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Abstract. This research project focuses on an alternative pathway of
devulcanizing waste tire rubber by using amine based chemicals. Waste
tire rubbers are known to be as toxic, non-degradable material due to their
vulcanized crosslink carbon structure, and disposing of such waste could
impose hazardous impacts on the environment. The current rubber
recycling methods that are practiced today are rather uneconomical, non-
environmentally friendly, and also producing recycled rubber with low
quality due to the alteration in the main polymeric chains of waste rubber.
This project aims to answer the question of whether the usage of amine can
produce high quality rubber, where the properties of recycled rubber is
almost the same as new/virgin rubber. With known potential of amine, it is
a challenge for the chemical to selectively cleave the sulfur bonds without
affecting the main carbon backbone chain in the rubber structure and
diminishing much of the rubber properties. To study this research, amine-
treated rubber must undergo devulcanisation process by applying heat and
sonication energy. Then, the properties of the amine-treated rubber were
determined through a set of characterization tests and analysis which are:
gel content test to determine the weight of rubber before and after
devulcanization, the thermogravimetric analysis (TGA) to determine the
thermal degradation and stability of rubber, and Fourier Transform Infrared
Spectroscopy (FTIR) to determine any structural change of the rubber. In
this research so far, the first two preliminary analysis tests have been
performed. The gel content test has shown that tertiary amine samples
possessed a lower gel content (%) of (77 — 63 %), compared to primary
amine samples (falls within the range of 80%), as well as the TGA test in
which tertiary amine samples degrade faster than primary amine samples
(suggesting a higher degree of rubber structure breakdown). For each type
of amine, the concertation of amine did not play a major role in affecting
the degree of devulcanization (as the concentration increased, the degree of
devulcanization decreased for some samples). FTIR analysis showed that
only sulphur-sulphur bonds were cleaved during the devulcanization
process, leaving the carbon-sulphur bonds unaffected.
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1 Introduction

Rubber is an elastomer with a potential to return to its original state when deformed.
External conditions (such as external force), the structure and the molar mass of the rubber
are factors which can influence the deformation rate of rubber. Usually, rubbers possess
regular and long macromolecule chains which can restore their initial position once the
external deforming forces are removed. There are natural rubbers and synthetic rubbers
used in industrial applications. Natural rubbers are usually obtained from a plant called
Hevea Brasiliensis, while synthetic rubbers are mainly derived by constructional
polyreactions of chain or grade nature [1]. For rubber to be used in commercial purposes,
raw rubber is required to undergo treatment processes in order to increase the rubber’s
strength and life. Treatment processes of rubber may involve the addition and mixing of the
rubber with industrial oils, additives, and carbon black filler [2].

Vulcanization is a curing process which transforms the rubber into a strong, elastic,
and rubbery hard state. This process involves the crosslinking of rubber macromolecules
which results in the foundation of three dimensional network of rubber matrix as shown in
Figure 1 [1]. This network pattern makes the rubber more durable and stronger which
contributes to improved wear and durability of the rubber [2].
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Fig. 1. Three dimensional rubber matrix [1].

Different types of chemical-based crosslinking agents, such as peroxides, sulfur,
metal oxides, and resins, are involved in the process of rubber macromolecules crosslinking
formation. These agents are able to react with suitable functional rubber groups and to
create cross-links between them. Typical composition of car and lorry tires are shown in
Table 1 below. Out of all these agents, sulfur remains the most successful and economical
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cross linking agent even today. This is due to the fact that sulfur is low in toxicity and cost,
compatible with other additives, and able to predictably provide the desired vulcanisation
properties. The typical vulcanisation system consists mainly of sulfur, metal oxide (usually
zinc oxide), a fatty acid (to make the metal oxide soluble), and one or more organic
accelerators, where the chemical reaction between sulfur and the rubber hydrocarbon
occurs mainly at the C = C (double bonds) [3]. Vulcanization is generally considered
irreversible. In other words, after it has been altered, the once long, complex, and twisted
rubber molecule cannot return to its original form [3].

Table 1: Composition of a tire [4].

Ingredient | Passenger Car Tire Lorry Tire

Rubber/Ela 41 - 48% 41 -45%
stromers

Carbon 22 —-28% 20 —-28%
black

Metal 13-16% 20-27%

Textile 4-6% 0-10%

Zinc Oxide 1% 2%

Sulphur 1% 1%

Additives 10-12% 7-10%

Tires produced by vulcanization are non-degradable material, which means that
they could potentially stick around indefinitely. It is estimated that over 250 million tires
are discarded annually. The amount of discarded waste tire rubber around the world is
increasing at an alarming rate and only a small part of these wastes is recycled. The
remaining are either buried, landfilled or stockpiled [4]. The disposal area of the tires
contributes to the reduction of biodiversity since tires release toxic components to the
environment. Tires are also very susceptible to be burned when subjected to high
temperature. Once they are ignited, they will release toxic fumes and produce oil that will
eventually contaminate soil and water [5]. Waste tires could also pose a threat to the
humans by becoming a home ground for rodents and mosquitos that are responsible for
carrying many types of disease [6]. Hence, the recycling of rubber wastes is vital in order to
maintain a safe and healthy environment.

Although the rubber industry has a long time experience dealing with rubber, the
perfect solution for disposal and recycling method for rubber products is yet to be found.
Devulcanization is a technique where the crosslink structure, specifically the S-S and/or C-
S bonds are cleaved. This can be done by various methods such as mechano-chemical,
chemical, biological, and using ultrasonic energy, which are available and practiced today
[7]. Common current scission processes of S-S and S-C bonds are demonstrated in Figure 2.

However, the optimum efficiency of devulcanization is yet to be discovered as the
current existing processes produce uncontrolled polymer rubber chain degradation, where
the breakage of main macromolecule (C-C bonds) could occur. In actuality, the breakage of
C-C bonds is called a reclamation process. So in light of this, the current physical or
chemical processes of converting used rubber into reusable form should be called
reclamation rather than devulcanisation. Currently, when used rubber is recycled through
any one of the existing processes, the main polymer chain (C-C bonds) is broken, leading to
poor mechanical properties due to structural changes, where the rubber cannot be reused or
re-vulcanized [8]. A proper devulcanisation process should only involve the cleavage of the
S-S and/or C-S bonds, which basically means the reverse process of vulcanization, where
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the devulcanizates resemble the original material in quality and structure (high quality

rubber).
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Fig. 2. General principles of current devulcanization processes [9].

Today, finding and developing a more selective breakdown process in recycling
used rubber is a global challenge. Some of the latest works where the introduction of amine
usage as an alternative to devulcanise rubber have been initiated. Several types of amine
function as degradation stabilizers for coatings and plastics. Most degradation processes
such as devulcanization at high temperature, would have a free radical character, where
amine could facilitate in the process reaction by serving as radical scavengers [10]. Works
performed by Verbruggen et al. [10], show that amines (eg. Primary, secondary, and
tertiary) could be an effective devulcanization agent. This may be due to the ability of
amines to reduce the crosslink density mainly by selective reaction with sulfur bridges
known as nucleophilic reaction. Figure below demonstrates the reaction of amine with
rubber crosslinks.
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Fig. 3. Amine reaction with sulphur crosslinks [11].

As such, in this research, the devulcanisation of waste tire rubber in the presence of amine
to produce high quality recycled rubber is studied. Different conditions will be performed to aid the
devulcanisation process, which includes varying temperature and also by sonication radiation as these
two are the most effective commercial techniques. Thus, this study aims to compare the effect of
different types of amines on the degree of rubber devulcanization and to assess the effect of amine
concentration on the degree of rubber devulcanization.

2 Methodology
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Quantitative research approach was applied where analysis was done based on experimental data that
was collected along the way. This involved the process of analyzing the degree of devulcanization
where the amount of sulfur removed was studied based on the experimental and numerical results.

2.1 Amine Preparation

Two types of amines, which are primary [(3-AminoPropylTrimethoxysilane), CsH;NO;Si] and
tertiary [(n-Diethyl-3-AminoPropyl) Trimethoxysilane), C,oH,5NO;Si] amines, were bought from
Nano Life Quest Sdn. Bhd. and used as the de-vulcanizing agent for ground waste tire rubber. To
compare the effect of concentrations, the primary amine was prepared at three different
concentrations while the tertiary amine was prepared at two different concentrations based on
molarity, where at each concentration of amine, the sample was mixed with 50 ml of water as base.
Every amine sample was then added to 20 g of ground waste tire rubber. In this study, the different in
concentrations were referred to as different in R:A ratio. Based on preliminary study, the ratios of the
amount of rubber to amine are as follows:

Table 2: Rubber (R) to Amine (A) ratio for Primary Amine.

R:A ratio Amount of Rubber Amine Volume
1:0.5 20g 10 ml
1:0.25 20g 5 ml

1:0.125 20g 2.5ml

Table 3: Rubber (R) to Amine (A) ratio for Tertiary Amine.

R:A ratio Amount of Rubber Amine Volume
1:0.25 20 g 5ml
1:0.125 20 g 2.5 ml

On top of that, two types of control samples were also prepared as to compare the results
after the devulcanization process. One solely contains rubber and the other contains a mixture of
rubber and 50 ml of water, as to investigate if water would play a part in the devulcanization process.

2.2 Devulcanization Process and Rubber Sample Preparation

After the preparations of amine and rubber samples were done, the next step was to perform the
devulcanization process. In this stage, every sample prepared in Schott bottle was allowed to
experience and undergo the ultrasonication process. In this study, three variables were fixed; they
were the sonication time and sonication frequency. In addition to that, another two variables were
varied; they were the sonication temperature, and the rubber to amine ration, as shown in Table 6 and
7 for primary and tertiary amine, respectively.

One reason of why amine was chosen was because of the fact that amine is known to be an
agent, suitable for desulphurization processes [12], and assumed to possess the same ability for the
process of devulcanization. According to, an acceptable heating treatment for rubber, for it to not
have any effects on the main polymer chain (carbon-carbon bonds), is within the range of 130 to
180°C. The heating treatment in this devulcanization process was paired together with the sonication.
Since amines were involved during the process of devulcanization, the temperature chosen must be at
or lower than 80°C as the boiling point of the primary amine used, is at 80°C. On top of that, since the
ultrasonic water bath was used, temperatures lower than 100°C were decided on.

The temperatures chosen to be the heating environment during the sonication were 30, 50
and 80°C, while the sonication frequency of 37 Hz was also chosen as the Ultrasonic water bath
equipment was only limited to this frequency. In addition to that, 37 Hz was also selected as the
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sonication frequency was because of the fact that it is the optimum condition with minimum
degradation of rubber properties, according to Suganti R. et al. [13]. Due to safety purposes, the
experiment was conducted at a pressure of 1 atm.

Varying temperatures and applying a frequency of 37 Hz were expected to agitate the
rubber crosslink structure and weaken the Sulphur bonds, in order to allow the amine to penetrate
through the crosslink structure. Since there were three different set temperatures, each rubber to
amine ratio would then have three replications so that one rubber to amine ratio sample would
experience different temperature than the other samples in the same ratio. The number of samples are
summarized in Tables 4, 5 and 6.

Table 4: Rubber control samples.

Sonication Amount of Rubber | Amount of Water Sample Number
Temperature (°C) (grams) (mL)
30 20 - 1
50 2
80 3
30 50 4
50 5
80 6

Table 5: Primary Amine Samples.

R:A ratio Sonication Amount of Amine Sample
Temperature Rubber Volume (mL) Number
O (grams)
1:0.5 30 20 10 7
50 8
80 9
1:0.25 30 5 10
50 11
80 12
1:0.125 30 2.5 13
50 14
80 15

Table 6: Tertiary Amine Samples.

R:A ratio Sonication Amount of Amine Sample
Temperature Rubber Volume (mL) Number
©C) (grams)

1:0.25 30 20 5 16

50 17

80 18

1:0.125 30 2.5 19

50 20

80 21
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As shown in the tables above, there are a total of 21 samples including the control
samples. Each devulcanization process (application of 37Hz sonication frequency in the
respective temperature) took place for 15 minutes. Afterwards, the rubber from every
sample was then filtered out by using the gravity filtration method [14]. Then, every sample
was washed thoroughly by using distilled water at least three times to ensure no presence of
amine in the rubber samples. Lastly, the washed rubber was then dried in the oven at 70°C
for a period of 24 hours, to ensure minimum to none moisture content present in rubber
samples, before characterization can take place.

2.3 Rubber Characterization

Characterization of the rubber test samples was the next stage of this research. There were
three different techniques in dealing with the determination of the amount of Sulphur
removed in the rubber samples, they are: gel content test, thermogravimetric analysis
(TGA), and Fourier Transform Infrared Spectroscopy (FTIR).

2.3.1 Gel Content Test

The gel content test samples were determined according to ASTM D2765. 0.2+0.05g of
every rubber sample was measured and placed in a stainless steel wire mesh pouch of 120
mesh size. Three pouches were ready from each sample in order to attain an average result.
In order to dissolve the soluble content, the samples placed in wire mesh were extracted in
boiling toluene by using a Soxhlet apparatus for 24 hours. Then, test samples were
collected and dried in an oven for 24 hourse at 70°C until a constant mass is achieved. The
gel content was then calculated by using the following Eq. (1) [13].

Gel content (%) = % x 100 (1
0

Where wy is the weight of dried sample before extraction and w; is the weight of dried
sample after extraction. The soluble content was calculated by using the following Eq. (2):

Soluble % = 100 — Gel content (%) 2)
2.3.2 Thermogravimetric Analysis (TGA)

TGA was responsible for the determination of the test samples’ thermal degradation and
stability. This was done by utilizing a computerised thermo gravimetric analyser (Perkin
Elmer — TGA 8000). To assess the thermal stability, dynamic TGA experiments was carried
out. Rubber sample, weighted around 5 to 10 mg was placed on a sample pan before
placing it in the instrument. The experiment was conducted by heating the samples from
room temperature up to a temperature of 600°C to collect the weight loss vs temperature
thermogram. Every analysis was done with test samples in Nitrogen atmosphere (with flow
rate of 20 ml/min) with a rate of heating of 10°C/min. Before analysis can be done, a least-
squares averaging technique was used to smoothen out the curve of normalised weight loss
vs temperature. T, was denoted as the temperature at the maximum rate of weight loss.
Tmax Will be identified from the peak of the derivative (dW/dT) curve, where W is weight
loss and T is temperature. With all these temperatures, they then was referred to and used to
determine the thermal degradation and stability of the test samples [15,16].
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2.3.3 Fourier Transform Infrared Spectroscopy

This method allows the evaluation of any structural change on the rubber based on which
bonds are broken after the devulcanization process. Data analysis can be done based on the
graphs generated by FTIR (Perkin Elmer FTIR Spectrum 100). ATR method was used for
this FTIR analysis. As aforementioned, waste tire rubber with and without the help of
amine as the devulanizing agent during devulcanization were examined in order to detect
the degree of devulcanization.

This test analysis involved the testing of control samples and rubber samples with
amine, in order to observe and detect if amine would actually impose any additional
impacts in cleaving the sulphur bonds, reducing the crosslink structure of rubber during the
devulcanization process. In addition to that, studies on which other bonds or compounds
were removed during the devulcanization and comparisons between different samples can
be made, which can be done by identifying the spectra produced.

3 Results and Discussion

As per discussed previously, the first preliminary stage of screening the rubber samples
involved two tests which are: gel content test and thermogravimetric analysis (TGA).

3.1 Gel Content Test Analysis

Figure 4 shows the average gel content value for every sample at three different sonication
temperatures. The results obtained portray an irregular pattern as it does not have a proper
trend. At 30°C sonication temperature, all of seven samples fall within the range of 75 to 88%
of gel content.
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Fig.4. Gel content of rubber samples at different sonication temperature.
It is common for rubber to show gel content between 50% and 90% due to the presence of

crosslinked structure of molecules. This can be seen from the control samples 1 — 6. The
sonication temperature has a little effect on the gel content of rubber as all control samples
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project gel content % that is almost similar in value. However, at 30°C, as 10 ml of primary
amine was added into sample 7, the gel content decreased in value from 87 to 80%, which
shows that amine had an effect in aiding the breakdown of the rubber structure. As the
amine volume was decreased to 5 ml in sample 10, the gel content however decreased even
more up to 75%. However, when the amine concentration was further decreased to 2.5 ml
in sample 13, the gel content shows a value of that near the control sample.

A feasible explanation to this results is that, as the amount of amine concentration
decreases, it could become more reactive relative to the amount of rubber in one sample.
When the concentration was further decreased, the sulphur bonds could have been reformed
leading to the higher gel content. The results also show that as the temperature of sonication
was increased, it did not have much effect of the degree of crosslinked structure cleavage.
This can be seen for instance, from samples 7, 8 and 9. The gel content tend to increase
rather than decrease with an increase in temperature. One explanation to this occurrence is
that, the primary amine’s boiling temperature used in this experiment, is at 80°C. Increasing
the sonication temperature higher near to its boiling point, may have agitated the amine too
much, leading it to evaporate, and leaving no chemicals left to aid in the process of cleaving
sulphur bonds through nucleophilic reaction. This may have been a factor influencing the
efficiency of the devulcanization, as the temperature was increased. This can be seen from
the increasing pattern of gel content in every rubber to amine ratio samples, as the
temperature was increased. In addition to that, according to [4], the acceptable temperature
where the crosslinked structure would be reduced effectively is within the range of 130 to
180°C. This shows that the involved heating treatment in the ultrasonicator was not
sufficient to break down the rubber structure.

Similarly, tertiary amine results also portray an irregular pattern. However, the gel
content analysis shows that the gel content of rubber which was treated by tertiary amine
was lesser than those treated by primary amine. The gel content was managed to be reduced
and has an average range of 77 to 63%. The most effective treatment was observed from
sample 20, in which the rubber was treated by 2.5 ml of tertiary amine and heated at 50°C
during the sonication process.

Based on Figure 4, Samples 16, 17 and 18 display an almost the same amount of
gel content, even all these three samples were under different temperatures using the
heating and sonication treatments. This results may have been due to the uneven
distribution of amine in all samples or unequal distribution of rubber particle during the
process of devulcanization. On top of that, it may have also have been because of the
discrepancies in the mixture of rubber sample composition. On the other hand, the results
show that the gel content decreased in value to 63% as the temperature was increased to
50°C, and increased back to around 78% as the temperature increased to 80°C. This result
shows that the efficiency of tertiary amine in helping breaking down the crosslink structure
of rubber increased to a certain temperature, in this case was 50°C, and would decrease
when the temperature was further increased to 80°C. The increase of gel content from
sample 20 to 21, must have been due to the reformation of sulphur bonds with the main
backbone chain, as the amine failed to capture the free radicals during the devulcanization
process.

The results from this gel content experiment show that tertiary amine was more
effective and reactive towards breaking down the rubber structure than the primary amine.
This is contrary to the initial expectation as primary amine is usually more reactive than
tertiary amine.
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3.2 Thermal Analysis

High temperature TGA (30 - 600°C) plots of samples 1, 4, 7, 10, 13 and 19 are shown in
Figure 5. Based on Figure 12, all TGA plots show a one-step degradation. Different
degradation temperatures calculated from Figure 5 can be seen in Table 7.

Fig.5. TGA plots of Samples 1,4, 7,9, 10, 13, 16, and 19.

Table 7: TGA parameters

Sample Number T, (°C) Ty (°C) Tgo (°C)
1 333.96 408.18 496.09
4 349.58 398.62 494.26
7 325.59 389.73 439.50
8 363.25 387.87 440.13
9 371.12 401.72 468.13
13 357.71 393.85 448.97
19 349.58 394.96 460.54

Based on Table 7, the onset degradation (T;) of the control sample 4 started at
349.58°C. Forty percent degradation (T4) and 80% degradation of the same control sample
started at 398.62 and 494.26°C respectively. For the sample which was treated with primary
amine, sample number 7, the onset degradation (T;) occurred at lower temperature
(325.59°C). The T4 and Ty, of sample 7 occurred at 389.73 and 439.50°C respectively. For
the sample which was treated with a lower primary amine concentration, sample number 13,
the onset degradation (T,) occurred at higher temperature (357.71°C). The T4 and Tg, of
sample 13 occurred at 393.85 and 448.97°C respectively. For the sample which was treated
with tertiary amine, sample number 19, the onset degradation (T;) occurred at a slightly
lower temperature (349.58°C). The T4 and Tgy, of sample 7 occurred at 394.96 and
460.54°C respectively.

The delayed degradation of control sample 4 compared to sample 7 suggested that
the treated sample 7 with the devulcanizing agent had a cross-linking structure breakdown

10
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due to the presence of amine. The control sample 4 was more stable towards thermal
degradation because of the extra-cross-linking due to the absence of a devulcanizing agent
during the devulcanization process. Cross-linking increased the rigidity of the system,
which in turn increased the thermal stability. When the primary amine had a lower
concentration as in sample 13, the rubber took longer to degrade, in comparison to sample 7.
As discussed in the previous analysis section, this may due to the reformation of Sulphur
bonds, which lead to a stronger crosslinked structure.

Based on Table 7, Sample 8, which was treated with primary amine at a sonication
temperature of 50°C had an onset degradation (T,) which occurred at temperature
(363.25°C). The Ty and Ty, of sample 8 occurred at 387.87 and 440.13°C respectively. For
the sample which was also treated with primary amine, but at a higher sonication
temperature of 80°C, sample number 9, the onset degradation (T;) occurred at higher
temperature (371.12°C). The T4y and Tgy of sample 9 occurred at 401.72 and 468.13°C
respectively. This is an indication of a more rigid structure of sample 9 compared to 8, and
sample 8 compared to sample 7. As previously discussed, the gel content of sample 9 is the
highest due to the amine evaporated from the rubber samples. Hence, it took sample 9 the
longest for it to be degraded.

On top of that, sample 19 was treated with the same amine volume as sample 13,
and it showed a lower degradation temperature than sample 13. This data also tallied with
the gel content analysis, portraying that the tertiary amine had helped more in the reduction
of rubber crosslinked structure than the primary amine.

3.3 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Based on Figure 6 above, it can be observed that the peaks for sulphur-sulphur bonds (in
the range of 700-550 cm-1 and carbon-sulphur bonds (in the range of 720-570 c¢m-1) still
exist based on the peaks generated from the plot. This means that during the
devulcanization process, the sonication energy at a frequency of 37 Hz and at three
different temperatures did not possess enough energy to cleave the sulphur bonds. It also
means that water did not perform any additional effects on the rubber structure during the
devulcanization process. Though there is some variation in graph patterns for
devulcanization at different temperature environment, lines A and B marked on the graph
still indicate that the sulphur bonds still exist in the rubber structure.

11



MATEC Web of Conferences 152, 01007 (2018) https://doi.org/10.1051/matecconf/201815201007
Eureca 2017

95.8
\
95 [
[
94 | | 1
(|
93 | 1
91

i | ses0sose f
] |

.
50 B

TR
‘ i
'g 10;9—4155"4@,:12 ‘leuas’l
l | wf \ 1
dft B
[
(.

T

i I \
IR 1 o2 17
8175 |1"f 45t LA | 530
il | hwaty
\ - (

l‘-.ju Nl |
W I 137496837 11283
\. 1444[050351 |
153901175 _.-«' “
| i

291391322 | ‘

3414.00770 Ilj’%.DGSS' | N
v \

1444 05080 |

1020174150

102074150

020 . ‘ 1128 92522 . .

4000.0 3000 2000 1500 1000 650.0
cm-1

Fig.6. Plots of control samples 4, 5 and 6 (with 50 ml of water)

Based on Figure 7(a),(b),and, (d) lines A and B represent the regions for carbon-
sulphur bonds and sulphur-sulphur bonds respectively. As seen from the plots, it can be
seen that sulphur bonds are still present even with after going through devulcanization with
the presence of primary amine. From Figure 7(a), where the amine concentration is the
largest, at rubber to amine ratio of 1:0.5, there seems to be an increasing pattern in sulphur-
suphur bonds. That is, the peaks seem to be appearing as the sonication temperature was
increased, from Samples 7 to 9. This is an indication that the at higher the sonication
temperature, the less effective the amine is to cleave the sulphur bonds. This may due to the
fact that as the temperature increases to 80°C the amine must have evaporated slowly out of
the rubber mixture, as the boiling temperature of the primary amine used is 80°C. Similarly,
for the other two rubber to amine ratio, as the data presented in Figures 7(b) and (d), the
sulphur-sulphur bonds tend to be more in terms of amount, as the sonication temperature
increased. This pattern can be seen from Samples 10 to 12 in Figure 7(b), for rubber to
amine ratio of 1:0.25, and Samples 13 to 15 in Figure 7(d), for amine ratio of 1.0.125. The
explanation to this is may also be to the fact that as the temperature increases, it gets near to
the primary amine’s boiling temperature. Hence, the amount of amine to allow more
cleavage of sulphur bonds would be less, and devulcanization becomes less effective. On
top of that, there is no indication of carbon-sulphur bonds cleavage throughout the curves
for the samples. This is an indication of the energy exerted on the rubber samples were not
strong enough to break the carbon-sulphur bonds.
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Fig.7. FTIR plots for primary amine, R:A of 1:0.5 (a), 1:0.25 (b), & 1:0.125 (d)

These results show that primary amine helps in breaking sulphur bonds to a certain
degree, when compared to the results of primary amine to the control samples. The energy
was sufficient enough to break sulphur-sulphur bonds, but not carbon-sulphur bonds as
carbon-sulphur bonds would require higher energy to be broken. However, the findings also
show that, the effectiveness of primary amine decreases as the temperature increases. This
may due to the fact that, the primary amine may have escaped as the temperature gets
higher, near to its boiling temperature, which leads to the lower efficiency of
devulcanization

Based on Figure 8(a) and (b) the curves shown are the results generated for tertiary
amine at rubber to amine ratio of 1:0.25 and 1:0.125 respectively. Samples 16, 17 and 18
curves marked at B, show an even distribution of plots, which may indicate that the amount
of sulphur-sulphur bonds existing in these three samples may be almost the same. This
explains as why these rubber samples possess almost the same amount of gel/soluble
fraction, as previously recorded in the gel content test. Based on Sample 19 plot from the
Figure 8(b), there seems to be some sulphur-sulphur bonds marked in the region B. But the
peaks seem to be disappearing in Sample 20, which indicates the disappearing of sulphur-
sulphur bonds in Sample 20. However, the peaks reappear in Sample 21, which indicates

13



MATEC Web of Conferences 152, 01007 (2018) https://doi.org/10.1051/matecconf/201815201007
Eureca 2017

the reformation of sulphur bonds as the sonication temperature increases. The explanation
to this phenomenon is that, as the temperature increases, the tertiary amine participated in
the process of cleaving the sulphur-sulphur bonds even more as it gets more excited.
However, after some time, the sulphur bonds tend to reappear which shows that to a certain
degree, when the temperature increases, the sulphur bonds tend to reform and adhere back
to the rubber structure. These results may enhance the findings from the gel content test
analysis where from Sample 19 to 20, the gel fraction tends to decrease. While it increases
from Sample 20 to 21. Similarly, the carbon-sulphur bonds during this treatment were
unaffected, which can be seen from the peaks in the graphs. Indicating that the energy
applied onto the rubber was not sufficient enough to break the chain.

wen i ] L] L .
=|

(a) (b) ™l
Fig.8. FTIR plots for tertiary amine, R:A of 1:0.25 (a) and 1:0.125 (b)

Based on all the FTIR figures shown previously, the control samples are the only
samples which generated some peaks beyond the range of 3000 and 1700 cm-1, which may
indicate the presence of water remained in the samples. These peaks are not observed in all
the other FTIR curves for any amine + rubber samples. This is an indication that there is a
small degradation of bonds containing groups —OH and —C=0 [17].

In conclusion, both types of amines could undergo nucleophilic reaction, due to
the existence of free radicals during the process of devulcanization. Both types of amines
were capable of only cleaving sulphur-sulphur bonds, where tertiary amine showed a more
promising result than primary amine. The efficiency of primary amine was compromised,
because of the high sonication temperature which was near to its boiling temperature. In
addition to that, no other bonds were broken as there was not enough energy to break them.
The main carbon backbone chain was not affected during the dvulcanization process, which
is an indication of if, the devulcanized rubber were to be vulcanized, it could result in
rubber with good physical property.

4 Conclusion
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Based on the preliminary tests, the usage of amine as the devulcanizing agent, coupled with
heating and sonication treatments has shown that there is a structural change in the rubber
structure. However, the degree of structural breakdown is not substantial. One of the factors
may be due to the fact that the devulcanizing environment, such as temperature, is not
sufficient to encourage the scission of the Sulphur bonds in the rubber crosslinked structure.
Amine is able to undergo the nucleophilic reaction, but only to a certain extent. As oppose
to the previous expected outcome, these two analysis tests have proven that tertiary amine
is more efficient in breaking down rubber structure than the primary amine. This is proven
by the gel content test which has shown a lower gel content (%) of (77 — 63 %), compared
to primary amine samples (falls within the range of 80%), as well as the TGA test in which
tertiary amine samples degrade faster than primary amine samples (suggesting a higher
degree of rubber structure breakdown).

The effects of amine concentration were difficult to be studied as the results
generated did not have a regular pattern, as the sonication temperature also played a role
during the process of devulcanization within the 15 minutes timeframe. However, the
results have portrayed that the higher the concentration of amine is, the higher the
breakdown of structure takes place. However, for some types of amine such as tertiary,
under a certain condition, the lower the concentration is, the higher the degree of
devulcanization. This can be seen from sample 20, with rubber to amine ratio of 1:0.125,
had a more structural breakdown than sample 17, whose rubber to amine ratio was 1:0.25.
Hence, amine may have the capacity to cause crosslinked structure breakdown of rubber,
but it still may not be efficient enough to be used on industrial levels
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