hose.
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Plasticity 18

ML 144, 100°C 32
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100% Modulus (MPa) 1.99 + 0.04
300% Modulus (MPa) 5.84 + 0.11
Tensile Properties (MPa) 6.66 + 0.11
Elongation at break (%) 341.60 + 8.03
Hardness (Shore A) 56.67 + 0.58
Tear Strength (N/mm) 8.41 + 0.23
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100% Modulus (MPa) 2.97 + 0.07
300% Modulus (MPa) -

Tensile Properties (MPa) 7.38 + 0.07
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Study on Reuse of Diphenyl disulfide-Devulcanized Natural Rubber from Truck

Tires
SitisaiyidahSaiwari*, KamaruddinWaesateh, Natineel opattananon,
AnomaThititammawong, AzizonKaesaman

Department of Rubber Technology and Polymer Science, Faculty of Science and
Technology, Prince of Songkla University, Pattani campus, Pattani 94000, Thailand; Fax:
+66-7331099; E-mail: ssitisai@bunga.pn.psu.ac.th

Summary: The post-consumer rubber in truck tires can be converted to a valuable raw
material by de-vulcanization. Natural rubber (NR) from used truck tires (UR) has been
recycled by thermo-chemical de-vulcanization using DPDS as a de-vulcanization aid. The
de-vulcanization efficiency is analyzed in term of the soluble fraction and the crosslink
density of de-vulcanizates (D-UR). The D-UR has significantly higher soluble fraction and
lower crosslink density compared to those of original UR, indicating destruction of the
rubber network by the de-vulcanization. Blends of the D-UR with virgin NR were also
prepared at various blend ratios. D-UR loading can be up to 40 % with acceptable
mechanical properties. The curing system and the compounding recipes for the blends
were studied to achieve material properties having closely comparable to those

achieved with virgin raw materials.

Keywords:post-consumer truck tire, natural rubber, blending, rubber recycling, de-

vulcanization
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Introduction

Recycled rubber is a valuable raw material that can partly substitute for virgin rubber in
many rubber products.m On adding recycled rubber to virgin rubber, however, the
mechanical properties change. Therefore, the applications of available recycled rubber
are mostly limited to low concentrations in rubber articles. To increase the use of
recycled rubber, its negative effects on the material properties of blends with virgin
rubber must be minimized. A promising way to achieve this is to find an efficient
recycling process for used rubber, such that the molecular chains in recycled rubber
would have properties close to those in virgin rubber.ldeally, de-vulcanization is carried
out in such way that only the breaking of sulfur cross-links are obtained, while the
polymer chains remain intact. A variety of rubber recycling processes have been
investigated and developed over the recent years.[l'm These include thermo- and
mechano-chemical processes[m, microbial action[5’6], ultrasonic[7'8], and other methodsm
of which a comprehensive summary has been published by Adhikariet at"” and
Myhreet ol.m. One well-known alternative is the thermo-chemical de-vulcanization.
During a thermal treatment, the use of a “de-vulcanization aid” in small amounts has
given superior results.[ll'm]Diphenyl disulfide (DPDS) is one of an effective de-
vulcanization aid for natural rubber (NR).[M'B] In this study, NR from used truck tires was
recycled by thermo-chemical de-vulcanization using DPDS as the de-vulcanization aid.
Both soluble fraction and crosslink density of the de-vulcanizates were investigated in
order to analyze the de-vulcanization efficiency. The utilization of the de-vulcanizates in
blends with virgin rubber was also assessed. The blends were made at various mixing
ratios. Furthermore, the amount of curative was adjusted to improve the blend

properties.

Experimental

Materials.Ground used tire rubber (UR) from whole truck tires, with an average particle
size of 0.40 mm, was obtained from Sang-thai Rubber in Bangkok, Thailand. The UR had

a 50% rubber content, mainly NR, 30% carbon black, 7% acetone extract and 13% ash.
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The virgin NR used was Standard Thai Rubber (STR 20) manufactured by Tavorn Rubber
Industry, Thailand. Diphenyl disulfide(DPDS), assay of 99% used as the de-vulcanization
aid, was obtained from Sigma-Aldrich, Germany. The other compounding ingredients
were zinc oxide (Global Chemical, Thailand), stearic acid (Imperial Chemical, Thailand),
sulfur  (Siam  Chemicals, Thailand),  N-tert-butyl-2-benzothiazolesulfenamide, TBBS
(Flexsys, Belgium), poly-2,2,4-trimethyl-1,2-dihydroquinoline, TMQ (Flexsys, Belgium),
dimethylbutyl-phenyl-p-phenylenediamine, 6PPD (Flexsys, Belgium), microcrystalline
wax, (Ter Hell & Co GmbH, Germany). Al compounding ingredients were used as

received.

Preparation of de-vulcanizates. Thermo-chemical de-vulcanization was performed in a
batch process in an internal mixer (BrabenderPlasticorder, mixer 50EHT 3Z). The UR was

pre-swollen in a mixture of TDAE (5 phr) and DPDS (30 mmol/100 g compound) for 30
minutes at 65°C in a hot air oven, before adding into the mixer. The de-vulcanization

temperature was 220°C and de-vulcanization time was 6 minutes. After de-
vulcanization, the material was taken out of the internal mixer and directly quenched in

a water bath.

Compounding and blending .The compounding formulations of virgin NR, de-
vulcanized UR (D-UR) and blends of D-UR with virgin rubber (NR) curatives is given in
Table 1. In order to compensate for the low curing activity and undesirable strength
properties of the blend, the amounts of sulfur were adjusted.The amounts of curatives
were based on the total polymer content, including that of the de-vulcanized rubber.
All compounds were tested for their cure characteristics using an oscillating disk
rheometer (ODR 2000) from Alpha Technologies and were vulcanized into 2 mm thick

sheets for mechanical properties testing samples.

Rubber soluble fraction and crosslink density.The soluble fraction (Sol) of the UR and
D-UR were determined by a Soxhlet extraction in acetone and THF. The extraction was
followed by drying the samples in a vacuum oven at 40°C and determining the weight
loss until constant weight. The sol fraction was defined as the sum of the soluble

fractions in acetone and THF (or weight of rubber dissolved in solvents).”” The



18

correction for acetone extracted curatives remaining in original UR has been made. The
extracted samples were then swollen in toluene for 72 h at room temperature. The
weight of a swollen vulcanizate was measured, after removal of surface liquid with
absorption paper. The crosslink density was estimated from the Flory-Rehner
equations.m'lg] Moreover, the correction for real crosslink[m density was done in order to

obtain the actual remaining crosslink density of the de-vulcanizate.

Table 1. The compounding formulations

Ingredients Virgin Quantities (phr)
NR D-UR Blend ratio Sulfur
1 2 3 4 1 2 3

NR 100 - 80.0 60.0 40.0 20.0 60.0 60.0 60.0
D-UR - 100 20.0 40.0 60.0 80.0 40.0 40.0 40.0
CB-N550 30.0 300 30.0 30.0 30.0 30.0 30.0 30.0 30.0
Clay 70.0 70.0 70.0 70.0 70.0 70.0 70.0 70.0 70.0
Zinc Oxide 5.0 5.0 5.0 5.0 5.0 5.0 50 50 5.0
Stearic acid 1.0 1.0 10 1.0 1.0 1.0 1.0 1.0 1.0
Sulfur 1.2 1.2 1.2 1.2 1.2 1.2 2.0 3.0 4.0
TBBS 22 22 22 2.2 22 22 2.2 22 2.2
6PPD 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
T™Q 20 2.0 20 20 2.0 2.0 20 2.0 2.0
Wax 5.0 50 5.0 5.0 5.0 50 5.0 5.0 5.0
TDAE oil 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0

Sample analyses.Mooney viscosity was measured at 100°C using the large rotor
(ML(1+4)) with Mooney viscometer according to ASTM D1646. The plasticity (Po) was
measured with Wallace plastimeteraccording to ASTM D3194. Tensile tests were carried
out on dumb-bell shaped specimens according to ASTM-D412, using a Hounsfield
Tensometer. The hardness of each sample was measured with a Zwick hardness tester,

Shore A type, according to ASTM D2240.
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Results and Discussion
Properties of D-UR.

The sol fractions and crosslink densities of UR and UR de-vulcanizates (D-UR) are shown
in Figure 1. The soluble fraction of D-UR is significantly higher than that of untreated UR.
An almost 60% sol fraction in D-UR is observed. The increase of the rubber sol fraction
indicates breakdown of the rubber network, which occurs during de-vulcanization.
Moreover, the crosslink density of the D-UR is dramatically low compared to virgin UR.
This clearly shows that the de-vulcanization disintegrated the rubber network. These

I 1,08]
experimental results are in agreement with several prior publications. i Basically, a NR

network can be effectively cleaved at temperatures above 170 °c™ A de-vulcanization
aid is used in order to scavenge radicals formed during the de-vulcanization. Seemingly,
temperature is the main governing factor and the addition of DPDS can significantly
enhance the process.m] A mechanism that is frequently proposed for the effects of a
radical scavenging de-vulcanization agent, like DPDS, is the opening of crosslinks or the
scission of polymer chains by heat and shearing force, and the reaction of fragments

with disulfide based radicals, which prevents recombination. o

A useful tool to further understand the de-vulcanization mechanism is the method
developed by Horikd™™ a  theoretical relationship between the soluble fraction
generated after degradation of a polymer network and the relative decrease in crosslink
density, with either main-chain scission or crosslink breakage.m’m The sol fraction of D-
UR as a function of the relative decrease in crosslink density (The proportion of materials
crosslink density after de-vulcanization compared to that of before de-vulcanization)[m
is shown in Figure 2. The curves in the figure correspond to the extreme pure modes
where only main chains are broken (solid curve) or only crosslinks are broken (dashed
curve). As can be seen, the D-UR experimental data point is located on the right hand
side of the graph, which indicates cleavage of the D-UR rubber network. However, it is
above the line of main-chain scission, suggesting that random scission was present with
non-selective breakdown of the rubber network. It is known that random scission

regularly occurs in NR recycling, especially at excessively high temperatures during de-
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vulcanization.” As previously discussed, in a thermo-chemical de-vulcanization process
the initial step is the breaking of crosslinks or the scission of polymer chains by heat and
shearing force. Consequently, selective breakdown of the rubber network happens only
to a limited extent at low temperatures, while the proportion of non-selective

. . 14] . . -
breakdown increases with temperature.”~ Since NR molecular chains are sensitive and

break at high temperatures, namely above 170°Cm], such unselective breakdown of the

rubber network should be predominant at elevated temperatures.
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Figure 2 Sol fraction versus the relative decrease in crosstink density of D-UR

Blends of virgin rubber/D-UR

The plasticity and Mooney viscosity of virgin NR and blends of NR/D-UR at the blend
ratios 80/20, 60/40, and 40/60, before re-vulcanization, are shown in Figure 3. However,
the plasticity and Mooney viscosity testing could not be done for some samples,

because the pure D-UR and the 20/80 NR/D-UR blend had strong tacky behavior. This
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may be attributed to a large fraction of short chains generated during the de-
vulcanization, as can be seen from the sol fraction analysis (Figure 1), and this gave a
very low viscosity. The plasticity and Mooney viscosity of pure virgin NR were both
significantly higher than those of the blends. The excessive scission of blend component
(D-UR) in the rubber network during de-vulcanization is the most probable explanation
for this observation. Moreover, the plasticity and Mooney viscosity decreased with D-UR
loading. The low viscosity of D-UR is clearly observed from the initial torque values
depicted in Figure 4, in which the cure curves of the virgin NR compound, the D-UR
compound and the NR/D-UR blends at various blend ratios are shown. The D-UR had a
much lower initial torque than the pure virgin NR compound (100/0). Increasing the D-UR
fraction in the blends decreased the minimum torque, which matches well the findings
about materials plasticity and Mooney viscosity. Apparently, the D-UR has a very low
viscosity, and this is probably too low for practical applications, especially in blends with
virgin rubber at a high loading of D-UR. Therefore, the pure D-UR and the 20/80 NR/D-UR

blend were excluded from further study.
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Figure 3 Plasticity and Mooney viscosity of virgin NR (100/0), and NR/D-UR blends
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Figure 4 Cure curves of virgin NR (100/0), D-UR (0/100), and NR/D-UR blends.

A significant decrease in scorch and cure times was found for the blends relative to the
pure virgin NR compound. This is a commonly observed characteristic of D-UR-based
blend materials, attributed to the remnants of curing additives that remain partly active
in the D-UR“"The maximum torque as well as the torque difference (the difference
between final and initial torques) of the blends, were also lower than with the pure
virgin NR compound. This indicates that the blends had a lower crosslink density than
the pure virgin NR, and this can be attributed to the short molecular chains from de-
vulcanization as demonstrated in Figure 1 and incomplete network formation due to the
presence of the short chains. As a consequence, modulus obviously decreased with the
fraction of D-UR in the blend (Figure 5). The modulus generally indicates material
stiffness, which is likely related to the material’s network structure and crosslink density.
The decrease in modulus with D—UR loading is most probably caused by the short
molecular chains. Furthermore, the hardness decreased with D-UR content which is in

good agreement also with the previous results on torque difference.

2.0 50.0
= | @Modulus at 100% strain © Hardness i
K i ]
s 1 400
= -
£ <
k4 300 £
£ 2
o )
2 <
S 20.0 E
] T
E 1002
=
b3

- ‘ . 0.0
100/0 80/20 60/40 40/60
NR/D-UR

Figure 5 Modulus and hardness of virgin NR (100/0) and NR/D-UR blends
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Figure 6 Tensile strength and elongation at break of virgin NR (100/0) and NR/D-UR
blends

Figure 6 shows tensile strength and elongation at break of pure virgin NR (100/0) and the
NR/D-UR blends. Decreasing tensile strength and elongation at break with D-UR content
are observed. Such decrease in these properties is expected based on prior published
research.”” Z*several explanations have been given for this phenomenon. These
include a less developed network, a presence of gel in the de-vulcanizate, a difference
of co-vulcanization between the two phases as a result of different curative distributions
between the two phases, and an inhomogeneity in the material structure (particle size

of the de-vulcanizate, crosslink density and distribution)."***

Effect of sulfur content

A problem in the application of recycled rubber is the decrease of material strength with
the loading of recycled material, and this is re-confirmed by our results. The partly
active remnants of curing additives may also influence the blend properties. In order to
compensate for the low curing activity and undesirable strength properties of the blend,
the sulfur content was adjusted.The effects of additional sulfur on mechanical
properties of the blend were studied. Tensile strength and elongation at break of the

60/40 blend of NR with D-UR, with various amounts of sulfur, are shown in Figure 7.
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Figure 7 Tensile strength and elongation at break of the 60/40 (NR/D-UR) blend with

various amounts of sulfur.

Tensile strength increased with the sulfur content up to 3 phr. This may be attributed
to an increase in crosslink density, as crosslinking was enhanced by the sulfur. When the
number of crosslinks increases, the elastomer chains become more restricted in their
mobility, and the force required to produce a given deformation increases. However,
increasing the sulfur content to 4 phr gave no further improvement in tensile strength.
Our results obtained from Oscillating Disk Rheometer (ODR), which are not reported
here, show that the torque difference, determined from cure curves of the 60/40 NR/D-
UR blends, is dependence on the sulfur content. We have found that an increase of
sulfur content in the blends results in an increase of torque difference, implying that the
crosslink density of the materials is increased. In our case, the variation of sulfur
loadings corresponding to the change in crosslink density provides the optimal tensile
strength.  This trend is a common behaviour, by which the tensile strength tends to
increase with increasing crosslink density to a maxima, and then decreases.”"
Nevertheless, elongation at break did not follow the trend observed for tensile strength.
Elongation at break continually decreased with sulfur content. The sulfur enhanced
crosslinking, and progressively restricted the mobility of polymer chains. Hence, a

reduction of elongation at break.””

Conclusions
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De-vulcanizate from used truck tires (D-UR)has been successfully prepared via thermo-
chemical de-vulcanization, using DPDS as the de-vulcanization aid. More than 50% sol
fraction in D-UR was observed and this is significantly higher than that of original UR.
Moreover, the crosslink density of the D-UR was dramatically low relative to UR. This
shows clearly the destruction of the rubber network by the de-vulcanization. Blends of
the D-UR with virgin NR were prepared at various blend ratios. As a consequence of the
low viscosity of D-UR, plasticity and Mooney viscosity of the blends decreased with D-UR
loading. The short molecular chains from de-vulcanization gave the blends low crosslink
densities and incomplete network formation. As expected, increasing D-UR loading
decreased modulus, hardness, tensile strength and elongation at break.Depending on
the specific application, D-UR loading can be up to 40 % with acceptable mechanical
properties. However, the material properties can considerably be improved by adjusting

curative as well as the other components in a compounding recipe.
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Re-utilization of post-consumer truck tires de-vulcanizate

Sitisaiyidah  Saiwari'*, = KamaruddinWaesateh!, = Natinee  Lopattananon',  Anoma
Thititammawong', Azizon Kaesaman'

!Department of Rubber T echnology and Polymer Science, Faculty of Science and Technology
Prince of Songkla University, Pattani campus, Pattani 94000, Thailand
Phone: +66-73313930-1866, Fax: +66-7331099, *E-mail: ssitisai@bunga.pn.psu.ac.th,

Introduction

Worn-out rubber in post-consumer truck tires become a valuable material afterde-
vulcanization process. The de-vulcanization of natural rubber on basic of used truck tire
is carried out either by thermal or by thermo-chemical methods. In the latter case,
diphenyl disulfide (DPDS) is used as a de-vulcanization aid. To get a better
understanding of the changes of the molecular structure of natural rubber after de-
vulcanization, the soluble fraction and crosslink density of the de-vulcanizates are
investigated. Re-utilization of the de-vulcanizates in a blend with a virgin compound is
performed. The de-vulcanizates are blended with a virgin natural rubber at various blend
ratios. The cure behavior and mechanical properties of the re-vulcanized blends are
evaluated in comparison to the properties profile of the virgin materials. A problem
occurring in the application of the de-vulcanizates is the presence of curing additives in
the recycling material, which are still partially active. Therefore, the curing system and
compounding recipes for blend of virgin and de-vulcanized rubbers have to be adjusted in
order to achieve vulcanized rubber networks with properties close to the properties of the
original material.

Keywords:post-consumer truck tire, natural rubber, blending, rubber recycling
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