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SUMMARY

The amount of waste tyres being dumped is fastrhgmpa problem. These stockpiles take
up valuable land and are an environmental and hheatiblem. While incineration is the

simplest way to recycle the used tyres it isn’e#ficient way to dispose of tyres.

This research looks at developing a method forattarizing the New Reclamation Group
(NRG) reclaim with the main focus on Hi-Res™ thegravimetric analysis. Good
guantification was possible using this technique.trade off was established between
resolution, sensitivity and time. While increasihg resolution allowed greater separation to
be achieved the time for each experiment increes@dly. Although kinetic models do exist
for quantifying rubber components in vulcanized plEnthey were not suitable for this
study. When devulcanization causes significant mdé changes, such as with NRG

reclaim, the decomposition profiles no longer mdtase of virgin materials.

Formulations developed focused on mixing, rheometmosslink density and tensile
properties. The NRG reclaim acted as a processthg/laich lowered the maximum torque.
This provides mixing safety as the temperatureeirebsed as a result of the lower torque.

This effect was not seen with conventional reclaim.

Rheometry tests indicated that the addition oftieulcanizates decreased the extent of cure.
It was demonstrated that this could be linked tosslink density. Testing of the 100%,

200%, 300% moduli correlated the crosslink densitthe maximum torque.

Although the addition of NRG reclaim reduced thestke strength of the formulation, a link
between crosslink density and ultimate tensile ngfite (UTS) couldn’'t be made. The
decrease in the UTS and increase in extensioneakhs possibly caused by an increase in
low molecular weight material present in the foraiidns and decrease in crosslink density.

This could possibly increase the mobility of polyroshains which could increases flexibility.

Keywords: NRG reclaim, Hi-Res™ TGA, compoundingsslink density, mixing kinetics
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CHAPTER 1

1 INTRODUCTION

1.1 Motivation for this study

Approximately 1 billion used tyres exist worldwid@urrently the primary end-use solution
for these tyres is to dump them in landfill sités @According to the Recycling and Economic
Development Initiative of South Africa (REDISA), éfillion tyres are currently stockpiled
around South Africa (2). These stockpiles includegal and unsafe dumpsites within
residential, industrial and rural areas. Southdsfradds approximately 11 million waste tyres
to existing stockpiles every year (3). The ratevhich used tyres are created are three times
faster than that at which they are recycled (4)t &lbof the waste tyres are dumped. Some
waste tyres are recycled commercially while othaste tyres are burned for the scrap metal
inside them (2).

The dumping or illegal burning of rubber pose maewglth and safety problems. Stockpiling
large amounts of waste tyres take up large amafnépace, allows the leaching of rubber
additives and is a fire hazard as rubber is inflafle and the fires are very difficult to
extinguish. The burning of the tyres causes aiil, @ad surface water pollution (1,4,5).
Uncontrolled burning of tyres releases noxious gaseh as carbon monoxide and dioxins as
well as toxic liquids into the environment (2). Owito the curved, hollow nature of tyres,
they make good breeding grounds for mosquitoesniveand other animals which may

promote the spread of disease (4,6,7).

There are a few alternatives to dumping in whiclsteayres may be re-used, recycled or
reclaimed. They can be re-used as whole tyres w¢readed, as crash barriers or in road
construction (7,8). The reclaimed rubber componeiten in the form of rubber crumb, can
be used for rubber mats, floorings, shoes, con€@tand increasingly in asphalt (7,8,9,10).
Thermoplastic elastomers, with improved impact prtps, are often produced by melt
mixing fine rubber crumb with thermoplastics, sashpolyolefins (10,11). Rubber tyres are
highly inflammable and have a higher calorific v@alihan coal; therefore waste tyres can be
incinerated for energy recovery (7,8,12). The wagtes can be broken down into simpler
compounds by pyrolysis (heating in an inert atmesplor under vacuum, with/without a
catalyst); thereby producing a pyrolytic carbonckléPyCB; also abbreviated CBp), oil and

gases that can be re-used as fuel or chemicald 8p,7
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One of the best ways to deal with the problem dStevgyres is through recycling them so that
they may be used in the manufacturing of new tgBeb4). This involves the production of a

partially de-vulcanized rubber and filler. This el is known as devulcanizate or reclaim.
The aim is to create a “real recycling loop¥. the rubber waste is re-used in new rubber
products (15).

Vulcanized rubber comprises a network of sulfursehimks between the polymer chains
which are introduced during heating (16,17). Thisams that vulcanized rubber is classified
as a thermoset. Thermosets cannot be recycled kbyingeand re-moulding (1,17).

Vulcanized rubber is also effectively non-biodegtald because of the sulfur crosslinks
between the polymer chains (7,18,19). In orderrtdober to be effectively recycled, the
sulfur crosslinks need to be broken down so thatrttbber may be further processed (1).

This process is called de-vulcanization.

The crosslinked, vulcanized rubber prevents theesofg and processing of waste tyres (1).
The vulcanized structure does not bind well to imingnaterial; thereby negatively affecting
the physical properties of the final product (2@any methods have been developed for de-
vulcanizing used tyre rubber. Some of the more esgfal processes include thermal,
thermomechanical, mechanochemical, microwave, adtri@ and biotechnological de-
vulcanizing methods (15,21,22). These methods, fiewgroduce de-vulcanized rubber of
varying quality. Not all de-vulcanization procespesduce de-vulcanized rubber suitable for
re-mixing with virgin rubber for the inclusion irew tyres (14,23). Re-use is often restricted
to industrial rubber products such as hoses, canvéglting and sheeting. The highly

engineered nature of tyres restricts the quantitiesulcanizate that can be used.

Some of these recycling processes have high emeggyrements with respect to electricity
consumption and create large environmental probleecause of the use of toxic chemicals
(20,24). Dealing with these problems can increlhsecbst of recycling rubber tyres. Another
problem with the different processes is that nbamd suitable for de-vulcanizing all types of
rubber (16,25).

Unfortunately, most de-vulcanizing processes brealonly the sulfur crosslinks but also the
main carbon chains of the polymer. The quality teé final product of these processes is
consequently inferior to that of virgin rubber (28). Furthermore the recycling processes
degrade the quality of the carbon black and othilerd. It is, however, still possible to use

small amounts of devulcanizate in new tyres. Thauldanizate can sometimes be added to
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virgin material up to a maximum of 10% without grsficant drop in the physical properties
of the tyre (20).

Generally blends of virgin material with devulcaatizs have poorer physical properties, such
as tensile strength, than 100% virgin materialsTisipossibly due to flaws in the structure of
the blend interface between virgin and reclaimedens because co-vulcanization between
the two phases is generally poor (27). The devized® material (especially when only
partially de-vulcanized) does not adhere well te Wrgin rubber matrix and may act as a
stress raiser. The devulcanizate particles douftitently transfer stress between the matrix
and itself. This would lead to a lower tensile sgth (20,25). When reclamation is carried
out in an air atmosphere, there is always the puisgi of oxidative degradation when
oxygen attacks the double bonds of the rubber shdihis oxidative degradation decreases

the mechanical properties of the recycled rubb@y. (2

The breaking of the polymer backbone can lead ¢ofdhmation of conjugated dienes (28).
The breakdown of the polymer backbone may leadchtotsr chain lengths or the backbone
fragments could join together to form highly braedhpolymers. Both possibilities would
lead to reduced final properties in the devulcaeiz@gin rubber blend (25). Some authors
attribute the loss in tensile strength to the deseein crosslink densities that are achievable
(26). It is for these reasons that the reclaimdabeu is often used as an inert filler in tyres

rather than a substitution for virgin polymers (20)

A novel devulcanizate has been developed by the Reglamation Group (NRG) in South
Africa using proprietary technology (3,29). Thisvdieanizate has different physical
characteristics to other types of devulcanizatetallp a much lower viscosity. An
investigation of this material and an understanaihgs behaviour is necessary before it can
be introduced as a commercial product into the stark particular into road tyres. Current
application has been limited to industrial rubbeyducts and solid rubber tyres such as those
for forklifts (3). The process has been describsdpeoducing “liquid rubber” through a

“semi-devulcanization process” (30).

Road tyre formulations generally consist of différéypes of rubber, carbon black, sulfur,
accelerators, activators and anti-degradants (&8nyMf these chemicals are believed to be
present in de-vulcanized rubber and therefore imiluence any product containing the
devulcanizate. It is for this reason that charaatey any devulcanizate used is important

before proceeding with any blending. Furthermore pnoduction processes, employed by
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NRG, are being up-scaled and are thus still in kdgveent. Rapid methods are required to
characterize the product to ensure quality conttak for these reasons that this study was

commissioned by NRG.

A primary purpose of this study is to develop aralgincal procedure to assess and
characterize devulcanizates so that they may bedete with virgin rubber. Important
information can be gleaned from the quantity of lmelecular weight materials, including
oils, polymeric material, carbon black and inorgamaterial. Furthermore it is important to

determine how much of the polymeric material isyfdle-vulcanized.

The ultimate aim is to use the NRG devulcanizateraad tyres. This study therefore
investigates the performance of blends of devukaai(from NRG and a reference material)
with virgin rubber and compares the performancestamdard formulation virgin rubber
blends. Some properties that are known to be effieby devulcanizates are processability,

curing rheology, durability and longevity of theeshted product (31).

In order to monitor the changes of the physicalpprobes of the blends, all blends are
compared to 100% virgin rubber formulations. Sorhthe physical properties tested include
ultimate tensile strength, stress at 100%, 200%9%38train as well as elongation at break.
The study also assesses the effects that the denzdéte has on mixing and curing

properties. These include mixing torque, scorcletand cure rates.

1.2 Objectives
The objectives for this study are therefore to:

» determined the appropriate characterization metliodslevulcanizates, particularly
to quantify polymer and filler content,

» identified properties affected by devulcanizates,

 compared two reclaim products — a product from NR@Gd a commercial
devulcanizate used by the tyre industry,

» tested the physical properties of devulcanizateistheir effect on mixing properties,

and
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+ developed improved formulations for rubber compatiedntaining devulcanizates.

1.3 Scope of the study

The focus of this study was to investigate theenirdevulcanizate available on the market as
well as a devulcanizate in development. The dewidedes were added into a standard
rubber formulation which was mixed and cured in kigoratory. The results of any tests
performed were compared to virgin rubber resultst tvere prepared using the same
formulation(s). Because natural rubber (NR) andesty butadiene rubber (SBR) are the most
common elastomers, used in tyres, they were seldotethe comparison virgin reference
formulation. This study did not focus on the effablt other elastomers (butyl and

polybutadiene rubber) present in tyres might havéral properties.

Tests carried out on the various rubber sampleseaded compositional as well as physical
attributes. Since the primary aim was to develamamd technique for bulk compositional
analysis of the NRG devulcanizate, analytical wimkused on thermogravimetric analysis
(TGA). The primary focus was on mass loss raterotiatl, also known as high resolution,
TGA methods. Characterization was focussed on pyim@nstituents which can be separated
by high resolution TGA. Kinetic modelling of thermdecomposition or deconvolution

techniques were deemed beyond the scope of thig.stu

Sophisticated laboratory techniques such as nuolegnetic resonance (NMR) spectroscopy
was excluded. Investigations into low level consiits such as accelerators and accelerator
residues by gas chromatography (GC) and high pe#nce liquid chromatography (HPLC)
were excluded. Furthermore development of exidtsgs for the analysis of ZnO in rubber,
such as atomic absorption spectroscopy (AAS) artthdtively coupled plasma (ICP)

spectrometry, was deemed unnecessary.

Formulation development was restricted to an adiaptaof a single tyre compound
formulation, containing NR & SBR. Formulation test€used on mixing behaviour, curing
characteristics (extent and kinetics) and tensitgerties. Other physical properties such as
abrasion resistance and fatigue resistance, asawelurability (thermal and oxidative), were
deemed beyond the scope of this study.

L In the rubber industry, the wordbmpoundrefers to an unvulcanized formulation which is &tore of
elastomers, fillers, curing agents, process aidsodmer additives.
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CHAPTER 2

2 LITERATURE REVIEW

2.1 Tyre composition

Road tyres consist of rubbers, fillers, steel, wsulkinc oxide as well as additives such as
processing oil, plasticizers and vulcanizing acegtes (12). The most commonly used
elastomers in road tyres are styrene-butadieneerW{@BR) co-polymer and natural rubber
(NR) (32). A major component in many road tyrescabon black, which is used as a
reinforcing filler. Carbon black increases certgnoperties of the rubber such as abrasion
resistance, hardness, stiffness and strength QitBer chemicals added to road tyres include
plasticizers, peptizers and processing oils, whettuces the viscosity during processing as
well as lowering the internal friction and improgidow temperature flexibility of the
vulcanized material (5). Curing agents, such aslacators and activators, are added to speed
up the curing process. Finally reinforcing fibreach as textile or steel cords, are present in
road tyres to give dimensional stability and stthrtg the final product. Table 2.1 presents
the average composition of tyres in the market yoddhe large diversity of materials

(polymers, ceramics, metals, and small organiciamdjanic molecules) is apparent.

Table 2.1  Average composition of production tyB3

Material Mass %
Rubber (RH) 48
Filler (carbon black & silica) 22
Metal reinforcement/belting 15
Oil, anti-degradants, wax etc. 8
Fabric

Zinc oxide (ZnO)

Curing agents

Total 100

The major material in a tyre is rubber which is pased of a variety of types. A complete
road tyre typically contains five common differeégpes of rubber. Besides SBR and NR,

tyres also contain butyl rubber (IR, isobutylesegrene rubber), chlorobutyl (CIIR, chloro
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isobutylene isoprene rubber) and polybutadieneeufBR) (32). The reason for this is that
each rubber is suitable for the different environtagresent in a road tyre. Flexibility, heat
dispersion, operation in cold weather and gas pabiy are some of the important
properties that the various rubbers address. Figilrehows a cross section through a tyre.

Tread

Breakers

Cores Chafer Sidewall

Figure 2.1  Structural components of a cross-pbaf) tyre. (Reproduced from (34))

The tread is the part of the tyre that comes immtatact with the road. It therefore has to be
resistant to oils and chemicals, resistant to admasnd flexible. The tread typically consists
of SBR, BR and NR with the former two in preponde®in modern passenger tyres and
NR, dominant in truck tyre treads (32,34).

The sidewall needs to have greater flexibility thia@ tread so that the tyre does not burst or
tear when driving over potholes or bumps in thedrdadoes not come into direct contact
with the road so chemical resistance is not vergortant. The side wall is manufactured
using NR and BR but may also contain SBR and sfigciaubbers such as ethylene
propylene diene monomer (EPDM) rubber (32,34).

The inner liner has one main role and that isap ¢he air inside the tyre from escaping. The
rubber used needs to be impermeable to gases. i@ liner should also have some
flexibility and therefore it consists of SBR, NRJIR and/or IIR, the last two being the
rubbers that impart impermeability to certain asegs (32,34).

Vulcanized rubber alone is not sufficient in makimgyood road tyre. In order to improve
production time, lower production cost and stillintain a high performing product various

other chemicals are needed. Table 2.2 shows aatyipre recipe.
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Table 2.2  Typical tyre rubber compound (32)

Component phr

SBR 24.0
SBR OE 26.0
NR 50.0
Carbon black N-220 45.0
Sulfur 1.6
CBS 0.8
DPG 0.4
Zn0O 3.0
Stearic acid 3.0
Total 153.8

phr = parts per hundred rubber by mass

Note that rubber formulations are typically repdrie units of parts per hundred rubber
(phr). All components are expressed as a mass fiequired to be added to the formulation

alongside 100 g of the sum of the elastomer compusne

The first three components of the formulation censf the rubbers SBR and NR with one of
the rubbers containing oil (OE — oil extended). Tiler used in the formulation is carbon

black. Sulfur is needed to form the crosslinks leetmvthe rubber chains. N-cyclohexyl-2-
benzothiazole sulfenamide (CBS) and diphenyl guaeidDPG) act as accelerators which
increase the rate of sulfur vulcanization. The riteacid and zinc oxide (ZnO) form the

activators which reduce the time taken to vulcartize rubber. Note that the activators
require the presence of accelerators. Further ctasmay also be added to commercial tyre
formulations. These include processing aids anddagradants such as anti-oxidants and

anti-ozonants which protect and extend the lifeoaf tyres.

2.2 Elastomers

Elastomers contain long linear hydrocarbon chaias ¢onsist of many repeating units. They
usually have a low glass transition temperaturedimdot crystallize although some, such as
NR, do so under high degrees of strain (35,36).céhized elastomers are very elastic,
having the ability to be stretched and then torreto their original dimensions when the
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applied force is removed. This property is due he sulfur crosslinks present after
vulcanization linking the long hydrocarbon chaintia network as well as the chains being
entangled. Together these resist the polymer chaémnsg pulled apart (37). The rubber
chains are still free to uncoil and elongate, bet @revented from slipping completely past

each other.

2.2.1 Styrene butadiene rubber (SBR)

SBR is a co-polymer of two repeating units. The ormoars styrene and butadiene are not
present in a 1:1 ratio (typically SBR is 20-30%rshe (38,39)). The arrangement of

monomers along the chains is pseudo-random.

SBR is used mainly in the tread of tyres becaugwavides good wet skid and traction
properties while retaining good abrasion resistaamo@ aging stability (8). The monomers

and a generalized polymer formula are shown infei@.2

2 — 0
7 N 7t —
m
butadiene styrene styrene butadiene rubber

Figure 2.2 Structure of styrene butadiene rubbed é&s constituent monomers, butadiene
and styrene

De-vulcanizing SBR is challenging because of themgecated structure of the rubber and the
various possible molecular configurations on thenamer units along the backbone. During
the reclamation or de-vulcanization process, néiviboeakdown of the rubber occurs. At the

same time, however, recombination of the netwdkksalace (5,27).

When SBR is de-vulcanized, main chain scission i@scclhis produces free radicals on the
chain fragments (40). If the formation of theseigal$ is not controlled by a de-vulcanizing
agent which is a radical scavenger, such as dipttisyifide (DPDS), recombination of the

fragments occurs which results in a highly branchetivork. Such an increase in crosslink

density increases the hardness of the devulcanz&e).
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2.2.2 Natural rubber (NR)

Natural rubber (NR) consists of a single monomat th repeated several times, primarily in
a cis configuration (>99%) (35,36). NR compounds, gengrdiave high ultimate tensile
strength. This is partly because NR is capablerystallizing at high strain. The crystallites
so formed also increase the modulus/stiffness efntlaterial in a manner analogous to the
increase in modulus with increasing crosslink dgn@l2). Figure 2.3 shows the monomer

and rubber chain.

'; \‘ ' '; \‘ rww>:\—>:\ww
isoprene natural rubber

Figure 2.3 Structure of isoprene (2-methyl-1,3ddligne) and natural rubber (cis-1,4-
polyisoprene)

NR also contains some fatty acids, proteins, lipidssins and natural anti-oxidants
(35,36,43). During de-vulcanization of NR, the sma of the hydrocarbon molecule is the
main reaction and recombination takes place to ahnmamaller extent than with SBR (5).
NR is widely used in truck tyre treads (almost 10@¥cause of low heat build-up and high
cut-resistance but not in the treads of passergj@ches. In passenger vehicles, it is primarily

used in the carcase and sidewall (36).

2.2.3 Additives

Additives are chemicals that are used in rubbesp®ed up vulcanization, increase scorch
time (the initiation time before crosslinks formdaimcrease the stiffness of the vulcanizate),
decrease processing viscosities and hence eneagiesto protect the rubber product from

environmental degradation.

Initially only sulfur was used when curing rubberiginally discovered by Charles Goodyear
in 1839 (44). The process was lengthy and the fimethanical properties of the rubber were
relatively poor. Using accelerators allows the aate to be increased to provide acceptable
processing times. When using diphenyl guanidineGBDRne of the first accelerators, and

sulfur the final torque was increased but the cuate was still relatively slow.

10
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Dithiocarbamates and thiuram disulfides with sulfasulted in a drastic decrease in cure
time and increase in final physical properties (48sing dithiocarbamates, however,
introduced a new problem. The problem with dithrbeanates is that there is a short scorch
time which can cause problems with homogeneity wbemng. Premature curing during
mixing is also possible. When using sulfur and -2ighiobis(benzothiazole) (MBTS), as well
as other benzothiazole-based accelerators, theem igicrease in the scorch time but a

decrease in the cure rate relative to dithiocarlesn@5).

With the addition of zinc oxide (ZnO) the cure ratereases still further. This is because
ZnO acts as an activator which speeds up the viglaton process. Stearic acid is also used
to increase the cure rate. Just like ZnO it issifeesl as an activator.

There are also additives that increase the scarok bf rubber compounds, such as
N-cyclohexylthiophthalimide (CTP), allowing moremi for processing and stopping
premature curing. These are known as pre-vulcaaizathibitors (PVI) or retarders.

Adding aromatic and other oils decreases the viscadg the rubber compound during
mixing (46). This results in lower torque duringxmig which prevents heat build-up. This is
important to prevent the temperature from rising lbhagh and beginning the curing process
while still in the mixing chamber. Important energyd thus cost savings are also introduced

through the use of such processing aids.

2.3 Vulcanization

In its raw state, rubber is a viscoelastic matenigh fluid characteristics. Vulcanization is

also called curing. Curing, however, is a more garnterm used to describe the crosslinking
of any elastomer. Vulcanization usually refers tosslinking where sulfur and/or a sulfur

donor is used as the crosslinking agent. Most im@iscuring of rubber is carried out

between 150°C and 190°C.

Vulcanization using sulfur forms carbon-sulfur (C-&d sulfur-sulfur (S-S) bonds which
stiffens the material. The sulfur crosslinks inlvabcan take the form of monosulfidic (C-S-
C), disulfidic (C-S-C) and polysulfidic (C-8C, where x> 3), depending on the curing
system used (1). Vulcanization is a multi-step psscwhich involves sulfur, activators and
accelerators in order to make the process moreiaiti At the start of vulcanization, more

polysulfidic crosslinks are formed that containdasulfur chains than later on in the process.

11
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As vulcanization continues these long sulfur ciiogsl are de-sulfurized into shorter
polysulfidic crosslinks as well as disulfidic anenosulfidic crosslinks. The extent to which
de-sulfurization takes place is partly controllgdtbe curing system used (1). A generalized
scheme for accelerated sulfur vulcanization is i@y in Figure 2.4.

During the initial stages of vulcanization, sulf{#) is activated by the accelerator when a
polysulfidic accelerator complex is formed (47,483, shown in the top left of Figure 2.4.
The polysulfidic accelerator complex (Acc-$S-Acc) then reacts with the hydrocarbon
rubber chain (RH) in two possible ways (major anidan pathways). The minor pathway
consists of the activated sulfur being cleavedstltur-sulfur bond. One half of the activated
sulfur (Acc-S) bonds to the hydrocarbon chain with the removah dilydrogen atom. The

hydrogen atom bonds to the other half of the at/gulfur to form more accelerator.

The major pathway consists of the activated suiking cleaved at a sulfur-sulfur bond and
both halves of the activated sulfur bond to therbgdrbon chain (Acc-8R-S-Acc). This
process removes two hydrogen atoms which react sl sulfur. Accelerator pendent
groups are formed on the rubber main chain. Reaadt&es place at am-methylic ora-

methylenic carbon atoms (allylic to the double bohgolydiene elastomers) (49).

Rubber (RH)

Minor pathway

Accelerator (Acc) + S €¢—» Acc-5-S«-S-Acc » Acc-S,-R + Accelerator (Acc)

Aemuied sofeial

(HY) J2qqny
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>
0O
(@]
+
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~
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uoildeal mois
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R-Sx-R + Accelerator (Acc)
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l Rubber (RH) I
Acc-Sx-H » R-S,.1-H + Accelerator (Acc)
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uoneal jseq

H-'s-00y
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Figure 2.4 Vulcanization pathway in the absencaroéctivator (adapted from (50))
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The removal of the accelerators from the hydrocartioain is a slow process. During this
process the accelerators are removed and the spéfodent groups bond to another
hydrocarbon chain. The interaction between theusahd hydrocarbon removes a hydrogen
attached to an allylic carbon to form a crosslifkS-R). The newly created accelerator
bonds to the free hydrogen to form a thiol (Acc-B-Fhe accelerator, containing the thiol
group, activates the free sulfur (Acg13) and reacts with the hydrocarbon again. Thigtan
thiol group (-SH) is attached to the hydrocarbod #re accelerator is regenerated. The thiol
group attached to the hydrocarbon then reactsavtizdrocarbon that contains an accelerator
attached to it. This is a rapid process that resuit a sulfur crosslink between two
hydrocarbons and the regeneration of the accelerbb@ accelerators that are created in the
final two steps activate the remaining sulfur amel pprocess repeats itself until there is no free
sulfur left. Figure 2.4 does not represent othactiens that take place during vulcanization.
It is important to state that the sulfur can reaith itself forming a pendent group on the
hydrocarbon and therefore does not form a crosdiiekwveen hydrocarbons. The sulfur
crosslinks and pendent groups also undergo motiditawhere the sulfur chains can
decrease in length and they can be destroyed.edwion scheme does not consider the role

of ZnO or stearic acid, which increase the reaatida.

ZnO may be a precursor to zinc-derived acceleratonsany vulcanization systems. It reacts
with some accelerators, typically thiuram disul§dé form highly active zinc salts, such as
the salt ZDMC (bis(dimethyldithiocarbamate)zinc(liflerived from tetramethylthiuram
disulfide (TMTD) (51). These salts are thought éorbsponsible for crosslinking. Stearic acid
has also been shown to complex with ZnO to form tigdrocarbon-soluble zinc stearate
which may make the zinc more available to compléh accelerators (52).

With slower accelerators, such as those contaibemgothiazole groups, the mechanism is
more complex and the salts formed are less actigdileely not responsible for the formation
of most crosslinks. A mechanism for such systembeas proposed by Boretti (53). Boretti
used the model compound, squalene (which contau$iphe isoprene units but is small
enough to be studied chromatographically), to elate the role of ZnO in a curative system

that used MBTS as the accelerator. He proposefbliog/ing scheme:

The first step in the process is the formation &M polysulfides (MBTPs). ZnO promotes
the inclusion of sulfur atoms into the disulfidenbloof MBTS. ZnO then further catalyses the
reaction between MBTPs and the allylic carbonsadygiiene rubbers. In some instances, 2-

13
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mercaptobenzothiazole (MBT) is evolved at this paind this goes on to react with ZnO to
form Zn(mbt}. Zn(mbt» and ZnO both catalyse the removal of MBT from nilngber-MBTP
pendent complex and facilitate the building of dfusucrosslink with another rubber
molecule

Catalyzed by ZnO
Bi—SS—Bt + S; =—=2= Bt—Sx—Bt

l Squalene (Catalyzed by ZnO)

Bt-Sy-squalene-Sy-Bt + H,S,/H,S,/etc. or Bt-Sy-squalene + MBT

l Zn0O

~«— Bt-Sy-squalene —» Zn(mbt),

facilitated by Zn"
(catalyzed by both Zn(mbt), [and ZnO)

Y

Y

Squalene-Sz-Squalene 4 7ZnS <+ 2MBT

Figure 2.5 Proposed mechanism for MBTS-accelerdted-activated sulfur vulcanization.
Bt = benzothiazole group, MBT = 2-mercaptobenzatbie, Zn(mbp) = zinc
mercaptobenzothiolate (reproduced from Boretti 53)

The MBTPs formed in the presence of ZnO have shauéur chains than those formed
where ZnO is absent. ZnO also improves the effyyeaf the pendant groups reaction,
leaving fewer unreacted. Both these processes tleah increased amount of crosslinks

formed but of a lower sulfur rank (contain fewelfsuatoms) when ZnO is present (53).

2.3.1 Cure rheometry

The process of vulcanizing rubber is easily obskrusing a rheometer. A rheometer
measures the amount of torque required to deforabler sample. This is usually done by
placing a rubber sample on an oscillating disk i{lesing disk rheometer) or a moving die
(moving die rheometer). The moving die is then temtaback and forth through a
predetermined range at a certain frequency. Themb&er measures the amount of torque
required to maintain this oscillation frequency otlgh the required range while

simultaneously applying heat to the sample.

Cure kinetics are easily studied using a rheom@tee.torque required to maintain the strain
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increases with curing; thus providing a graph thatng the cure kinetics. This graph is
known as a cure curve. The resulting plot of torgeesus time has three distinct phases

which are illustrated in Figure 2.6.

induction curing maturation
(scorch)
overcure
Qo
>
g
8
_“""—l—r—".
time

Figure 2.6 The three phases of the vulcanizatiatess (adapted from Coran (54))

These phases may be characterized as follows:

Induction/scorch: During this period, preliminary reactions whichcac prior to actual
crosslink formation take place. Often the torqueredases during this period because the
rubber becomes less viscous on heating. The timedattion is also called the scorch time
and is usually quantified s or t10. These are the times taken for the torque toatisee the

minimum torque to 5 or 10% of the difference betwdee maximum and minimum torque.

Curing: During this period actual crosslink formation ocuAs crosslinks form, the rubber
becomes stiffer because crosslinks act as constram mobility. Consequently the torque
increases. This region may be characterised bymaeimum cure rate (derivative of the
torque-time curve), the average rate (the ratithefdifference between maximum torque and
minimum torque to the difference between the titagen to reach maximum and minimum

torque) or the cure rate index (CRI) (100/(cureetiscorch time)) (55). The end of curing is

15



LITERATURE REVIEW

often defined by thego or 195 times which are defined analogously to tk&io times.

Maturation: Crosslink formation reaches a maximum densitysjoecific rubber / curative

system. Crosslinks may break and reform duringphisod.

Overcure occurs in certain curative systems. In these systerosslink scission/breakdown
begins to dominate at longer cure times. This smiseesults in a reversion of the rubber’s
properties and the subsequent downward slope ofctlie curve. This breakdown of
crosslinks may also be an artefact of the mechbsimss applied by the rheometer to certain
rubber formulations where the rubber becomes tatiebto withstand the applied stress. This

is often seen at high crosslink densities.

2.3.2 Conventional (CV) vs efficient vulcanization (EV) gstems

Depending on the ratio of accelerator to sulfurywdcanization system is classed as
conventional or efficient. Conventional systems,ichihare historically older, have lower
accelerator to sulfur ratios (0.1-0.6) than effitisystems in which the accelerator to sulfur
ratio is high (1.2-2.5) (35). Systems lying in beem are called semi-efficient. Efficient
systems are so named because they efficiently wlke s more crosslinks are formed per

unit mass of sulfur added (56).

Different types of crosslinks are formed by CV d&d systems, which in turn leads to
differences in mechanical properties. CV leadsrimarily polysulfidic crosslinks while EV
produces mainly monosulfidic crosslinks (35,56)eTansile properties (tensile strength and
tear strength) of these different systems are rdiffeover a wide range of crosslink densities.
CV vulcanizates have higher ultimate tensile stile@TS) than EV vulcanizates (45,57).
The intrinsic stability of monosulfidic over poly§dic crosslinks means that EV systems are

more reversion resistant (56).

Lal showed that, if polysulfidic crosslinks are gerted to mono- and disulfides, there is no
appreciable decrease in the tensile strength grlifie of NR vulcanizates (58). This led to

the conclusion that polysulfidic crosslinks, by rtiselves, are not responsible for good
physical properties, and other factors followingnfr the curing system, are responsible.
Grobler and McGill have proposed that differenaesnetwork heterogeneity (in terms of
crosslink distribution) are responsible for diffieces in mechanical properties (59). The
degree of network heterogeneity was suggestedd@alee in the following order: CV > EV.

Following an idea of Hamed (60), areas of low dinksdensity in a heterogeneous network
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are thought to be able to reduce crack growthetheincreasing the physical properties of
such a vulcanizate. Homogeneous vulcanizates dohaweé such crack blunting areas,

resulting in poorer properties.

There is still, nonetheless, no universally acagpkeory to explain the higher UTS of CV

systems compared to EV systems.

2.4 De-vulcanization and reclamation

Before used tyres enter the reclaiming or de-vuitag process, they are usually reduced in
size through an ambient (dry or wet) or cryogemiading process (9,10,17,25). Grinding at
an ambient temperature produces rubber granuleaedfen shapes and sizes and the surface
is very rough. Cryogenic grinding produces rubbesngles that have smooth surfaces
(10,61). This smooth surface makes the materia festable for use as a powder filler

because adhesion to the smooth surface is po@eatthesion to a rough surface (10).

Reclamation is the treatment of vulcanized scrdgbeu with heat, mechanical energy and
chemical agents (24). The end result is the regéinarof the rubber to a state that may again
be vulcanized (25). This is usually accomplishemugh the scission of the main chain
carbons as well as carbon-sulfur (C-S) and sulfilfus (S-S) bonds. The reduction of the
used rubber through reclamation allows it to beeaudjxprocessed and vulcanized in new

materials (5,25).

Vulcanization is the process whereby sulfur is usedreate crosslinks between the polymer
main chains. Therefore de-vulcanization should Hee reverse of this process, namely the
removal of sulfur crosslinks. De-vulcanization aing cleave monosulfidic (C-S-C),

disulfidic (C-S-S-C) and polysulfidic (Cz&, x>3) crosslinks (5). This can be achieved by

chemical, microbial, microwave or ultrasound treatis (6,20).

De-vulcanization, however, has not yet advancethéostage where only sulfur bonds are
cleaved. Especially in the presence of oxygen, €cSsion along the polymer backbone
cleaves chains and leads to de-polymerization (RH¢. term, de-vulcanization, is reserved
for treatments that cleave primarily sulfur crasss while reclamation is used for more

general processes which lower vulcanizates visgosit

The process of de-vulcanization includes reactigmsh as main chain scission, crosslink

scission, main chain modification and crosslink fficdtions (25). Distinguishing the
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difference between reclamation and de-vulcanizatiay not be easy because both methods
break similar bonds. The main difference is thenaith which the C-C polymer main chain
bonds are broken compared to sulfur bonds brokenviulcanization cleaves more sulfur
bonds and fewer main chain carbon bonds than retiam processes (5). Figure 2.7
illustrates the general differences between thepgmaesses. The de-vulcanization chemicals
that are commonly used are, like many acceleratbssifides such as diphenyl disulfide
(DPDS) (62).
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Figure 2.7 The difference between reclamation ded/ulcanization methods (reproduced
from Saiwari (5))

The breaking of the main chain carbon-carbon banflisences the devulcanizate physical
properties and reduces the quality of the recyalietber. Due to main chain polymer scission
and the recombination of loose chains, the polynetwork may become highly branched
and thus differs greatly in structure from the ora polymer. It is the breaking of the C-C
bonds that lead to lower molecular weight polymeains and therefore decreased physical
properties (5). Increasing the de-vulcanizationgerature is likely to promote random main

chain scission over crosslink scission (63).

Comprehensive reviews of the field have been predury Adhikariet al. (19), Myrhe and
MacKillop (64), and more recently by Myrlet al.(15).
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2.5 Rubber formulation

For any devulcanizate to be successfully used, uistmbe incorporated into rubber
formulations. This is done by comparing the dewilzate/virgin blend properties with those
of a virgin material formulation. This is performbyg using a typical tyre formulation such as
that shown in Table 2.2. The system in Table 2d@issidered a semi-efficient curing system

as the sulfur to accelerator ratio is approximately(35).

Formulation development generally includes the tncation of rubber formulation to
increase scorch delay as well as including stiffgnnaterials to increase the modulus. For
devulcanizates this is achieved by comparing 10@%invmaterial with blends rather than

with 100% devulcanizate material.

The first performance characteristic that is asskskiring formulation development is how
the formulation mixes. This involves measuring tihrgjue required to mix the formulation in

an internal mixer as well as temperature changesgiand after the mixing.

8.0

70 Virgin rubber

6.0 s
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t
7 5.0 /
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0 ~ 10 15
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Figure 2.8 Cure curves comparing 100% virgin meiewith 100% devulcanizate material
(reproduced from Saiwari (5))

A second performance characteristic studied dufargiulation development is how the

formulation cures (cure kinetics). This involvesidsting how long it takes to start curing
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(scorch delay), how fast it cures (cure rate), Imouch the modulus changes (cure extent) and
whether the material degrades (reversion, typicsdln as a decrease in modulus at high cure
times). A comparison between two cure curves isvshim Figure 2.8. The figure shows a
comparison between 100% virgin material and 100%uldanizate. What is noticeable is the
large difference between the modulus of the curéginy material and that of the
devulcanizate. The scorch time of the devulcanizagdso shorter as illustrated by the earlier
increase in modulus. This is a common problem eepeed when formulating with

devulcanizates/reclamates (24).

The last area studied for formulation developmenan investigation of properties that are
used to predict performance in the field. Theseperiies are measured using a
tensometer/tensile tester. Specific properties sitglied which include ultimate tensile
strength (UTS), extension at break)(and 100% modulus (the stress at a strain of 100%)

2.6 Compositional characterization

A number of methods exist to characterize the cait@oof rubber vulcanizates and
devulcanizates (33). The crosslinked nature ofanilkates makes it difficult to use solution
based techniques such a nuclear magnetic reso(fdhti®) spectroscopy although expensive
solid state options do exist. Fourier transformmardd (FTIR) spectroscopy is often used but

the technique is usually non-quantitative.

Additives are often studied by extraction and exation by gas chromatography (GC) and
high performance chromatography (HPLC). These tectes are useful for identifying
accelerators and accelerator residues. Unfortuyndkely are not suitable for identifying
species that are bound to the polymer chains. &mcgpecies and metals such as Zn may be
analysed by ashing, digestion and quantificatioatoynic absorption spectroscopy (AAS).

Because devulcanizates also contain some crosglmkgerial, the same analytical problems,
as experienced with vulcanized rubber, are alsemxpced. Two techniques that have been
found useful for identifying and quantifying thengponents (particularly elastomers and
fillers) are thermogravimetric analysis (TGA) angrglysis-gas chromatography (Pyr-GC)
(65,66). A range of other thermal analytical tecjuais which determine the glass transition
temperature (J) of the sample such as differential scanning aaletry (DSC) and dynamic
mechanical analysis (DMA) have also been useddntity elastomer constituents although

their use is more qualitative than quantitativee Tise of these and other thermal analytical
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techniques have been reviewed by Sietaal. (67).

Scanning electron microscopy (SEM), coupled witkrgg dispersive (X-ray) spectroscopy
(EDS), as well as particle sizing and surface ameasurement techniques, are commonly
used to characterize fillers (neat, and in vulcai@g and devulcanizates). Sample preparation
may require the removal of unvulcanized materiadisgolution in an appropriate solvent or

by pyrolysis/combustion.

2.6.1 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a useful tegud in identifying the composition of
rubber compounds as well as devulcanizates (687 pfdvides information about highly
volatile material, oil, rubber, carbon black andrgmanic residues. Three of the earliest
systematic applications of TGA to elastomeric systavere by Chiu (69), Maurer (70), and

Sircar and Lamond (71).

During thermogravimetric analysis a small samplehéated in an inert (typically pure
nitrogen, N) atmosphere. The different components of the sardptompose/evaporate at
different temperature ranges (68). By measuringntiass loss across a certain temperature
range under a set heating program, the amountspkaific material can be determined. A
swap to an oxygen/air atmosphere will burn off amsidual carbon black. This allows the

carbon black content of the sample to be determined

The Discovery series high resolution TGA has sdvse#tings to optimise separation of
materials in samples being decomposed/evaporatea .nfain heating programs used in this
study were Hi-Res™ constant reaction rate and Hi'Relynamic rate. These programs
continuously modify the heating rate in responsehanges in the rate of decomposition of
the sample. By doing this the weight changes amdawerall length of the test can be
optimized. This is done by using a high baselinatihg rate, when no weight change occurs,
which is automatically lowered when a weight chaiggdetected. At the end of any weight
change the heating rate is returned to baseliningeate (72). The high resolution programs
vary the heating rate dynamically during the rampdsponse to the derivative of weight
change (%/minute). Therefore, when the %/min inmesathe heating rate decreases and
when the %/minute decreases the heating rate sesed he heating rate can vary between
0.00XC/min (minimum) to a maximum heating rate which t&nset (normally between 10-

50°C/min) (73).
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The Hi-Res™ dynamic mode uses positive resoluteitirgs. A positive resolution setting

varies the heating rate between a fixed minimumtaedspecified heating rate. The heating
rate in this mode is never reduced to zero (73)nidb heating rates for this mode are
between 10-5@/min.

The Hi-Res™ constant reaction rate uses negats@uton settings. The TGA varies the
temperature of the furnace to maintain a constaesgbected rate of weight change
(%/minute). When the rate of weight change excetbdsthreshold the heating rate is
reduced, even to the point of cooling. When the it weight change drops below the
threshold the heating rate is increased to thbesing rate (73). Heating rates for this mode

are between 1-XC/min. This is to reduce an overshoot of the decmsitjpn range.

Both modes described above uses resolution andiggnsettings to adjust their responses
to the rate of weight change. For the TGA the rgsmh setting has no units and is used as a
way to select the band of %/minute values thabppmopriate to the sample being analysed.
For Hi-Res dynamic mode the higher the resolutietirgy (for Hi-Res™ constant reaction
rate this will be lower resolution setting) willleet a lower %/min value. This will generally
mean that there will be a greater separation Honhger experimental time. The resolution
settings range between -8.0 to 8.0. Values frord 8.0 are associated with Hi-Res™
constant reaction rate with -8.0 giving greaterasafion and longer experimental times than -
1.0. Values from 0 to 8.0 are associated with HsRedynamic with 8.0 giving greater
separation and longer experimental times. The cliteeresolution number gets to zero the
larger the derivative of the rate of weight changest be before the heating rate is reduced,
this is shown in table 2.3 (73). A simpler explamatof the resolution is that it controls the
temperature at which the transition to a lower ingatate will occur.

Like the resolution number the sensitivity settihngs no units. However, the range of
sensitivity settings are from 1.0 to 8.0, where i$.6he lowest sensitivity setting and 8.0 is
the highest. By increasing the sensitivity settihg time to complete the experiment
increases. The sensitivity controls the respondbeTGA to changes in the rate of reaction.
Therefore by increasing the sensitivity the TGAmsre reactive to small changes in the
reaction rate. By using sensitivity settings in jooetion with resolution settings the rate of
weight change range becomes narrower. An examplasobvorks is shown below:

* Resolution 3 has a range of 1.0-20.0 %/minute

* Resolution 4.5 has a range of 0.1-2.0 %/minute
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» Sensitivity 1 allows the full range to be used eBreéd by the resolution number
» Sensitivity 2 allows approximately half the range e used as defined by the

resolution number.

By reducing the range of the %/minute the TGA caimgothe furnace to the transition
temperature quicker. The downside of this is thatfurnace will remain at the temperature
for longer. Sensitivity settings are useful for tHeRes™ constant reaction rate mode as it

helps prevent/reduce the overshoot that can ocithrhigh heating rates (73).

Table 2.3  The correlation between the resolutiottirgge and the rate of weight change
(adapted from (73))

Resolution %/min

-0.1 28.2

-1 10.0

-2 3.16
-3 1.00

-4 0.316
-5 0.100
-6 0.031
-7 0.1000
-8 0.0032

Using the derivative curve of the mass loss (asnatfon of time or temperature) can aid in
the identification and quantification of the typerobber present in a compound. This can be
achieved by using a model/fingerprint mass losseurhe early studies by Maurer (70), and
Sircar and Lamond (71) were based in constant rigpatate experiments and, while
successful at separating oils, elastomers andsfilleere less successful at differentiating
between different elastomer types

Fingerprint DTG curves for individual component® ditted to the overall sample DTG

curve. Alternatively a kinetic model is developed the decomposition (usually at constant
heating rate) of the constituents (74,75,76). Apphe@s may use first order models or
isoconversional approaches (75). These modelshare dalibrated by making vulcanizates
from known constituents. By fitting the models ftite mass loss curves of individual

constituents to the mass loss curve of the totalpsas it may be possible to quantify the
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rubber present by regressing the sum of the decsitipo models for each component
against the overall decomposition thermogram. Sungferprint/model fitting approaches are
often called deconvolution methods. Where only knmodels are used they are also called

kinetic simulation methods.

Figure 2.9 demonstrates how a DTG curve for theowposition of waste tyres can be
deconvoluted into 5 sections/stages — a light ivactNR (2 decomposition events), BR and
SBR. By measuring the area of each of the decoeyyleaks, the mass of each component
can be determined. It can be seen that the gredisstepancy between the cumulative
modelled DTG curve and the measure DTG curve i A88°C where BR begins to
decompose. The quantification of BR in the preseri&BR still remains a challenge (76).
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Figure 2.9 lllustration of the application of deacalution/curve fitting to the
decomposition of a waste tyre sample (reproducethfbanon and Goérgens

(76))

TGA has found wide use and success with thus amdasi approaches in characterizing
simple binary vulcanizates such as NR/SBR and NRRRds (74,77,78) as well as more
complex ternary systems such as NR/BR/SBR (75warale tyres/tyre crumb (76,79). Both
kinetic simulation and constant heating rate apgrea are limited by the following:

» the individual components may be complex mixtu@svhich it is difficult to fit

preliminary models. Examples include oil extend&stemers in which a heavy oil
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such as PAH TDAE is used (80). Significant overtegtween the oil and elastomer
may occur. Although Danoet al. have successfully tackled ternary NR/BR/SBR
systems, they are yet to explicitly include heaxterder oils which have much more
uncertain decomposition kinetics (75).

* the decomposition profile of the rubber changesmitas vulcanized. This can be
compensated for by using developing models foranilked virgin rubbers instead of
de-vulcanized reference materials.

* interactions between components may mean thatdeewmposition profiles are very
different to the individual reference materials.n@nents may stabilize each other,
increased stabilization of NR (increasing the deoosition temperature range) has
been observed in blends with SBR as the SBR contemeases (65,78). Such
changes are often ignored,g. Danon et al. parameterized their approach using
unvulcanized elastomers (75) which was then appbedaste tires (76). While NR
was found to be relatively easy to quantify, thesel decomposition temperatures of
BR and SBR, meant that their accurate quantificatemnains a challenge.

» when decomposition is promoted by the presenceaiéliit or inorganic catalysts.
This can be a problem with devulcanizates whichpaneluced by a catalytic process.

* the vulcanizates/devulcanizates may contain compentr which no model has
been developed. This is especially true of the wialgety of oils, waxes, processing
aids and peptizers added to rubber. It is, in sameumstances, possible to
evaluate/quantify these components as OTHER byraetiin of well defined
modelled compounds from the decomposition thernmagrithe entire sample. If the
OTHER component is relatively simple, it is possilbdb develop a model for its
decomposition from the decomposition of a samplevitich all but the OTHER
component are known. Danon and Gérgens have usedpproach to quantify light
volatiles which do not overlap with NR, BR or SBigrsficantly (76).

* when the decomposition produces char, the amourhaf formed is heating rate
dependent. Spurious quantification of carbonaceauaterial impacts on
guantification of all other components (80).

» the devulcanizate contains an entirely unexpectetstdtuent whose decomposition
character depends on physical parameters such &cuter size,e.g. in some
devulcanizates, there may be close overlap of theparation/decomposition of

different fractions of the material which may compte analysis where one
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component is poorly understood. An example of thisould be
decomposition/evaporation of the oil fraction cadgeg with a low molecular weight
de-vulcanized polymer.

» peak overlap is significant such as the case WRFSBR blends that the model fitting
contains significant errors. It is possible for ®®BR-OE compounds to look very
similar to BR/SBR blends.

A simpler alternative to kinetic model simulatioinsbinary NR/SBR blends that has found
some success is to calibrate the ratio of the heifjkhe two polymer decomposition peaks
against the NR/SBR ratio (65,74). Because suclbregion curves are often highly curved,
they are associated with large uncertainties.

Another approach is to use a calibration curve inbthby correlating a temperature that
corresponds to a fixed % mass loss of the origgaaiple mass with the amount of one of the
elastomers in the blend (66,81,82). This approachuch more linear and less prone to error.
Unfortunately both approaches fail when one is gameesd with overlapping peaks of three

components.
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Figure 2.10 High resolution TGA-DTG analysis of @4 NR/SBR vulcanizate (reproduced
from Fernandez-Berridi et al. (65)

Figure 2.10 shows that high resolution thermogradigncan be used to analyse a reference

model vulcanizate. The decompositions of NR and SB&ksufficiently far apart to use the
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minimum in the DTG curve as the separation pointtfi@ quantification of these two types
of rubber. It can be seen, however, that the @lsat separate completely from the NR. The
presence of heavy oils is often a confounding fastaich introduces uncertainty. Where the
oil decomposition overlaps with polymer decomposifi the oil content is often over-

estimated and the polymer content underestimated.

Because of the above difficulties, efforts have etbto use variable heating rate methods
(determined by the rate of mass loss). These amvikncommonly as high resolution
methods (80,83,84). These methods allow for gres¢paration to be achieved which in
many cases is sufficient to allow quantificatiortheut model fitting, although more complex
model fitting is also possible in a variable hegtiate environment.

2.7 Devulcanizate fractionation

By separating the devulcanizate into smaller foadj it is possible to identify the various
components present in the sample. By separatingdhand gel fractions, a determination
can be made on the quantity of polymer that id stibsslinked. This fraction will not

dissolve in any solvent because it is still crodsdd. By using solvents that are polar,
aromatic in nature or linear molecules with no pofavarious chemicals can be removed

from the devulcanizate such as processing oilscaratives.

2.7.1 Solvents

Solvent extraction can be used to isolate varidusmicals present in a rubber sample.
Solvents are used to separate out the soluble aoenp® (curative residues, oils,

uncrosslinked polymer) from the insoluble fractignosslinked rubber, fillers). Solvents that
have been used for extraction, include tolueneB&6acetone (86), combinations of acetone
and tetrahydrofuran (THF) (27,87,88). St al. have claimed that an extraction using
acetone removes processing oils while a seconddrgotion using toluene removes soluble
(de-vulcanized) rubber (89). The structures of éoky THF, acetone anathexane are

presented in Figure 2.11.
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Figure 2.11 Chemicals used in the solvent extoactif rubber devulcanizates

2.7.2 Soxhlet extraction

During sulfur vulcanization of rubber material, th@ng hydrocarbon chains are joined
together by sulfur crosslinks. This crosslinkingyents the flow of the rubber chains which
results in an elastic material. Under compressiahat an appropriate temperature the sulfur
forms mono-, di- and polysulfidic bonds. Not alltbé polymer chains react in this way and

some are left free (68). Figure 2.12 illustratas gmocess.
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Figure 2.12 A sulfur vulcanized polymer networpfloduced from Bilgili et al. (68))

The linked rubber chains form part of the gel fi@eiand the free rubber chains form part of
the sol (soluble) fraction. The gel fraction carlyope swollen in a solvent whereas the sol

fraction can be dissolved in a suitable solven).(68

The breaking of C-C, C-S and S-S bonds during deawization results in the formation of
soluble branched structures, known as the solifracand fragmented crosslinked polymer
fragments known as the gel fraction (25). Soxhbdtaetion can be used to separate the

soluble (sol) and insoluble (gel) fractions (68)vents such as acetone and THF have been
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used (62).

2.7.3 Gel content

The mechanical properties of rubber depend on nbsstink density. The properties are also
influenced by the ratio of mono-, di- and polysdilfi crosslinks. The tensile strength of
rubber is improved with an increase in polysulfidiosslinks while a decrease in tensile
strength is noticed with an increase in mono- asdlfidic crosslinks (25,45). An increase in
the mono- and disulfidic crosslinks may cause arei&se in the modulus of the rubber (25).

Because most commercial rubber recycling proc simultaneous main chain scission

S BESS
and sulfur crosslink cleavage it is important toedn@ method to characterize the degree of
crosslinks in vulcanized rubber (1). A swellingttesay be used to determine the degree of

crosslinking in the gel fraction.

Figure 2.13 illustrates the dependence of somegptieg on crosslink density.
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Figure 2.13 Physical properties dependent on ciokstlensity (reproduced from Coran

(90))

The relationship between the physical propertiegsthe crosslink density can be used to put
the results obtained in this study in context. Tiwain properties that are commonly tested

are ultimate tensile strength and elongation aakaré drop in the tensile strength with an
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increase in elongation at break would suggest ttiete has been a decrease in crosslink

density.
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CHAPTER 3

3 EXPERIMENTAL PROCEDURE

3.1 Materials

3.1.1 Elastomers

Natural rubber (SMR20) was supplied by Continefitgle (Port Elizabeth, South Africa).
Oil extended styrene butadiene rubber (SBR-OE, IAf6d) was obtained from Karbochem
(Sasolburg, South Africa). This is a solution pogmeed SBR, which contains 25% styrene
and is extended with 37.5 phr of low polyaromatidtocarbon (PAH) residual aromatic
extract (RAE) oil (38). Waters (Milford, MA) polyaprene sample(s) (M= 810, 36 200,

2 830 000 Da) was used as a reference standard.

3.1.2 Devulcanizates

A novel devulcanizate was supplied by New ReclammatGroup (Johannesburg, South
Africa). This, which had the appearance of a higkigcous oil, was produced by a
proprietary high temperature process (29). A seamallcanizate sample, of a much firmer
composition, used for comparison was supplied biddgstone (Port Elizabeth, South
Africa). This sample was supplied with informatitdmat it was high in NR content (91),

suggesting that its original source was a tyredt@@nmpound, probably from truck tyres (8).
This sample will henceforth be referred to @ammercial reclaim Note that the term,

reclaim, is widely used in the tyre industry anduged interchangeably with devulcanizate

throughout this dissertation.

3.1.3 Curatives and processing oils

The fillers, accelerators and activators were afijpdied by S&N Rubber (Port Elizabeth,
South Africa) and were not purified before use.f@ulvas of the rhombic form, which was
confirmed by DSC analysis. The thermogram can ba seappendix C. An-f3 transition at
104C and a melt at 12@ was observed, these two observation are consistdnrhombic
sulfur (92,93).

A naphthenic processing oil was supplied by S&N Barbwhile a sample of the processing
oil (used by NRG, during the manufactured of tldeivulcanizate) were supplied by NRG.
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3.1.4 Solvents

The solvents used were obtained from Sigma Ald{&thLouis, MI, USA) and were used as

received. All solvents were analytical grade.
3.1.5 Gases

All gases (nitrogen, dry air and oxygen) were oi#di from Afrox (Johannesburg, South

Africa). All nitrogen had a purity in excess of 999%.

3.2 Sample mixing and curing

3.2.1 Weighing

All curatives, rubber, fillers and reclaim were pveighed, before mixing, using a Mettler

BB 240 top pan balance.

Measurements of masses for the determination ohet&bles and crosslink densities were
made using a Sartorius Mettler AB204-S analytiedhbce.

Samples for DSC experiments were weighed using tdevMé&MT2 microbalance.

3.2.2 Mixing

Table 3.1 Reference formulation used (adapted igpassenger tyre tread recipe in (94))

Component phr % (by mass)
SBR OE 50* 32.51
NR 50 32.51
Carbon black N-220 45 29.26
Sulfur 1.6 1.04
CBS 0.8 0.52
DPG 0.4 0.26
ZnO 3 1.95
Stearic acid 3 1.95
Total 153.8 100.00

* The SBR contained 27.3% oil which forms partlué tL00 parts total rubber
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This formulation is representative of older passengre tread formulations as little NR is
used in modern passenger tyre treads. It is, hawsirilar to some truck tread and many
sidewall formulations (35). For this study, a com¥enal vulcanization system was selected.
One of the characterizing features of this systemrielatively low accelerator to sulfur ratio.
This is expected to result in the formation of ghhdegree of polysulfidic crosslinks and
cyclic structures (1,56). Table 3.1 contains themigation, produced from virgin rubber
materials, that was used as a reference materiallfonixing, curing and physical property

testing.

When reclaim was added, it was added either apstisue for the NR and SBR-OE equally
or was added in addition to the 50 phr of thesenakable 3.1. Details of the formulations

that contained reclaim may be found in Appendix A.

The amount of each component required was detedmnisieg the equation below

_ VhF+
my = (3.1)
1, 1 g ph
pr 10071 pi
m = phrj xm,
10C (3.2)

wherem = mass of rubber component (g)
Vh = volume of mixing head (330 n
Fr = fill factor (0.75)
o = average density of two rubber components {/m
A = density of ingredient (g/f
phri = parts per hundred rubber of ingredient (i)

m = mass of ingredient ()

Mixing of pre-weighed components was performed iBaabury internal mixer with a fill

factor of 0.75 and a chamber volume of 330 ifhe mixing speed used was 60 rpm for all
formulations. The data collected (temperature anxing torque) was sampled at 2 Hz.
Because the torque data was extremely noisy" arder Butterworth low-band pass filter
was used to smooth the measured torque data (B8)sdttings for this filter was a sampling

frequency set as 1Hz and a cut-off frequency of ®180 was used.
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The mixing steps were as follows:

The two rubber components were added and mixed foin.

The carbon black was then added and mixed for 2 min

The activators (zinc oxide and stearic acid) weldeal and mixed for 2 min.

Lastly accelerators and sulfur were added and nficeed min.

The mixing procedure was designed so that the mitémperature did not exceed 10Gs0
that premature vulcanization did not occur. Thibetow the melting temperature of rhombic
sulfur (115.2C (92)), above which temperature accelerator pdfiges have been known to
form (96).

When the NRG reclaim was added to the formulationaaglification to the procedure was
necessary. Three quarters of the virgin rubber adaked and allowed to mix for 2 min. The
reclaim was added together with the remaining rubbke last quarter of the rubber was
used as a “spatula” to add the reclaim as theimneahaas highly viscous. The mixture was
mixed for 2 min and the rest of the procedure f@éd on as described above.

The sample was then removed and placed in a tw&cbwabenthan mill. The roller speeds
were 13.1 rpm and 11.6 rpm. The mill was set tapasize of approximately 4 mm. The
sample was passed through the mill 3 times. Betwasmih pass the sample was rotated
through 90.

3.2.3 Rheometer

A MonTech Moving Die Rheometer 3000 (MDR) was usgdtudy the cure kinetics of the
unvulcanized samples. Prior to use the rheometer jwe-heated to the appropriate curing
temperature. The temperature used for curing ia $tudy was 160°C. The sample was
subject to an oscillatory torque with a frequenéyl®7 Hz and an arc of 0.5The sample

size was approximately 8.5 g.

3.2.4 Curing

Sample pads were cured isothermally in an eledliyibeated vulcanization press at 260
and a pressure of 5 MPa. Approximately 50 g of weduubber compound was placed
between two pre-heated stainless steel platenshwhiere immediately place in the
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vulcanization press. To facilitate removal of theed rubber from the moulds, the moulds
were lined with thin, disposable Mylar sheeting.eui the platens was cut to form a mould
so that a pad of thickness, 1.75 mm, could be medluSamples were cured till 90% of
maximum cure was achieved, based on times obtamoed rheometer experiments. On
completion of curing, the cured rubber pad was ramttom between the platens and

guenched in cold water.

3.3 Thermal analysis

3.3.1 Thermogravimetric analysis

Initial thermal analysis was performed on a TA fastents Q600 simultaneous differential
scanning calorimeter and thermogravimetric anal{SBT). The SDT not only measures the

change in mass with respect to temperature butla¢sbeat flow of the sample.

The SDT was calibrated for temperature using thktimgetemperature of pure samples of In
(156.62C), Sn (231.8&), Pb (327.4%) and Zn (419.5%). Heat flow was calibrated using

the enthalpy of fusion of In (28.58 J/g). Mass wakbrated using reference mass standards.

All samples were placed in open platinum pans uadatrogen atmosphere with a gas flow
rate of 30 ni/min. Sample size was approximately 3 mg. The hgagirogram to which

samples were exposed was as follows.

Samples were heated from ambient temperatures °&/rhih to a temperature of
700°C in nitrogen.

* The furnace was then cooled at 50°C/min to 350°C.

* The gas was changed to oxygen.

* The sample was heated at 50°C/min to 650°C.

A TA Instruments Discovery Series Hi-Res™ thermegreetric analyser (TGA) was used
for later analysis. The TGA was calibrated for temgpure using the Curie points of samples
of alumel (152C), Ni (354C), an 83% Ni/17% Co alloy (58@), a 63% Ni/37% Co alloy
(746°C) and a 37% Ni/63% Co alloy (9%1). Mass was calibrated using reference mass

standards.

The sample size was approximately 10 mg. This masschosen to reduce sampling errors,
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especially of the highly viscous NRG reclaim matkrSamples were placed in open Pt high

temperature 10/ crucibles.

The Hi-Res™ TGA has the option of applying dynatméating rates allowing for a higher
resolution when analysing samples. Dynamic heatags are heating rates that respond to
the rate of mass loss. As the TGA furnace is hedbedsample decomposes/evaporates and
the mass change with respect to temperature isdedoThe approach of Fernandez-Berridi

et al.was used as a starting point for method developeén.

A number of program variables such as base headitgg resolution and sensitivity were
investigated in preliminary experiments (Sectioh)4For final characterization experiments
the TGA was used in Hi-Res™ dynamic mode with aihgaate of 20°C/min, resolution of
5 and a sensitivity setting of 1. Initial decompiosi was performed in 99.999% Mt a flow
rate of 25 nd/min, the atmosphere was changed to dry air a?G@d 600C and the sample
was then heated to 8. Because carbon black is sensitive to very loxeleof oxygen, the
ultra-high purity nitrogen gas was scrubbed of @tygnd moisture by passing the gas
through Agilent HO and Q traps.

A comparison of the usefulness of the SDT and thRé$™ instruments may be found in
Appendix B.

3.3.2 Differential scanning calorimetry

Glass transition temperatures were determined ugifigA Instruments Discovery Series
differential scanning calorimeter (DSC), fitted kig liquid nitrogen cooling accessory
(LNCA). The DSC was calibrated for temperature gsihe melting temperature of pure
samples of Hg (-38.88€), In (156.62C), Sn (231.8&), Pb (327.4%C) and Zn (419.5%).
Heat flow was calibrated using the enthalpy of dasof In (28.58 J/g). Heat capacity was
calibrated using reference sapphire crystals.

Pre-weighed samples were sealed using Ak3™ pans and lids. An emptyzgro™ pan

and lid was used as a reference. Samples weredctmi@40C and then heated at®@min
to ambient temperature.Mas used as purge gas at a flow rate giZmin. Glass transition

temperatures were determined at the inflectiontpa@hthe heat flow signals.
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3.4 Physical property measurement

3.4.1 Tensile testing

Tensile testing was done on an Instron 4411 temsdter, fitted with a 1 kN load cell. The
crosshead speed was set to 200 mm/min. All tesirgpas were cut using a dumbbell cutter.
The dumbbells had dimensions consistent with tyda BSTM test method D412 (97). An
Instron long travel extensometer with gauge lergt5 mm was employed. The stress at
100%, 200%, 300% extension, elongation at breakgnd ultimate tensile strength (UTS)
were recorded. The thickness of each sample wasureghusing a Wallace 2S micrometer.
5 dumbbells were cut for each test material. Dafrted are the average of measurements
on these 5 test pieces. Where dumbbells slippédergrips during testing, these tests were

discarded as outliers and average data were ctddulaing the remaining tests.

3.4.2 X-ray diffraction analysis

A Bruker D2 phaser X-ray diffraction (XRD) instrumtewas used to identify the ash content
of the gel fraction after Soxhlet extraction. Thestrument was set to have a tension
parameter of 30kV and a current of 5SmA. The X-raurse used was Cu.Kvith an anti-
scatter slit width of 1mm. Data was collected oae range of 5 to 70 The sample stage
mode was set to spinning with 20 rpm. A continuscen mode was used. The data base used

to analyse the results was Bruker EVA software.

3.5 Solvent exposure experiments

It is important to characterize the devulcanizatéhait the materials and chemicals necessary
for mixing can be adjusted. The chemical and mateomposition is important because they
affect the mechanical and viscoelastic propertfgs.important parameter is the extent to
which the reclaim has been de-vulcanized. Thislmamtested by ascertaining how much of

the polymer is able to dissolve in an appropriateent (5).

3.5.1 Solvent extraction

A small sample of the reclaim (approximately 0.5ngds weighed out in a centrifuge tube
which was filled to the 10 tfnmark with one of the solvents. The centrifuge tubesre

shaken by hand for 1 minute and then centrifugedLfoinute. The solvent was decanted
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leaving behind any insoluble residue. Any remainsadyent was then evaporated off in a
vacuum oven (< 10 mmHg) for 3 h at 70°C. The drszomple was weighed and the
percentage extracted solute was calculated. TGAcamagd out on the gel (residual) and sol
(soluble) fractions. Extractions on NRG reclaim evgrerformed in duplicate; and single

experiments for the commercial tyre tread reclaim.

3.5.2 Soluble (sol) and insoluble (gel) fractions

A sample was placed in Whatman 100 filter paperctvhin turn was placed into a thimble
and sealed with a piece of cotton wool. The thimhes placed inside a Soxhlet apparatus.
The extraction was carried out for a total of 24The solvent used in the Soxhlet extraction
was dichloromethane (GBI,). This extraction method was extended to inclugeash using
acetone. When the extraction had been completethitinéle was removed and the sample in

the filter paper was dried and weighed. This couists the gel fraction.

The solvent used in the extraction was containesdround bottom flask beneath the Soxhlet
apparatus. The solvent in the flask containedalilde material extracted from the sample.
At the end of the experiment the solvent was ewapdroff and what was left behind was

weighed as the sol fraction.

Dijkhuis used acetone to remove activators andlexters and followed up the extraction
with THF to remove oil and soluble material (1).l6@ing this procedure the sol fraction

was further treated with acetone to remove additidecanted and the solvent allowed to
evaporate. The sol fraction was then washed withet® to remove the rest of the sol
fraction from the round bottom flask.

3.5.3 Crosslink density determination

To calculate crosslink density, the samples hadbéoswollen in a suitable solvent. All
experiments were performed in duplicate. Pre-walgtemples, weighing approximately 0.4
g were placed in 100 frtoluene, for 72 h at room temperature out of dismlight. The
toluene was exchanged with fresh toluene everyd@#dsh This was done to ensure that all
extractable material (ie: oil) was removed and thatsolvent didn’t become saturated. The

solvent was clear by the end of the 72 hours.

After 72 h the samples were removed from the tauand gently dried by dabbing the
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surface with tissue paper. The swollen sample tvas weighed.

The samples were left to dry in a fumehood for 24 hllow the solvent to evaporate. TGA
analysis revealed no weight loss on the thermogralow temperatures. It was determined
that 24 h was sufficient to evaporate all of thizesat. The samples were then weighed again.

To calculate the gel and sol fraction the followetguations were used (98):

- W
sol fraction (%) = MW 100% (3.3)

gel fraction (%) =100% - sol fraction (%) (3.4)

where:w; = initial sample mass before solvent exposure

wr = final dry sample mass after solvent exposure.

The Flory-Rehner equation was used to calculaterbgslink density (99).

_ vty +in(i-v)
P By ()"

(3.5)

where v = the volume fraction of rubber in the swollen gel
XLD = crosslink density per unit volume
X = the Flory-Huggins polymer-solvent interactiongraeter
n =ratio of the r.m.s. length of the chain-end diseaincthe crosslinked
network to free chains. For most situations thik.is
A,B= constants depending on the theoretical treatmextt. #0r the purposes
of this study, the most commonly used values of Aand B = %2 were used
(100,101)

Vs = molar volume of the solvent, 106.2 ¥mol (102)

The volume fraction was calculated using the foitayequation.
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me

- P 3.6
T m,mg (36

Pr Ps

where:m = mass of the dried rubber after swelling,
ms = mass of the solvent in the swollen rubber (aeieed as the mass of the swollen
sample minus the dried sample),

pr, ps = density of rubber and solvent respectively.

For the rubber-toluene system, a Flory-Hugginsratigon parameter with a value of 0.3795
was used (103,104).

The volume fraction of rubber in the swollen gelsweetermined by knowing the masses of
the rubber before and after swelling as well as dbasity of the rubber and that of the
solvent. The density of the rubber can be deterdhmigh the use of a pycnometer and the

following equation.

Gs = T x 2w (3.7)

Mstmpyw—Mpw,s Pw(20)

Where: G = Specific gravity
ms= mass of sample
mp,w = mass of water and pycnometer
Mb,w,s = Mass of pycnometer, water and sample
pw = density of water

pw(20) = density of water at 2C

It should be noted that the samples contain arfdled so should in fact include a Kraus
correction (105). However, because of uncertaindibsut the nature of the filler in the
devulcanizates, uncertainty existed about whicluKnaarameters to use. A Kraus correction
was thus not performed and reported crosslink tleesare effective crosslink densities
rather than true chemical crosslink densities. Nuwgless their relative sizes provide

meaningful information about which samples are nooosslinked than others.
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CHAPTER 4

4 CHARACTERIZATION

4.1 TGA characterization method development

Initial method development was performed using a Matruments Q600 simultaneous
differential scanning calorimeter and thermogravimmeanalyser (SDT). Problems with
complete purging of the large SDT furnace to remamg residual oxygen/air meant that
experiments were switched to a TA Instruments Discp Series Hi-Res™

thermogravimetric analyser which has a smallerdoenwhich is more easily and thoroughly

purged. Details on preliminary experiments usirgg$D T may be found in Appendix B.

Mass loss controlled heating rate or high resotuli®A was optimized to characterize the
devulcanizates. Henceforth such techniques wilidferred to using the name used by TA
Instruments,i.e. Hi-Res™. Two potential programs were identified efmHi-Res™
constant reaction rate and Hi-Res™ dynamic. The fpwagrams were compared to each
other before deciding to use the Hi-Res™ dynamiaendlrhe Hi-Res™ dynamic mode
slows down the heating rate when the rate of watghhge exceeds a threshold, the baseline
heating rate is returned to when the rate of weilange drops below the threshold. The Hi-
Res™ constant reaction rate stops the heating efsdmple when a weight change is
detected. When the weight change is detected thgraan keeps the temperature isothermal
until the decomposition is complete. In order totlis the TGA will also cool down so that
the temperature at which decomposition started lmmaintained. Figure 4.1 shows the

results of the Hi-Res™ constant reaction rate @agusing the standard rubber formulation.

In Figure 4.1 a) the ramp rate was set t&C3Min with a resolution of -4 and a sensitivity of
1. The time to complete the experiment was apprateiy 225 minutes. In Figure 4.1 b) the
ramp rate was set to Z/min with a resolution of -2 and a sensitivity bf The time to
complete the run was approximately 40 minutes. dth ithermograms the cooling of the
furnace, to maintain a constant temperature, isce@ble as a decrease in temperature
between 300 and 3%0 when a rapid mass loss occurs. With an increasbe resolution
number (for Hi-Res™ constant reaction a resolusietting of -1 has a larger detection range
than -4 making it less effective) the cooling isrmaoticeable. The cooling and isothermal
temperatures make analysing the derivative curifésult as the slopes changes sign when
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the furnace cools. The overshoot of the heatingnara can be clearly seen in Figure 4.1a at
300°C. The derivative curves have been omitted fronuigigt.1 for clarity but can be seen in
the appendix D. As will be seen in section 4.1.2 thi-Res™ dynamic program had

comparable separation to the Hi-Res™ constantiogelotit with faster testing times.

120 250
a)
100 200
80 150
S 5
< £
E =
2 o
o =
= [
60 100
40 r 50
20 T T T T T 0
0 100 200 300 400 500 600
Temperature (OC) Universal V4.5A TA Instruments
b) 120 50
100 40
80 30
S =
bt g
=
2 Q
o £
= [
60+ 20
40 r10
20 T T T T T T T T T T v T v v T T T v v T T T T 0
0 100 200 300 400 500 600
Temperature (OC) Universal V4.5A TA Instruments

Figure 4.1 Thermograms of standard rubber formwlatiusing the Hi-Res™ constant
reaction rate program. 4.1a) shows the heating rafe 50C/min with a
resolution of -4 and sensitivity 1. 4.1b) shows lleating rate of 2@/min,
resolution of -2 and sensitivity 1.

42



CHARACTERIZATION

4.1.1 Effects of resolution and sensitivity parameters

The Hi-Res™ constant reaction rate program was ddeénadequate for the type of analysis
that was needed. This was decided on the basishatxperiment times were too long and
the derivative curves were difficult to compare amalyse. This can be seen in appendix D.
Therefore the Hi-Res™ dynamic mode was chosen. theemograms below are of the
standard rubber formulation which was analysedgugie Hi-Res™ dynamic mode. Included
in the development process was an assessment effdw of changing the resolution and
sensitivity settings on the Hi-Res™ dynamic modbisTwas carried out on the standard
rubber formulation. Once the effects of the resotutand sensitivity settings were
established a standard TGA test method was dewtldpe standard TGA test method was
then further optimized for the best separationhef materials present in the devulcanizate.
The figures shown below are of the model tyre treachpound, containing NR and SBR,
which was formulated and used as a test standeedT(@ble 3.1).
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Figure 4.2 The effect of resolution on the separabf components of a reference tread
formulation. Sensitivity = 1. Resolution = 3 (grée# (red) and 5 (blue). Initial
atmosphere = B switch to Q at 600C. Base heating rate = 8G/min

The dashed lines in the figure are the derivatiokshe weight percentage curves. The
colours of the derivative curves correspond towleght percentage curves. What is evident
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from the graph is that as the resolution incretisesesponse to mass loss versus temperature
(the response to rate weight change, %/minute)asenpronounced. Initial decomposition
occurs earlier. This early detection of changewenght loss allows for better separation of
components that are present in the sample as twng®sition steps occur over narrower
temperature ranges. Inspection also reveals that séparation between the polymer
degradation steps is increased. These steps carlyche seen as peaks in the derivative
(DTG) curve between 300 and 480 Increasing the resolution also allows for more
complete decomposition of the various componentglwis evident by the fact that the
sample is still decomposing in the temperature ea6@0-600C when the resolution was 3.
At 60CPC, the switch to dry air initiated the burn-off cdrbon black. It can be seen that this
burn-off occurred over a narrower temperature ragyeesolution increased. Importantly at a
resolution of 3 (green curves) the sample mass priburn-off was higher than at resolution
4 and 5. This would lead to an overestimate ofdadon black content in the first case
(resolution = 3) and an underestimate of polymettext. The final residue level is the same
in all cases once all organic material has beerbosied, indicating the precision of the TGA
instrument used.
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Figure 4.3 Effect that sensitivity has on decontmosof the a reference tread formulation.
Resolution = 3. Sensitivity = 1 (green), 2 (redda® (blue). Initial atmosphere
= Ny; switch to Q at 600C. Base heating rate = 8G/min
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A resolution of 3 was used to study the effectsenfsitivity. There are two main reasons why
a resolution of 3 was chosen. First, the completdyais takes approximately 30 minutes and
therefore it was important to investigate whethemot the separation could be improved
while maintaining a shorter analysis time compdoethe other resolution settings. Secondly,
the resolution setting of 3 has a wider range fetecting the weight loss rate (described in
section 2.6.1), which means that the effects ohghmg the sensitivity settings would have a
greater effect on the analysis. This effect wowddhiore evident using a resolution of 3 than
with higher resolution settings. In Figure 4.3 gamsitivity settings of 1, 2, and 3 are shown.
While the detection of the onset of weight lossa$ improved, there is still an increase in
separation of the various components present inséimeple. This separation is improved
because increasing the sensitivity allows for a encomplete decomposition of the

components. It is also apparent that increasingémsitivity narrows the range over which

carbon burns off, this can be seen in Table 4.1.

Table 4.1 The peak temperatures for the first n@ss (1), second mass losszfTand
maximum temperature for carbon black oxidatiosg]T

T1 (°C) T2 (°C) Tce (°C)

Resolution 3 sensitivity 1 | 365.6 412.5 668.1
Resolution 3 sensitivity 2 | 360.3 421.5 629.6
Resolution 3 sensitivity 3 | 358.8 438.0 609.1
Resolution 4 353.5 422.3 636.3
Resolution 5 338.4 410.2 630.3

The widening gap between the first mass loss (Nl the second mass loss (SBR) shows
that increasing the sensitivity or resolution witiprove the separation of materials. This
separation improves identification and quantificatof samples, this is shown in Table 4.2.
Furthermore a constant mass is achieved prior tboocablack combustion at higher
sensitivities. As before this allows for more aetar quantification of carbon black and
polymer content. In Table 4.2 the percent polynearbon black and inorganic material
identified by the thermograms above (Figure 4.2 Rigdre 4.3) are compared to the standard
tread formulation used in this study (Table 3.1nlyOthe main components of the
formulation are shown as the separation of theagitelerators and sulfur are more difficult
to identify as they react and form part of the pody component.
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Table 4.2 Comparison between experimental data thedretical data shown as a
percentage of polymer, carbon black and inorganatarial
NR SBR Carbon Black  Residue
Standard Formulation* 32.5 32.5 29.3 2.0
Resolution 3 sensitivity 1 | 39.5 18.6 36.4 2.6
Resolution3 sensitivity 2 | 39.2 25.4 29.8 2.5
Resolution 3 Sensitivity 3 | 37.9 26.5 29.5 2.5
Resolution 4 37.3 25.1 31.5 2.5
Resolution 5 32.8 28.7 30.6 2.4

* Values taken from the tyre tread standard foroita(NR&SBR) shown in Table 9.1 to compare forntioia

values to experimental values.

The percentages shown in Table 4.2 were obtaineddégomposition steps in the
thermograms. The troughs in the DTG curves wered use determine where one
decomposition step ended and another began. Thiglained in more detail in section 4.3.
Because the SBR used in this study was oil extetitegtalues obtained for the SBR may be
lower than expected as a small portion of the pelyis oil and would decompose earlier. If
any heavy oil is present in the sample the decoitipof the heavy oil could overlap with
the NR. This would result in an over estimatiorited NR content. The reaction of sulfur and
accelerators with zinc could possibly account fome of the differences in the residue
percentage. A more detailed description of theBerdnces is discussed in section 4.3.

Increasing resolution or sensitivity results in excrease in the time for the analysis.
Increasing the resolution allows for an increas=ponse in the rate of weight change of the
sample and therefore allows the TGA to decreasd¢la¢éing rate sooner. This is important
for detecting small weight changes which could iower quantification. Increasing the

sensitivity decreases the heating rate even furthen a mass loss in the sample is detected.

The data in Table 4.3 and the peak separationgur€&i4.2 and Figure 4.3 shows that a trade-
off exists between component separation and ovarallysis time. While there are greater
resolution and sensitivity settings available, @sadecided that no further benefit would be
realized by using those settings. The improvemergejparation between experiments with
resolution 5 and a sensitivity of 1 and one witbeasitivity of 2 was barely noticeable and it
was decided that using a sensitivity of 3 would/earo purpose. The times shown in Table

4.3 correspond to the time taken to reach a flsidue line at the end of the analysis rather
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than the time taken to reach 800

Table 4.3 Times for complete analysis of a refegetyre tread formulation at different
resolution and sensitivity settings. Base heatatg = 50C/min
Sensitivity 1 Sensitivity 2 Sensitivity 3
Resolution 3 26.5 min 27.8 min 27.3 min
Resolution 4 45.6 min 57.9 min 65.6 min
Resolution 5 100.6 min 166.1 min -

4.1.2 Effect of base heating rate

The resolution settings improve the response tifteeTGA to the onset of decomposition.
In order to find another way to improve separatithe base heating rate was dropped to
20°C/min. The base heating rate is the maximumitggadte used by the TGA when there is
no mass loss detected. A resolution of 5 and atsetysof 1was used to evaluate the effect

of changing the heating rate.
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Figure 4.4 A comparison between two different basating rates, namely 20

(green) and 5€C (blue), using the standard tyre tread formulatiénresolution
of 5 and a sensitivity of 1 was used for both asialy
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When considering the DTG in Figure4.4 there isreal difference in the peak separation.
However, using a slower base heating rate allowedHe Hi-Res™ dynamic program to
react to the change in rate of weight loss quickhrs can be seen when comparing the green
and blue weight % loss curve (solid line) in Figu#e4, more specifically when comparing
the decomposition between 200-300and the onset of carbon black combustion at®00
The slower base heating rate allowed the smalleghwechanges to be more noticeable.
However the slower base heating rate increasetinteeof the analysis from 100.6 minutes
to 150.7 minutes. The separation effect was mosteable for experiments when using the
NRG reclaim sample. Not only was the separatiothefpeaks in the DTG curve improved
but the decomposition of different materials becatearer. Figure 4.5 shows the comparison
of the heating rates.

What can be seen in Figure 4.5 is that decreasiagheating rate further increases the
separation of the materials present. The decreasamp rate increases the time for each
experiment. The time increased from 140 minutesl?® minutes for the heating rates

50°C/min and 20°C/min respectively. The onset o§srlass occurs at a lower temperature at
the lower heating rate. One reason for this isnlaérdag effects in the sample where the
sample temperature lags behind that recorded bfpthace thermocouple.
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Figure 4.5 A comparison between the effect twizmdiht heating rates using resolution 5
and sensitivity 1 on the analysis of NRG reclaineatihg rate = 20C/min
(green) and 58C/min (blue)
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Figure 4.5 illustrates further complications in thaealysis of reclaim. Although the initial
mass loss at 2@/min occurs at lower temperature, the second nass of polymeric
material occurs at a higher temperature (4%3.7compared to (411°C). This is
counterintuitive and suggests that reactions aceiroioag that stabilize the reclaim as it is
heated. These possibly arise from the formatiomigh molecular weight material by the
reaction of low molecular weight polymer. Thesegasses would have less time to occur at
the higher base heating rate of°G0min and would occur to a lesser extent. This also
contributes to the total mass being greater paararbon burn-off which suggests that some
of the carbon black measured during the analysMR(® reclaim is not original material but
pyrolytic carbon black (PyCB) that forms during tealysis experiment. This could possibly
account for the second mass loss between 500258€en in the NRF reclaim 2D curve in

Figure 4.5.

For characterization of samples with multiple comgts an emphasis was placed on
separation of the components. To do this the ratdecomposition of the sample was
important. A resolution of 5 with a sensitivity dfwas therefore chosen to be the standard
program used in all characterization analysis vdttheating rate of 20°C/min. Multiple
experiments were then carried out in order to tlestreproducibility of the test. Some of

these tests are shown in appendix F.

4.2 Characterization of a standard rubber formulation

In order to successfully characterize the devultatei samples chosen for this study, virgin
material was first tested. This provided decompmsitranges of components present in a
typical tread formulation, which could hopefully lnsed to identify such components in
devulcanizate samples. Because there were a nurhipeaterials used in the compounding
of the various samples, the overlays shown bel@\saparated into accelerators, processing
oils and elastomers. These are compared to the letempulcanized standard rubber

formulation.

It is apparent from Figure 4.6a that free accetesatiecompose at low temperatures (below
35C°C) although bound residues may only be releasbtyber temperatures. Processing oils

are also relatively volatile materials.

Figure 4.6b illustrates the evaporation/decompmsitif a paraffinic (naphthenic) processing

oil used to produce rubber goods and the aromaticegsing oil used by NRG during their
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reclaim production. The mass loss that occurs aB&6@C in the standard tread formulation
is likely the extender oil in the SBR-OE. This clusion was reached by a process of
elimination. The weight loss is most noticeable wh8BR is used and, the main
decompositions of the processing oils occurredlatvar temperature. The virgin elastomers
all decompose at higher temperatures and the ctaten of accelerators used in the

formulation were not high enough.

It has been proposed that the decomposition of NiRptises 2 stages: primary
depolymerization/condensation and secondary (coise¢ degradation of the condensed
product. This results in 2 peaks in the DTG curi/BlR between 300-50C.
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Figure 4.6 Overlays of the decomposition of thedsad rubber formulation, accelerators
and sulfur (a) and processing oils (b). A resolatiof 5 and a sensitivity of 1
with a base heating rate of 80/min was used
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Figure 4.7 Overlay of unvulcanized virgin elastosnéa) as well as vulcanized NR and
SBR (b). A resolution of 5 and a sensitivity of ilhva base heating rate of
50°C/min was used

While the figures above do show some overlap betwbe unvulcanized virgin material
(Figure 4.7a) and the standard formulation theyndbmatch perfectly. This is expected as
the interactions between chemicals and materiadsigdn their thermal stability properties.
For example, it has been demonstrated by FernaBedei et al. that the combination of
SBR and NR had a stabilizing effect on the elastemehich lead to a shift in the
decomposition temperature to a higher range (6%9.for this reason that Figure 4.7b shows
vulcanized NR and SBR overlaid with the standardhidation (red curve labelled as SBR +
NR). Using the derivative curves it can be seen tha match up of materials is more
accurate than using unvulcanized materials. Thaliziag effect can be seen in Table 4.4
where the maximum temperatures, defined as the pettle DTG curve, of the elastomers
are recorded. The materials used in vulcanizindgpeulshowed a stabilizing effect on SBR
but a destabilizing effect on NR when vulcanizedwdver, when comparing thendx of
vulcanized NR with the dfax Of the vulcanized NR&SBR the stabilizing effecattsBR has
on NR can be seen. This is consistent with tharigslof Fernandez-Berridit al
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Table 4.4 Stabilizing effect of vulcanization andthpounding on NR and SBR
TmaxNR (C)  TmaxSBR {C)

Unvulcanized NR 332.4 -
Unvulcanized SBR - 406.8
Unvulcanized NR+SBH 339.6 415.9
Vulcanized NR 327.8 -
Vulcanized SBR - 415.0
Vulcanized NR+SBR | 338.7 409.5

It can also be seen that the use of higher resol@ind sensitivity settings allowed the carbon
combustion step to be effected at BD0ather than 60C because of the flat baseline. This

has the effect of reducing overall analysis times.

4.3 TGA of reclaim/devulcanizate

In order to analyse and characterize the reclaimmderial and formulated samples,
thermogravimetric analysis was used. A reliable testhod needed to be established and
tested. To do this the standard tread tyre forrmaratsed in this study was analysed to test
and confirm that the method used was appropriasepr&viously indicated this formulation

may be found in Table 3.1.

Because the composition is known, the decomposisi@ps in the thermogram can be
identified. Fernandez-Berridit al. used a similar technique to characterize and ¢fyahe
various components present in rubber formulatid@ty.(The decomposition steps are also
compared to the decomposition of all the virgin enal used before mixing. Figure 4.8
shows the thermogram of the reference tread sampkederivative curve has been omitted
for clarity. Measurements were made using the DU&e; all DTG curves that have been
omitted can be seen in appendix D. The measuraryahd end points for the analysis were
taken from the troughs in the DTG curve before afidr the peak. An example of this is

shown in appendix D.
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Figure 4.8 Compositional breakdown of a referen@ad sample using resolution 5 and
sensitivity 1 with a base heating rate of@0min

The percentage of material indicated by the theramogn Figure 4.8 matches closely with
the percentages of the formulation in Table 3.1thWhe decomposition temperatures
matching those of the original materials and thegm@tages matching those of the standard,
confidence in the technique was established.

It should be noted that the bulk of the processihgn this formulation is the RAE extender
oil in the OE-SBR. The 32.8% NR is a close matchh® 32.5% that the formulation was
intended to have. The carbonaceous material i988dnpared to 29.3% in the formulation.
The slightly higher than expected value may berdéiselt of carbonaceous residues, resulting
from the decomposition of rubber bound curativese Tombined processing oil, accelerator
and SBR quantity (33.8%) compares with the 34.3%énoriginal formulation. Note that the
technique underestimates the heavy RAE extender dightly because the
decomposition/evaporation of this oil overlaps vitiht of the decomposition of the polymer
part of the OE-SBR (see Figure 4.7Db).

The TGA method was then applied to on an unknownp$a, NRG reclaim. The TGA

analysis of NRG reclaim is shown below in Figur@. 4.
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Figure 4.9 Compositional analysis of NRG reclaim B$A using resolution 5 and
sensitivity of 1 with a base heating rate of@@nin

The NRG reclaim sample is derived from recycled Mhiyres (likely tyre treads) and

therefore the composition is a lot more complexhtkize standard tread formulation. The
complexity of the sample makes detailed analysih@fmaterial more difficult and therefore
multiple techniques are necessary to identify thengonents present in the reclaim. Using

the developed TGA method, some information canlitained.

In Figure 4.9 the material degraded first is ladxklhs low molecular weight (N material. It
is suggested that much of this material is proogsil. This was suggested as the
temperature range that the lowyMecomposes over coincides with a variety of dilse
Tmax for the low My material, measured at the peak of the DTG curas, 284.8C. The Thax
for the paraffinic oil was 193:€, naphthenic oil 145°€, aromatic oil 242 and the NRG
processing oil was 194C. The decomposition temperature coincides witht tifathe
processing oil, presented in Figure 4.6b. Due ®Hhighly severe nature of the reclaiming
process, the presence of low molecular weight nufjimessibly polyisoprene) cannot be ruled
out. While the degradation peak in the DTG curve riatural rubber is expected near
327.8°C, smaller chains produced by the reclainfingcess could degrade at a lower

temperature. The degradation of the low molecukaigit polyisoprene would be hidden by
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the overlapping degradation/evaporation of the ggsmg oil. This is illustrated in Figure
4.10.
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Figure 4.10 An overlay of a low Mpolyisoprene standard with the NRG reclaim. A
resolution of 5 and a sensitivity of 1 was usedhvétbase heating rate of
20°C/min

Also noticeable in Figure 4.9 is a small mass loghe temperature range 600-700vhich
amounts to a weight of 1.08%. Further investigabbthe material responsible for this mass
loss is presented later in this dissertation. Tdesomposition takes place over a wider
temperature range than the carbon black combubtcause the heating rate is reduced in
Hi-Res™ mode in response to the rate of the percentagghiveange. This rate is
proportional to the quantity of material decompgsiA minor component thus decomposes
over a wider temperature range. Note that the smmigue of a material of variable

composition, such as a processing oil which costaompounds of different molecular mass.

To corroborate the analysis done on NRG reclaime, dample was subjected to further
analysis. Thermogravimetric analysis was performedeference materials (processing oil,
polymers, accelerators,tcd and compared to the NRG reclaim thermogram. ®blve
extraction was then performed on the NRG reclaiodpct. Different solvents were used to

extract specific compounds. Soxhlet extraction &kls® used to separate the soluble and
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insoluble fraction for further characterization.efimogravimetric analysis was performed on
all the extracted material and compared to the N&Eim thermogram. DSC analysis was
performed on the NRG reclaim to try to identify gh@ymers present. This data is presented

later in this dissertation.

Characterization of a second reclaim product wss ehrried out. The sample obtained from
Bridgestone was presented to be a reclaimed rulidoen, a source high in natural rubber
(91).

Thermogravimetric analysis was carried out on tégaim sample and the results are shown
in Figure 4.11 and Figure 4.12.

120

1004 | 8.63% Processing Oil/Accelerators
(0.322mg)

80

49.69% Polymeric Material
(1.854mg)

60+

Weight (%)

33.80% Carbonaceous Material
(1.261mg)

40

20

Residue:
7.76% Inorganic Material
(0.290mg)

T T T T T T T T T T T T T T T
0 200 400 600 800
Temperature (o C) Universal V4.5A TA Instruments

Figure 4.11 Characterization of commercial tyreedad reclaim using resolution 5 and
sensitivity of 1 with a base heating rate of@0Gnin

When an overlay of virgin material and commercyaéttread reclaim is analysed, shown in
Figure 4.12, it appears that the Bridgestone nechaay contain SBR. Natural rubber has two
decomposition steps which are shown as a green iDFgure 4.12. It should be noted that
the height of the second derivative peak at 4@’ fr NR is smaller than that of the first

peak aB36.TC.

The second decomposition step of natural rubberrlap® partially with the SBR
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decomposition. The SBR derivative curve has a dbaratic shoulder (75), which possibly
represents the decomposition of the two polymeas mhake up SBR, namely styrene and
butadiene. Such a shoulder (example shown in app@&)dis difficult to discern in the DTG
curve of the reclaim sample. Its absence, howealgss not exclude the presence of SBR and
may be the result of the relatively small quantfySBR in the sample. Note that it is also
possible that the sample contains BR which decoeyp@ a similar temperature (75).

Developing a test method for BR was deemed beyloaddope of this study.

The ratio of the heights (and areas) of the laogenall peak in the DTG curve of the reclaim
sample (blue) is smaller than that observed foginiNR (green). This suggests that the
second peak cannot solely be due to the decompo@itiNR. This in turn is consistent with

the presence of some SBR.

The overlay for the commercial tyre tread recldiostrates a problem with using only TGA
to characterize complex rubber samples. After anadythe commercial tyre tread reclaim it
was suspected that the previous characterizatioNRIE reclaim might be incomplete. A
comparison between the two reclaim products wadysee by an overlay of the two

thermograms. Figure 4.13 shows the results.

When analysing the comparison between the two irecfaroducts in Figure 4.13, the
derivative curves can be compared. It is clear that apex of the second peak in the
decomposition of the NRG reclaim (43822 is at a higher temperature than either the two
peaks in the commercial tyre tread reclaim (336.8nd 401.9C) or the SBR/NR reference
tyre tread formulation (338'€ and 410.2ZC, Figure 4.7b).
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Figure 4.12 Overlay of vulcanized virgin materi@lR — red, SBR-OE - blue) and
commercial tyre tread reclaim (green). A resolutioh5 and sensitivity of 1
with a base heating rate of Z/min was used

Furthermore, no peak was seen at the temperataoeiated with the first decomposition
peak of NR. This suggests that the reclamationgg®employed by NRG is severe enough
to reduce the molecular weight of any NR compomsagtificantly. The increase in the peak
temperature for the high molecular weight compomenhe NRG reclaim also suggests that
molecular re-arrangements to form a more stablgnpalic material has occurred during the
NRG reclamation process. Such effects have beanwken SBR is de-vulcanized and, if
uncontrollable, reacts to form a highly branchedtemal (40), especially if air is not
excluded. NR, by contrast breaks down into lower melterial. It is thus suggested that the
second peak in the DTG curve for the NRG reclair®5(Z2C) might be because of the
decomposition of branched SBR. The high moleculaigiat polymer in the NRG reclaim is
thus likely SBR-derived.
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Figure 4.13 Comparison between the two reclaindpots. Commercial tyre tread reclaim
(BS) (green) and NRG reclaim (blue). A resolutié® @and sensitivity of 1 with
a base heating rate of 20/min was used

Thermogravimetric analysis was performed on polyisoe (Pl) standards. The standards
used covered a range of low,M810 Da (Daltons), medium Jy1 36 200 Da and high WM

2 830 000 Da. The low Mof the standard meant that it was a viscous kd-thaterial, the
medium M, standard was a wax and the highh Mandard was a flexible solid. Note that the
Mw of NR used commercially in tyres is typically ixcess of 1x 1P Da (36). The

thermogram in Figure 4.14 show an overlay of thet&hdards with the NRG reclaim.

It can be seen that at very low molecular weighie tlecomposition temperature of
polyisoprene is significantly reduced from thatMiR (see Figure 4.7). This holds out the
possibility that some of the low molecular weighdterial (decomposing below 3@) in the
NRG reclaim is not just processing oil but also lowlecular weight polymer. Rajast al.
demonstrated that during devulcanization, when tdraperature was above @) NR

chains underwent random scission to form shomeret molecular weight chains (63).
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Figure 4.14 Overlay of the thermal decompositidnNRG reclaim (green) with a low
molecular weight polyisoprene standard (red), mediumolecular weight
standard (blue) and high molecular weight standésthck). A resolution of 5
and sensitivity of 1 with a base heating rate ocfin was used

4.4 DSC of reclaim/devulcanizate

Because the TGA technique employed is not ableatwsfactorily separate the low M
polymer from the high M polymer from processing oil in the NRG reclaime thlass
transition temperature {Jf of the reclaim was compared to thg df unvulcanised virgin
rubbers (SBR and NR). Figure 4.15 shows DSC theramg than can be used to identify the
Ty of NR and SBR.

The Ty of the two elastomers were determined by takimgitifiection point of the heat flow
curve. On the thermograms the onset and end peimperatures of the step-change in heat
flow are also shown. The same procedure was foliowleen determining thegTof the NRG
reclaim. The two { points identified in the thermograms correspondréported glass
transition temperatures of -67°C for NR (106), a52PC for 23% styrene SBR (107).
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Figure 4.15 DSC glass transition measurement fier anvulcanized virgin rubber used. a)
NR with T of -64°C b) SBR-OE withyDf -53°C
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Figure 4.16 DSC thermogram of NRG reclaim whiocbvghtwo glass transition events
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Figure 4.17 DSC identification of the glass trammsi temperature of a commercial tyre
tread reclaim product
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These temperatures deviate slightly from the detexdhglass transitions shown in Figure
4.15. It should, however, be noted that a polymetass transition takes place over a
temperature range. Furthermore the value of thelepends on the technique used for its
determination (108).

The thermogram for the NRG reclaim (Figure 4.168 hao inflection points at -6C and
-53°C. This is consistent with the sample containinthiqmlyisoprene and poly(styrene-co-
butadiene) structures. Note that the glass tramsily is relatively independent of Mat
higher My, so it is not surprising that broken down NR (wigduced M) would have a J
similar to virgin NR. This would suggest that sowfethe low My material in the NRG
reclaim is low My polyisoprene. Kowet al. reported that the difference in glass transition
temperature focis-1,4-polyisoprene of molecular weight 6440 Da and 0h940 000 Da is
just 2C (109). The fact that a glass transition similarvirgin NR was observed is not
inconsistent with the fact that the polyisoprenenponent has a low molecular mass. Note
that Pl of My 6440 Da would be a viscous liquid.

The Tyof the commercial tread tyre reclaim was also deiteed as there was some doubt as
to whether or not it contained SBR. Thg df the commercial tyre tread reclaim was
measured as -6C which lies in between the values determined fiéigure 4.15. Burfield
and Lim (106) report that the glass transition terapure of amorphous polyisoprene (&b

is 2C less thartis-1,4-polyisoprene. The reclaiming process expe&drty the commercial
tyre tread reclaim may have caused some isomemratith a resultant increase in thg. T
The thermogram (Figure 4.16) contains only one dami inflection point suggesting one
primary rubber type. However, it is possible thanaall step might be discerned between -60
and -50C. This is consistent with primarily NR with podsila small quantity of SBR being

present.

Unfortunately the use of DSC provides only qual&tinformation about the types of

elastomers present and not their quantities.

4.5 Solvent extraction

Toluene and THF were initially used as extractiaivents because they are known to
dissolve diene elastomers effectively (111). Acetavas used to extract any accelerators
present in the reclaim. Acetone is known to causeedrubbers to precipitate when added to

a solution as a non-solvent (112). NR and SBR walig not be expected to dissolve in
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acetone. The highly viscous nature of the NRG mexlas well as the large low temperature
decomposition/evaporation in Figure 4.9, suggesas & significant quantity of the NRG
reclaim was processing oil and or low molecularghieipolymer.n-Hexane was tested in an

attempt to try and extract the processing oil only.

It was expected that toluene and THF would dissalyeomponents except the crosslinked
rubber. These solvents were chosen based on tleeedif types of interactions they would
have with the material present in NRG reclaim. Ehieseraction were expected to follow the
rule of like-dissolves-like. For this reason pol@f different polarities), aromatic and

paraffinic solvents were selected.

Table 4.5 shows the percentage of material extldoyeeach solvent. Figure 4.9 suggests that
between 26 and 27% of the NRG reclaim consistedolil material (carbon black and
inorganic ash). This would suggest that a maximdn7374% of the material could be
dissolved/extracted. Since some polymer was exgdotde crosslinked this value could be

even less.

Table 4.5  Percentage material extracted usingegffit solvents

Solvent Initial sa(lg;ple mass Extrsa(l)clz\t/eec:]trr(lg)s sin Percentage extract (%)
Toluene 0.5261 0.4689 89.1

THF 0.5244 0.3581 68.3
Acetone 0.5067 0.0413 8.2

n-Hexane 0.5119 0.3483 68.0

When toluene was used as solvent, 89% of the rahieas extracted which is in excess of
the expected maximum. This would suggest that sohtbe carbon black/ash residue has
passed through the filter paper and been extrgeiedit not dissolved). The typical size of
N200 and N300 series carbon blacks which are usetyres are 20-25 and 26-30 nm
respectively (113,114). It is suggested that thademal is bound to the polymer chains which
when dissolved free up the carbon black to passugir the filter. The unextracted material
(11%) would be ash material, which tends to be refatgr particle size, pyrolytic carbon
black formed during manufacture, and crosslinkelgrmer. Figure 4.9 suggests that the high

molecular weight material is between 14-15%. Beedass than 11% of the total material
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was unextracted and this would have included asidues, a significant fraction of this high

molecular weight material was de-vulcanized andadd be dissolved.

Figure 4.18 presents a thermogravimetric analyisieeotoluene extract once the toluene had
been evaporated off (DTG curve shown in appendix The fact that no mass loss is
observed below 10CQ indicates that the solvent, toluene was effeltivemoved. It can be
seen that carbonaceous (combustible) material wésceed. The amount of inorganic
residue extracted is less than in the bulk sangade Figure 4.9), which is consistent with the
suggestion, above, that this material has a lapgeticle size than the carbon black.
Commercial ZnO has particle diameters of betwe8&ma@d 1um, compared to commercial
tyre carbon black which is typically smaller tha®®um (113,114,115). The larger size
inorganic materials are thus much less likely tespidarough the filter paper than the carbon

black, if not bound by rubber.
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Figure 4.18 Thermogravimetric characterization tluene extract of NRG reclaim. A
resolution of 5 and sensitivity of 1 was used wattbase heating rate of
20°C/min

19.2% of the extract constituted solid materialvedi that 89.1% of the total material was
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extracted this suggests that 89.2 x (1-0.192) 4%?2was soluble. It is clear that there is a
significant fraction of soluble (de-vulcanized) himolecular weight material present (15.7%
of the extract; 12.7% of the total). When this anpared with the high molecular weight
material in Figure 4.9; the amounts are similargasging that almost all the rubber in the
tyres, used in the NRG process, has been de-vabdrar broken down into independent
smaller chains. This is consistent with the seyesihd higher temperatures of the NRG

process.

THF andn-hexane contained a similar quantity of extract.sTWould suggest a similar
extract which is possibly processing oil. It is gagted that both solvents are extracting
processing oils and low molecular weight polymeére Tow quantity of material extracted in
acetone would suggest that it only extracted acaieles and additives. Acetone is highly
polar which is consistent with the polar naturaraist curing agents and anti-degradants. It
can be seen in Figure 4.19 that the acetone extoatains very little high molecular weight
material (material that decomposes above’GD0The amount of carbon black is also low.
This is not surprising because the carbon bladikédy bound together by polymer in the
NRG reclaim (116). In order for this material to &etracted (pass through the filter) this

material would need to first be removed by dissotutvhich acetone is unable to do.

The thermograms of the extracts in Figure 4.19 stiww the different chemical natures of

the solvents did have an effect on what was exddact
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Figure 4.19 Thermogravimetric comparison of therthograms of the different solvent
extracts from the NRG reclaim. Acetone extractégyen-hexane extract (red),
THF extract (blue) and toluene extract (black). Tderivative curves were
offset to make analysis easier. A resolution oh8 aensitivity of 1 was used
with a base heating rate of ZO/min

What is noticeable is that although the total wegrcentage extracted material using THF
andn-hexane (Table 4.5) were similar, from Figure 4il8an be seen that the two solvents
extracted different concentrations of material. uemle and THF were expected to extract
similar materials because each solvent is knowthieir ability to dissolve elastomers (111).

Figure 4.20 shows the thermograms of the two etdiayg these solvents.

In Figure 4.20 it can be seen that the initial aeposition around 200°C is similar for the
two solvents, suggesting similar material is beem¢racted. The difference starts to occur in
the temperature range between 300-600°C. In thigerdhe decomposition of polymeric
material such as NR and SBR is expected (see Fgudjelt is apparent that the material that
is extracted by toluene contains a fraction thatda&igher thermal stability. This material is
not extracted by THF. This would also explain wlgd material was extracted by THF in
total (Table 4.5).
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Figure 4.20 Thermogravimetric comparison of thie@oe (blue) and THF (green) extracts.
A resolution of 5 and sensitivity of 1 was usechwétbase heating rate of
20°C/min

A possible reason for this could be that the THFRramted mostly natural rubber and
polyisoprene material whereas the toluene extragpexhter quantities of SBR-derived
material. Possible evidence for this is the shfthe decomposition range between the two
solvents as well as the shape of the derivativeesurWhile the THF extract (green dotted
line) shows a single peak around 400°C, which cdddthe tail end of a natural rubber
decomposition peak, the toluene extract (blue dditee) shows a slight shoulder at a higher
temperature. The higher concentration of carborkbkxtracted with toluene would also
support the idea that more polymeric material wdsaeted as carbon black is bound into the
NRG reclaim matrix by polymer. Both solvents exteacsimilar low quantities of inorganic

material of approximately 1.7%.

The comparison shown in Figure 4.21 is of the ex¢raf THF andh-hexane. What can be
seen is that the thermograms are very similar imgeof the thermal decomposition events
which would indicate thah-hexane extracted not only processing oil but sooignper as

well.
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Figure 4.21 Thermogram comparing the materialsaoted from NRG reclaim using THF
(blue) and n-hexane (green). A resolution of 5 sisitivity of 1 was used with
a base heating rate of 20/min

When analysing the derivative curves of the twoaets the height of the peaks is taken into
consideration. The height of the derivative peads be linked to the quantity of material
presentn-Hexane extracted more processing oil and less palyhat THF. Further support
for this idea can be seen in the low concentratiboarbon black present in threhexane

extract since polymer (not extracted pyrexane) would retain this material in the NRG gel
matrix.

4.6 Soxhlet extraction
4.6.1 NRG reclaim

The NRG reclaim product was separated into itsagell sol fractions in order to isolate any
high molecular weight polymer that might have bgeasent. Thermal analysis on both
fractions was carried out and compared. Figure 4[&vs a thermogram of the thermal

decomposition of the gel fraction.

It was expected that a mass loss would be obseateal high temperature (> 41
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congruent with high molecular weight polymer decosipon and then another mass loss
when burnt in oxygen/air due to carbonaceous nat@dmbustion. The residue after

combustion would be inorganic material that is canbustible.
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Figure 4.22 Thermogram of NRG reclaim gel fraction

Initial experiments revealed an unexpected decoitipostep between 600 and 680 As a
consequence the thermal program was adapted foariafysis of the gel fraction. The
program was as follows:

1) Hi-Res™ dynamic, base ramp rate of 20°C/min, resolutioseBsitivity 1;
2) heat to 800°C in nitrogen;

3) cool at 50°C/min to 600°C;

4) switch purge gas to dry air;

5) Hi-Res™ dynamic, base ramp 20°C/min, resolution 5, sevitsiti;

6) heat to 800°C in dry air.

This adaption was to allow a decomposition evenbdour in nitrogen at 647G which

otherwise would have been obscured by the carkamklgombustion.
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As was expected the thermogram in Figure 4.22 shbasa high percentage of the gel
fraction was solid material (in excess of 80%). o@aceous material constituted
approximate 42% and inorganic material (30%) withyd 4% polymer (high M material).

A further mass loss of 14% is associated with aoahgosition between 600 and 6@0 If
one looks at the region 700-8@in N. one can see that the residual carbon is stilhgpsi
mass. Ultra high purity nitrogen with an oxygerptsaas used, so this mass loss cannot be
ascribed to carbon black combustion. It is suggkes$tewever, that this mass loss is the result
of the carbonization of PyCB, formed during the NRé&zlamation process, rather than
commercial carbon black. PyCB contains more oxygmmtaining groups on its surface than
commercial carbon black as revealed by X-ray pHetd®n spectroscopy (XPS) (117). As
the PyCB carbonizes, more graphitic structureoohéd with a loss of mass due to the loss
of these oxygen-containing groups and the remdvasphaltene molecules (13).

The sharp decomposition in the range of 600-65088 mot expected as the gel fraction was
being heated in a nitrogen atmosphere. In ordenuestigate this decomposition step, the
ultimate powder residue was subjected to analygisXisay diffraction so that inorganic

constituents in the ash could be identified.

Figure 4.23 is a powder X-ray diffractogram of tlash. It is apparent that the residue
contains both crystalline material (sharp peaks) amorphous material (seen by the large
bump in the baseline in thé 2ange (10-39. ZnO, the activator, is expected in the ash as
well as SiQ which is an alternative reinforcing filler used iwes. The powder X-ray
diffractogram was compared against the predictédadtograms of inorganic compounds

using Bruker Eva software.
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Figure 4.23 X-ray analysis of the ash. The grears lindicate CaO and the red bars ZnO

Small quantities of ZnO were identified although peaks for Si@ (quartz or cristabolite)
could be observed. The latter is not surprisingcesithe silica used in tyres is usually
amorphous and thus would not cause sharp X-ragatedhs (8). This material would be

responsible for the large bump in the baseline 118

After the ZnO peaks had been removed, large peakmined. Matching these with the
database revealed this material to be CaO. Thiermahts likely derived from calcium
carbonate (CaCf). CaCQis known to decompose in the region 600650630C reported
by Slough (119) for calcite, heating rate unknown).

CaCQ(s) - CaO(s)+ Cag)

The 14% mass loss before 860is thus associated with G@volution. Using the molar
masses of CaCOand CaO, one can calculate that the gel contaapguloximately (14 x
100.1/44.0) = 31.8%. The CaO would contribute (3MB= 17.8% of the total mass. Thus
much of the final residue (17.8/30)x100% = 60%us tb CaO, with the rest being ZnO and

probably silica.

Although CaCQis used as a filler in industrial rubber compoynds not reinforcing and is
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thus not used in tyres (8,120). It is suggestetlttitesource of the CaG® the reclamation
process used by NRG where it may be added to tieili de-vulcanization. The
decomposition of the CaGQesidue can be seen above ®0n the thermograms for the
complete NRG reclaim sample (Figure 4.9 and Fidui8). Figure 4.24 shows a close-up of
the region where the CaG@as identified.
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Figure 4.24 CaC@weight loss on the original NRG reclaim

Figure 4.25 is a thermogram of the sol fractione Hol fraction is expected to contain
processing oil, accelerators, additives and somlgnmic material. The same heating

program that was used for the gel fraction wasiagb the sol fraction.

The thermogram in Figure 4.25 shows that a higltgreage of the sol fraction probably
consists of processing oil or low molecular weigblymer.
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Figure 4.25 Thermogram of the sol fraction of NRGlaim.

70% of the sample has decomposed/evaporated B 380 400°C the thermogram shows
weight loss that is associated with higher molacwaight polymeric material. It is also
apparent from the thermogram that filler materiaths as carbon black is present in much
smaller quantities than in the gel fraction. Thesnbot unexpected. This material would be
carbon black, released upon the dissolution of mpely binding it in the NRG matrix.
Noticeable the inorganic residue is minimal, sugggshis material is of larger particle size;
nor is the decomposition inoNh the temperature range 600-865@bservable. This indicates

that the CaC®is completely associated with the gel fraction.

Figure 4.26 shows a comparison between an acetwhdéoduene wash of the sol fraction.
After the soxhlet extraction the solvent used ie #xtraction was allowed to evaporate.
Acetone was then added to the dry sol fractionetmave any accelerators present. This
constituted the acetone wash. This wash shoulddissblve any polymeric material. The
acetone was then decanted and allowed to dry. dlhieagtion left behind was dried before
the toluene wash. Toluene was added to the sdidmato dissolve any processing oil and
polymeric material remaining. This constituted tliduene wash. The toluene was then
decanted and allowed to dry. This was done pastimake sure that no significant quantity of

insoluble material had passed through the filtgygpaand thimble. This process also served
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the purpose of verifying some results obtained whth previous solvent extractions, ie: does
acetone only extract accelerators.

The aim of washing the sol fraction with acetonel daoluene was for characterization
purposes. The overlay in Figure 4.26 suggestsaitetbne removed any accelerators present.
However, it also appears to have removed processinghe toluene wash shows that there
was some polymer extracted into the sol fractioaryMittle polymer was extracted by the
acetone wash. The two solvent washes corroboratarhlysis of the sol fraction done in
Figure 4.25. It is noticeable that the carbon blakains in the toluene fraction because the
polymer that is not removed by the acetone keepsund.
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Figure 4.26 Comparison of the thermograms of aet@we and a toluene wash of the sol

fraction. A resolution of 5 and sensitivity of 1sugsed with a base heating rate
of 20°C/min
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4.6.2 Commercial tyre tread reclaim

As the commercial tyre tread reclaim was solid @#swlecided that doing multiple solvent
extractions would not result in any useful resultsvas expected that, given the physical
nature of the sample, the reclaim would containlsaraounts of oil, soluble polymer and
carbon black. Soxhlet extraction was carried outhe commercial tyre tread reclairax(
Bridgestone) under the same conditions as the N&&im. Thermal analysis was carried
out on the gel and sol fractions. It was not nemgst alter the basic heating program since
this reclaim contained no CaG@aterial. The procedure that was followed is oetli in

section 3.3.1.

As expected the gel fraction contained polymerpaarblack and inorganic material. The gel
fraction, Figure 4.27, showed multiple decompositsteps. The two peaks in the derivative
curve between 300-400°C is most likely NR althotiglhn decomposition peaks in the DTG
curve are similar in height suggestion other rublsrch as SBR may be present. The fact
that polymer is present in the gel fraction is aadive of the fact that not all of the rubber has
been completely de-vulcanized. If all crosslinksl lieeen broken, the material would have
been soluble. It can be seen that unlike the thgramo of the gel of the NRG reclaim (Figure
4.22) there is very little mass loss between 50060
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Figure 4.27 Thermogram of a commercial tyre radlagel fraction. A resolution of 5 and
sensitivity of 1 was used with a base heating 0&@0°C/min
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This indicates that the carbon black is fully canzed and very little PyCB forms during the
production of this reclamate. Figure 4.28 contairesthermogram of the sol fraction. It can
be seen that this fraction contains both low mdbecweight material (decomposing below
30C°C) and higher molecular weight material. This latteems approximately 60% of the sol
fraction. Comparing the relative heights of the é&amposition peaks in the DTG curve
(above 300€C) it can be seen that the first peak is much fatfggn the second. This is unlike
the gel fraction (Figure 4.27).

This is consistent with the polymeric material gr@sin the sol fraction being derived from
NR (compare Figure 4.28 and Figure 4.7). This issuwprising since it is known that it is
easier to de-vulcanize NR than SBR (5). Very litkrbon black was present in the sol
fraction. This is probably because the presenceanfially vulcanized rubber in the gel

fraction binds the fillers, unlike the NRG reclaim.
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Figure 4.28 Thermogram of the sol fraction of ancoercial tyre reclaim. A resolution of 5
and sensitivity of 1 was used with a base heatitg of 20C/min

The large number of peaks in the DTG curve belo@?GG&uggest that sol fraction comprises
a complex mixture of processing oils and curat&esvell as possible low molecular weight
polymer. Figure 4.29 provides a comparison betwtibensol fraction thermogram and the

low molecular weight polyisoprene standard. Th@yéver, is not conclusive of the presence
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of low molecular weight polymer in the sol fraction
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Figure 4.29 Comparison of the thermograms of ayigoprene standard (blue) with a
commercial tyre tread reclaim (green). A resolutadrb and sensitivity of 1 was
used with a base heating rate of*@dmin
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CHAPTER 5

5 FORMULATION DEVELOPMENT

5.1 Processability

The first challenge when developing new rubber f{dations is the ease of
mixing/processability of the compound. This is cemed with the maximum temperature
reached during mixing as well as the overall torgqiiethe mixture. ldeally both these
parameters should be as low as possible to rechecehance of premature curing and to
lower the overall energy and hence cost requiredmanufacturing. The figures in this
section show the mixing temperature and torquendutihe mixing of a variety of rubber
compounds. The procedure for mixing was outlinedention 3.2.1. The formulations that

are reported in this section may be found in AppeAd

NRG reclaim was substituted for both NR & SBR ebuahd for just the SBR component.
The NRG reclaim substituted formulation was a disadstitution based on the Hi-Res™
TGA analysis of its composition. According to thealysis the NRG reclaim consisted of
approximately 14% high molecular weight materiagédomposition temperature consistent
with SBR), 22% carbon black and 5% inorganic matefihese values were subtracted from
the virgin material and replaced with the NRG raulaFor the NR & SBR the 14% polymer
was subtracted from the 100 phr and then divide@,lthus the loss of virgin material was

equally distributed between both polymers. Thel muastituted virgin material was 15%.

For comparative purposes a non-substituted NRGiredormulation was created. For this
formulation the virgin material was not substituestd the NRG reclaim was added as any
other material in the formulation. The same proeess followed when using the commercial

tyre tread reclaim.
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Figure 5.1 The effect of mixing on torque and terapure during the mixing of natural
rubber (NR)

Figure 5.1 shows how the mixing torque and the sratprre vary during the mixing of a NR
formulation. The initial increase in temperatured aforque is due to the addition and
subsequent mastication of the rubber (121). Thepstiaps in the torque that can be seen,
e.g.near 650 s, are when the ram, which closes thenaitenixer, was lifted to add the next
chemical. This relieves the internal pressure &ng the torque required to move the rubber
in the mixing chamber. The increase in torquetis@rat 400 s, is due to the addition of
carbon black. During this period, agglomerateshea tarbon black are broken down. A
corresponding increase in temperature can be seenrasult of this. Large increases in
torque, require significant energy which is absdrbg the material. The total mixing time
was 1090 s, although a level torque had been rdaafter 850s. The final torque was about
79 N-m and the final temperature was 95°C (reaelfted 740s).
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Figure 5.2 The effect of mixing on torque and terapre during the mixing of oil
extended styrene butadiene rubber (SBR-OE)

Figure 5.2 displays the increase in torque and éeatpre for the mixing of a SBR
formulation. The maximum torque reached after theéiteon of the rubber (115 N-m) is less
than that required for NR (140 N-m), it is possithlat SBR had a lower viscosity due to oil
that makes up part of the OE-SBR. The temperatseeduring this first step (reaching®es
vs 76C) is consequently lower. However, the torque aftiting carbon black was higher for
SBR than NR.

The increase in temperature and torque around 38(gain due to the loading of carbon
black. The increase around 500 seconds corresgorttie addition of ZnO and stearic acid.
The final mixing started at 895 s, the total timaswl015 s (constant torque achieved after
900s). The final torque was 98 N-m and the finalgerature was 90°C. It should be noted
that the SBR used was a solution SBR which typica#ls higher Mooney viscosities than
emulsion SBR (39).

NR and SBR were combined to make a standard tyraulation (Table 3.1). The mixing

behaviour of this formulation is illustrated in Eig 5.3.
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Figure 5.3 The effect of mixing on torque and terapure during the mixing of a standard
(NR & SBR) tyre tread formulation

The mixing behaviour of the combined (NR & SBR)mration is similar to that when NR
was mixed. The initial torque rise, during the didadi of the rubber, however was lower (98
vs 140 N-m). This may be the result of the lowascesity of the SBR-OE component. This
initial torque spike lasted for longer than witke tubbers alone, presumably because not only
do the rubber blocks need to be heated and mixéedrme of the rubbers will become a
dispersed phase in the other. In a 50:50 blend RfSBR, NR constitutes the continuous
phase (122).

The total mixing time was 1140 s (level torque avkd after approximately 980s). The final
torque was 77 N-m and the final temperature wag€9Zhese values are similar to those

observed when preparing the NR formulation.

Figure 5.4 shows the mixing behaviour of a formalain which some of the rubber (NR &
SBR) has been substituted by non-filler componafitdNRG reclaim. This formulation
reduced the amount of virgin material used so axffs®t the material present in the reclaim
rubber. The total reclaim added amounted to 15%aBge the NRG-reclaim contains filler,
the virgin carbon black added was also reducedT&bke 9.1.
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Figure 5.4 The effect of mixing on torque and terafure during the mixing of a NRG
15% substituted reclaim rubber formulation

The addition of the rubber was split into two pant®rder to use the rubber to assist with the
addition of the NRG reclaim product. Three quartdrthe rubber was added in the first step
and allowed to mix before the addition of the Iqsarter with the NRG reclaim. The drop at
200s in the torque indicates when the reclaim vaaed. Maximum torque, after all rubber

including reclaim, was added but prior to carboackladdition was 80 N.m. This point is

marked by a green arrow in Figure 5.5. This vatusignificantly lower than measured in the

NR, SBR and (NR & SBR) formulations. It is possilthe result of the large quantities of

processing oil in the NRG reclaim which acts ascz@ss aid.

The temperature increase is also much lower suahtlle maximum temperature after the
addition of carbon black is lower than the previ@usrmulations. Note that the temperature
reached (5%C) after the addition of % of the rubber is lowar the NR & SBR formulation
because the mixing chamber is not full and lessidm is experienced.

The large increase in torque around 600 s is duket@ddition of the carbon black but what
should be noticed here is that the maximum torgesched is lower than the other
formulations (Figure 5.1, Figure 5.2 and Figure) 5The total mixing time was 1365 s which

is longer than before because an extra step isedetedadd the reclaim. Constant torque was
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achieved after 1300s. The final torque was 65 Nnththe final temperature was 81°C. The
former is the result of the processing oils in thelaim acting as plasticizers. Maximum
torque (116 N-m) is also lower, indicating that #dglition of NRG reclaim would lead to

energy savings.
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Figure 5.5 The effect of mixing on torque and terafure during the mixing of a NRG
15% non-substituted reclaim rubber formulation

Figure 5.5 shows the mixing behaviour where NR@eubreclaim was added in addition to

the 100 phr of existing rubber. For this formulatithere was no substitution of the virgin

material, instead the NRG reclaim was added aoeepsing aid (Table 9.1). Because the
NRG reclaim contains carbon black and inorganidtes the amount of filler is higher than

for the formulation whose behaviour is presenteBigure 5.4.

The rubber was added in two stages to facilitageattidition of the NRG reclaim product.
After each mix using NRG reclaim the beaker useddd the reclaim was weighed again.
The average weight of reclaim left behind was 2.3tys could not be avoided because of

the highly viscous nature of the NRG reclaim.

When the carbon black was added, around 400 sjntltrease in temperature is almost
immediate. The increase in torque, however, laggatnd and only showed a noticeable
increase once the ram was closed. This suggest§itiienal heating was occurring in the
region of the thermocouple, immediately on CB additThe total mixing time was 1120 s.
The final torque was 71 N-m and the temperature19&s.

85



FORMULATION DEVELOPMENT

The sharp drops in the torque were observed whematim was lifted in order to add in the
next material/chemical. When adding the NRG recl#im viscous reclaim would initially
coat the mixing pins with a thin layer of oil aridst would cause the rubber to push out of the
mixing chamber. This would show up as large dropsrque for extended periods of time
while the Reclaim acted as a lubricant on the serfa the mixing rotors. This also explains

why the mixing times for the samples containing NRgBlaim were longer than the other

mixes.
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Figure 5.6 The effect of mixing on torque and terafure during the mixing of commercial
tyre tread reclaim 15% substituted formulation

Figure 5.6 shows the mixing behaviour for the comumaé tyre tread reclaim rubbeex
Bridgestone) in which 15% of the virgin rubber Haekn substituted. The virgin NR, carbon
black and ZnO were reduced in accordance to thetgies of these materials found by
thermogravimetric analysis. Although the reclainaiisolid, it was added in a separate, later
step to the virgin material. This allows the eféeathich the two types of reclaim have on

processing, to be clear and compared.

Around 200s there is an increase in torque and eeatyre. This is in response to the
commercial tyre tread reclaim being added. Whentthgue before the addition of carbon

black is compared to the torque of (NR & SBR), meréase can be seen. At this point in the
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mixing, however, the temperature closely matched ¢ the (NR & SBR) formulation that
was used as a standard. At 500 s the spike in¢oamad temperature is as a result of the
addition of carbon black. When compared to the rofibienulations this increase in torque is
higher than any other formulation other than thé pr SBR formulation. The final mixing

time was 900 s with a torque of 94 N-m and tempegatf 91°C.
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Figure 5.7 The effect of mixing on torque and terajure during the mixing for
commercial tyre tread reclaim 15% non-substitutaunfulation

Figure 5.7 shows the mixing behaviour of the conumaértyre tread reclaim 15% non-
substituted formulation in which the reclaim wasled in addition to the 100 phr (NR &
SBR). At 200 s the effects of the commercial tyeadl reclaim can be seen by the increase in
torque and temperature. The addition of the catidack explains the increase in torque and
temperature after 500s. The trend of the Bridgestoaclaim 15% non-substituted
formulation is similar to that of the substitutemtrhulation. The final mixing time was 995s

with a torque of 94 N-m and a temperature 6297
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Table 5.1  Maximum mixing torque, final torque, fitemperature and mixing times for conventionateanization (CV) rubber formulations

Eormulation toI\r/laximur.n Final Forque Final Temp. Tot_al mixing T'Tgnt:t;?(;h
que (N-m) (N-m) (°C) time (s) torque (s)

Natural rubber 144 79 95 1090 850
Styrene butadiene rubber 161 98 90 1015 900
NR & SBR 137 77 92 1140 980
NRG reclaim 5% non-sub. 140 78 95 1408 1100
NRG reclaim 15% sub. 116 65 81 1320 1360
NRG reclaim 15% non-sub. 110 71 79 1120 > 1100
NRG reclaim 15% SBR sub. 110 71 76 1116 >900
;%E%GTS"; t;’;%_"ead 160 94 o1 900 > 900
Commeraial tyre tread 159 94 97 995 > 900
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Table 5.1 presents the final torque, temperatuigk @mixing time of each of the rubber

formulations. It should be noted that although thixing chamber is cooled by ambient

cooling water, this is uneven across the chambbe 3Jide of the mixing chamber that
received the cooling water was noticeably coolantthe opposite side. The thermocouple
was placed on the warmer side of the mixing chambke mixing pins were not water

cooled and therefore heat dissipation relied orwthter being pumped through the walls of
the mixing chamber. Therefore, when analysing tifierénces in temperature, only large
differences should be viewed as significant.

It was noticed that the final torque for SBR wasgiderably higher than that of the NR and
(NR & SBR) compounds. This is opposite to what waticed for the initial mixing of the
elastomers. This would suggest that the additiotheffiller and other materials played a
large role in the final torque value. It could bespible that the disaggregation of the carbon
black in SBR requires a higher energy input tharNR. This could explain the higher
maximum torque and final torque of SBR when comgpaie NR. While a high torque
normally means a high temperature when mixing, as woncluded that because the SBR
used was oil extended this would aid in processaimg) reduce the temperature. This can be
seen in the case of NR, which was not oil exten@ebpite the maximum and final torque
being significantly lower than observed with theRS®rmulation, final mixing temperatures

were similar.

The samples containing NRG reclaim have a longedngitime as the addition of the

reclaim caused the mixing pins to slip. This resilin the rubber being pushed out of the
mixing chamber. The addition of carbon black to gl® containing NRG reclaim also took
longer as the carbon black was not as easily mixtedthe rubber as with the other samples.
This might be because the reclaim is coating thet inhibiting the thorough mixing of

carbon black. It should be noted that common irrchigtractice is to masterbatch the carbon
black into rubber prior to adding process aids/¢ll$4). This is the opposite of what was
done here. The complete incorporation of the NR&ane therefore took longer than other
samples. When analysing the NRG reclaim formulatioih is clear from the drop in

maximum mixing torque that the reclaim was actiisgaaprocessing aid. The lower final
temperatures also adds an element of mixing shfetyitigating against premature cure. The
lower mixing torques mean lower mixing energies thig is somewhat offset by the longer

total mixing times that are required.
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When the commercial tyre tread reclaim was mixeith wirgin material the result was higher
torque and temperature values when compared wiiPoldrgin material formulations. This
could be due to the reclaim being a flexible salidlike the highly fluid NRG reclaim. This
reclaim contained low levels of oil, and was priitygoolymer (NR mainly) and carbon black
(see Figure 4.11). Therefore when compounding, vingin NR and carbon black was
decreased and substituted with 15% of this reclaWhat may have occurred is that the
reclaimed NR acted more as a filler than a polyrti@he reclaim was acting as a filler this
could mean that the NR content could be less tharl00% virgin formulation. This could
possibly leave SBR as the dominant polymer. Froemn 280% virgin SBR formulation it
would seem that SBR increases the temperatureoanaet values. It is thought that these two
reasons, Bridgestone reclaim acting as a filler @B& having an inherently high torque and
temperature, could explain the higher than norm@ue and temperature values.

5.1.1 Effects of TMTD and CTP

The previous mixing study was done using a conwgeativulcanization (CV) system where
the ratio of accelerator to sulfur was approximatell. Note that some authors call this a
semi-efficient system (35). Because reclaim mayeheffects on cure kinetics, studies were
also performed using an efficient vulcanizationtsys (EV). Data on mixing was also

compared for these two systems.

The EV curing system studied the effects of a sdin& accelerator tetramethylthiuram
disulfide (TMTD) which is also a sulfur donor (8 the presence of ZnO, the ultra
accelerator ZDMC is formed (8,51). The CV systemtamed the slower accelerator, CBS.
The EV curing system used has the ratio of acdeleta sulfur is approximately 1:0.25.
These formulations may be found in Appendix A irblEa9.2 and the mixing kinetics are

shown in appendix G. It's called efficient becangéhe lower use of sulfur (56).

When mixing temperatures rise, it is possible iratiminary reactions of the vulcanization
sequence may be initiated and premature vulcanizasi possible. In order to increase the
scorch safety (increase the induction time) of tbemulations, the effects, which N-
(cyclohexylthio)phthalimide (CTP) would have on tkenetics of vulcanization of the
formulations, were investigated. CTP is a pre-vuilzation inhibitor (PVI) which reacts with
key intermediates to delay the onset of crosslarknation (53,123). CTP has been shown to

be highly effect for the inhibition of vulcanizatiousing benzothiazole-type accelerators,
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such as CBS and DPG (53,123).

Investigations into EV systems was restricted tonfdations based on a 50:50 blend of NR

and SBR. The two types of reclamate were then atléte base formulation and compared
against the (NR & SBR) formulation. Where CTP wddeal, it was added with the ZnO and
stearic acid and allowed to mix for 2 min before #tcelerators and sulfur were added. CTP

was added to the conventional curing system can@bDPG and CBS. Table 5.2 is a

summary of the mixing behaviour of these formulagio

Table 5.2  Mixing behaviour of the formulationsphtzoning TMTD and CTP

Maximum | Final Total Time to reach
Formulation torque torque | Temp. (°C)| mixing time| constant torque

(N-m) (N-m) (s) (s)

NR & SBR TMTD* 156 89 97 920 800
NRG reclaim 15%
sub. TMTD 122 72 85 1220 1100
Commercial tyre
tread reclaim 15% 163 94 92 970 900
sub. TMTD
(NR & SBR) CTP 160 93 92 840 >900
NRG reclaim 15%
sub. CTP 122 71 84 1250 >1200
Commercial tyre
tread reclaim 15% 156 90 95 970 900

sub. CTP

* TMTD indicates that an EV system was used
T CTP indicates the addition of CTP to a CBS/DP@ngusystem

The addition of the TMTD and CTP was not expectedftect the mixing behaviour because

the quantities of curatives added are small. Furibes no reactions are expected to occur at

the temperatures, experienced during mixing. TalRereveals very similar behaviour to that

seen for the equivalent systems in Table 5.1. NB&&aim acts as a processing aid, lowering

torque and temperature, while the commercial tygad reclaim had no such effect.

5.2 Curing characteristics

When curing the different formulations, attentioasapaid to the scorch safety (as measured
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by 110), cure rate (as measured by the maximum ratergfi¢oincrease) and the extent of cure
(as measured by the maximum torque achieved). ith@facure kinetics investigations was

to test:

I.  the ability of the material in the reclaim to b&ea up into a crosslinked matrix and
its role as a plasticizer — indicated by maximungue

ii. the effect of curative residues, present in théaneg on scorch and cure rate.

Cavalieriet al. have noted that a faster cure could be due to ota@accelerator present in
the devulcanizate/crumb rubber powder (20). Cueatiesidues may also influence cure
kinetics. As an example, in benzothiazole acceberalystems, 2-mercaptobenzothiazole
(MBT) is formed during vulcanization (50). MBT isn&awn to play a key role in
benzothiazole accelerator vulcanization. The on$etrosslink formation is determined by
MBT formation (50). Furthermore, MBT is an acceteran its own right (124).

Figure 5.8 illustrates the cure characteristicshef standard rubber formulations (see Table

9.1) and those in which reclaim had been substitigdevirgin rubber.
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Figure 5.8 Rheometry cure curves of the standadiraclaim formulations at 16Q. BS =
commercial tyre tread reclaim

With respect to kinetics, the NR and SBR formulasidormed an upper and lower limit. NR
cured the fastest while SBR cured the slowest &gpisally observed for most commercial
curing systems (8,39). This is likely due to a lowember of reactive allylic sites in the SBR

compound. The final torque achieved with SBR was &wer, possibly for similar reasons,
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although it should be borne in mind that the SBR wirextended which would reduce the
stiffness of the material at elevated temperatutesan be seen that the (NR & SBR
formulation) lies between the NR and SBR extrerh#g displays a very short scorch time as
well as a fast cure rate. SBR had the longest bdore and a relatively slow cure rate. Table
5.3 contains a summary of the relevant cure dataatise NR is the continuous phase in a
50:50 SBR blend, it has the greatest influence eterchining modulus (122). The cure
kinetics are thus observed to have shape morenmmzm with NR curing than SBR curing.

Figure 5.9 shows the derivative curves of the curge in Figure 5.8.
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Figure 5.9 Derivative of rheometry cure curveshs standard and reclaim formulations at
16C°C. BS = commercial tyre tread reclaim

Like other reclamates (62), the addition of bothGNReclaim and the commercial tyre tread
reclaim had the effect of reducing the scorch tirteis suggested that this is due to
accelerators, activators and reactive curativernmeeiates present in the reclaim. CaCO
which was identified in the NRG-reclaim, has a vslight activating effect because of its

basic pH which would contribute further to the retilon in scorch time (120).

The reduction in scorch time was greatest for thmroercial tyre tread reclaim, suggesting
this compound contained more intermediates. Thissistent with the fact that the NRG
reclaim is diluted by processing oil (see Figur8)4Furthermore the high temperature
process by which the NRG reclaim is produced mayore curative residues. The addition
of reclaim also reduced the time to completion wfec(qo). Interestingly when the NRG

reclaim was used to replace the SBR fraction ofdmpound rather than both the NR &
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SBR, the effect ontgo is greater. It is suggested that this is becabse formulation

effectively has more NR and hence its curing bathavis more like pure NR.

It is apparent that the addition of reclaim reduties maximum cure rate as well as the
maximum torque achieved. This would be becauseadugtion of the processing oil in the

NRG reclaim softens the rubber, reducing the tonepapiired to deform the sample in the
rheometer. The reduction in cure rate and maximongue is also reduced with the
commercial tyre tread reclaim. When the maximunguer is analysed there is a large
deviation from all the virgin compounds and staddalend formation. This is expected as it
is a common problem with reclaimed tyre rubber heeaof poor interfacial adhesion (27).
Another possible reason could be that this rednctio properties is likely the result of

reductions in crosslink density.

Table 5.3  Curing characteristics of reference miaad those containing reclaim

F lation in)* i 790 - 110 cul\r/lea)r(éte Smax

ormula rio(min) Too (Min) (min) oure rate dN-m
Natural rubber 0.71 2.46 1.75 15.08 16.53
Styrene butadiene rubber 2.02 7.79 5.77 11.26 12.69
NR & SBR 1.41 4.46 3.05 12.76 14.51
NRG reclaim 15% sub 1.34 4.14 2.80 10.54 11.94
NRG reclaim 15% non-sub 1.22 4.12 2.90 9.50 10.83
NRG reclaim SBR 15% sub 1.30 3.81 2.51 7.98 8.90
Commercial tyre tread reclain 108 418 3.10 11.61 13.23
15% sub

It was expected that the NRG reclaim non-substitdtemulation would show improved
properties when compared with the substituted fétatran because the compound contained
more total filler (both as carbon black and in NRgBlaim). From the rheometry curve it can
be seen that the non-substituted formulation, ot, faerformed worse than the substituted
formulation. Inspection of Table 9.1 indicates thas a mass percentage, the amount of
curatives in this formulation is lower which maypéadn the phenomenon. Furthermore the
carbon black in the NRG reclaim is likely similaxr PyCB which has poorer reinforcing
properties than N-220 CB (7).

To test the idea that the rheometry curves werevisigopa shift in the polymer composition
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Hi-Res TGAM was used to confirm the composition of these fdatns. Figure 5.10
shows the comparison of the substituted and normstisuted formulations and their

composition.

It is clear that the NRG reclaim formulations camgarocessing oil which would decrease the
maximum torque achieved. When the reclaim formaregi(Figure 5.10) are compared with
the (NR&SBR) formulation (Figure 4.8), there is @tineable decrease in the concentration
of NR. The decrease for NR was from 32.8 % (as oreds 32.5% predicted; see Table 9.1)
to 23.1% for the case where NRG reclaim was addesiall decrease in the concentration
was noticed for SBR as well which dropped from 28for (NR & SBR) to 26.2% for NRG
reclaim. Note that the amount of SBR is lower thizat in Table 9.1 for the (NR & SBR)
reference material because the percentage SBR bie Tl is of the oil-extended raw

material. The SBR polymer content will be less.
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Figure 5.10 Comparison and compositional analypdithe reclaim formulations

The ratio of NR:SBR was calculated for the SBR+NRirence compound as 1.15:1 and for
the NRG reclaim sample the ratio reversed to 1:1B&rause of this the NRG reclaim
compound was re-formulated. According to the contjmrsl analysis of the NRG reclaim
there was only a clearly defined decomposition peakhe derivative curve that would
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correspond to SBR. No lower temperature decomjpposjieak, associated with NR, could be
observed. A compound was prepared in which onlySBR component was substituted and
the amount of NR was left unchanged. Interestisglystituting the SBR produced a material

with a much lower final torque but faster cure bebar.

It is possible that the low temperature evaporatiégomposing component in the NRG
reclaim is not just processing oil but also corgashort chain polymers. These chains could
be vulcanizable but because of their short natusaldvresult in a network structure with
numerous free ends. Many free ends are known toceedhe stiffness of a crosslinked

network as these free ends remain mobile (125).

Figure 5.8 indicates that with the exception of 8®R formulation, all CV formulations
display reversion — a decrease in torque after airnan is achieved. This is especially
noticeable in the NR formulation. Conventional \arization produces crosslinks with long
sulfur bridges which break down/shorten/form cyctalfides at extended times (56).
Reversion is typical of isoprene rubbers like NRt bot of others such as SBR (56). It
appears that the addition of reclaim increasesetttent of reversion with respect to the
standard (NR & SBR) formulation.

5.2.1 Effect of TMTD and CTP on cure rheometry

The addition of the PVI, CTP, to a CV system isantpd to increase the scorch time while
the replacement of semi-ultra accelerators by &ta accelerator, such as TMTD, is expected
to increase the cure rate while reducing the scoineé (56). What is uncertain is what effect
these will have on the extent of cure (maximum uejq Furthermore possible reactions

between CTP and TMTD, and curative residues inmghkaim materials are possible.
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NR+SBR

NR+SBR CTP

----- NR+SBR TMTD

BS reclaim 15% sub CTP

BS reclaim 15% sub TMTD
NRG reclaim 15% sub CTP
----- NRG reclaim I15% sub TMTD
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Figure 5.11 Cure curves of some of the formulaioantaining CTP and TMTD at 18D.
BS = commercial tyre tread reclaim

Figure 5.11 illustrates the effect of adding CTRI &MTD on curing behaviour. Table 5.4
provides descriptive statistics of the cure behavi®ata for the reference CV system from
Table 5.3 are provided for comparison. In FigurElghe solid lines show the formulations
with CTP and the dotted lines show the formulatiomstaining TMTD. It can clearly be seen
that the addition of TMTD reduced the scorch timenall as thego time. This is expected of
an ultra-accelerator (56). The changes to cure wate small, and surprisingly showed a
decrease in cure rate (maximum rate of torque &s&k especially when reclaim was added.
Inspection reveals that the maximum torque is reduwhen TMTD was added; thus,
although the 1e0-110) is reduced this is offset by the smaller torqunerease. The smaller
torque increase is likely a result of the natureroslinks formed in EV vs CV systems. The

former form crosslinks of lower sulfur rank (56).
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Table 5.4  Curing characteristics of formulatiorantaining CTP and TMTD

700 - Tio Max. S,
Formulation rio(min) Too (min) y cure rate -
(min) dN.m/min dN.m
NR & SBR (CV system) 1.41 4.46 3.05 12.76 |14.51
NR & SBR TMTD 0.82 3.62 2.80 12.18 14.41
NRG reclaim 15% sub.
T™MTD 0.74 2.64 1.90 9.45 |10.90
Commercial tyre tread
reclaim 15% sub. TMTD 0.77 2.73 1.96 9.77 11.61
NR & SBR CTP 2.61 6.64 4.03 12.34 | 14.32
NRG reclaim 15% sub. CTH 2.02 5.44 3.42 10.49 12.06
Commercial tyre tread
reclaim 15% sub. CTP 1.96 5.58 3.62 10.97 | 12.93

As expected CTP increased the scorch time andrttefor cure completion. This indicates
that although the addition of reclaim reduces dedimes (see Table 5.3), scorch safety can
be regained by the addition of a pre-vulcanizationibitor. There do not appear to be
sufficient residues present that prevent the prdpectioning of the PVI. The addition of
CTP increased the maximum rate of cure when recleas added. The reasons for this are
unclear but if might be the result of the formatioh a delayed action but fast curing
accelerator from the interaction of CTP and ressdaehe reclaim (53). Typically CTP only
affects scorch time and does not change the ratarefsignificantly, as can be seen to be the
case with the base (NR & SBR) formulation (56)cdh be seen that TMTD system did not
revert while reversion was still experienced witifRC TMTD-containing systems are
efficient and as such form primarily monosulfidicosslinks. Because of their greater
intrinsic stability than polysulfidic crosslinks {€ bonds are stronger than S-S bonds) they

are more resistant to reversion (56).
5.3 Crosslink density

Swelling tests were performed to characterize tleagd sol fractions of each sample as well
as the swelling ratio, from which apparent crosstiensities could be calculated. Jataal.

re-vulcanized rubber and discovered that the gelera of the vulcanizate was less than the
original rubber vulcanizates. This was used asasame for an observed decrease in the
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maximum rheometric torque for the re-vulcanizedberb(98). Table 5.5 presents solvent
exposure measurements which were used to asseasdysol content as well as apparent
crosslink density. It can be seen that with theeption of the NR formulation, all
formulations had a significant sol fraction. In thase of NR this would be extractable
curatives and curative residues. Because the SBRwihs used in the formulations was oil-
extended, this oil would be extracted during sdlrgeasurements. The Afsol 764 OE-SSBR,
used, contained 37.5 phr (27.3%) RAE oil. This titutes 17.7% of the overall formulation
and would be extracted during a sol-gel experim€&his accounts for the high sol fraction
seen for the cured SBR. Because the (NR & SBR) dtation contains a 50:50 ratio of
NR:OE-SSBR, the sol fraction is reduced by abdudla

The high sol fraction observed with the additionNRG reclaim is the result of both the
extraction of oil from the OE-SSBR as well as frima NRG reclaim. Approximately 60% of
the NRG reclaim (see Figure 4.9) is low moleculaighit material (oil and/or polymer)
which would comprise approximately 9% of the oveRRRG reclaim 15% sub formulation.
Since about 7.5% of the formulation is oil from tB8R, the high sol fraction (19.8%)
suggests that very little of the low molecular weignaterial in the NRG reclaim was
incorporated into the crosslinked gel. This mighdicate that most of the low molecular

weight material is processing oil, or degraded paythat is no longer crosslinkable.

Note that the total sol fraction is greater tham $hm of the oil in the SSBR and in the NRG
reclaim because curatives will also be extractettiensol fraction. A formulation was created
that contained only a 5% substitution with NRG a@uol. As expected the sol fraction was
reduced. The sol fraction with the commercial tinead reclaim was lower than with the
NRG reclaim although larger than the (NR & SBR)é&smulation. This is not surprising

given that the low molecular weight of this reclaommprised only 9% of the sample (see
Figure 4.11)
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Table 5.5  Swelling behaviour and crosslink densigasurements for CV systems
Apparent Apparent
Eormulation Gel f?g:l:iglr? - crosslink density| crosslink density
fraction % o ' (mol/md) — gel (mol/md) —
0 .
fraction whole rubber
Natural rubber 99.0 1.0 |0.276 3.32 x 10* 3.29 x 10*
Styrene butadiene ., 4 4
rubber 78.8 21.0 0.233 2.21 x10 1.74 x 10
NR & SBR 89.6 10.4 |0.272 3.19 x 10 2.86 x 10*
NRG reclaim 15% sub 80.2 19.8 | 0.213 1.79 x10* 1.44 x 10*
i 0, -
E'UFEG reclaim 5% non- SRS 134 |0218| 1.88 x 10* 1.66 x 10%
i 0, L
SNU'T)G reclaim 15% nomi 49 g 202 | 0169 1.06 x 10° 0.85 x 10*
i 0,
E‘UFEG reclaim SBR 159 S 21.9 |0.172| 1.10 x 10 0.86 x 10
Commercial yre tread| g5, 13.8 | 0232 2.19 x 10* 1.89 x 104
reclaim 15% sub : ' oo ' :

* volume fraction of rubber in the swollen gel

Because the samples under investigation contaler,fithe crosslink densities are only
apparent crosslink densities rather than true bnisdensities which would require a Kraus
plot correction (105). This would require detailetbwledge of the amount and type of filler
in the swollen gel. Such detailed compositionallygsia (especial type characterization) was
deemed beyond the scope of this study. Becaustilérecontent across all formulations is
similar, the correction to the apparent crossliekgity (derived from equations 3.5 and 3.6)
would be similar (126), and thus the relative tend Table 5.5 would remain. Note that as
the volume fraction rubber in the swollen gel irases the crosslink density decrease. A less
crosslinked gel displays less resistance to svge(llr25). From ther the crosslink density in

the gel can be calculated (equation 3.5).

Because the gel is not the original sample but Heab soluble components extracted, the

crosslink density in the original sample can bewaled as (126)

gel fraction(%)

XLD i le = XLD in gex
in sample ing 100%

(5.1)
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The data in Table 5.5 reveals that the NR formailais the most crosslinked. A higher
crosslink density than achieved with SBR is expkdtecause only the butadiene repeating
units (25%) of the SBR contain allylic carbon atoasvhich crosslinking can occur. In NR,
all isoprene repeating units have reactive allgbicbon atoms. Furthermore each isoprene
unit has 3 reactive carbon atoms, a butadienehastonly 2. The crosslink density of the
(NR & SBR) formulation consequently lies betweee tHR and SBR formulations. The
addition or reclaim has the effect of lower crassldensity. One reason for this, is that the
reclaim contains material that is not crosslinkablg. oils. The quantity of this material is

lower in the commercial tyre tread reclaim and leetine crosslink density for this sample is

higher.
18 +
16 + ONR
14 + o
] SgR @® Commercial sub 15% NR & SBR
12 - NRG non-sub 15% e
] [ ] NRG sub 15%
— 10
S @ NRG sub SBR 15%
Z 8 +
A
%
E 6
(V)]
4+
2 +
o 1
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04 3.00E-04 3.50E-04

crosslink density (mol/m/)

Figure 5.12 Relationship between crosslink denaity maximum torque achieved during
rheometry. Reference samples (green), containingG NiReclaim (blue),
containing commercial tyre tread reclaim (red)

The reduction in crosslink density, however, is enthan can be explained by just the
presence of non-crosslinkable material and may lad¢sa reflection of the types of crosslinks
formed. A network structure with many loose chamswill have fewer effective crosslinks

which are those measured by swelling experimers)(1

Figure 5.12 explores the relationship between theximum torque, as measured by
rheometry, and the crosslink density of the curednfilations. It can be seen that the
relationship is very close to linear. This indicathat the maximum torque, as measured by

rheometer, is a very good measure of the exteoiira.
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5.4 Mechanical properties

Tensometer testing allows the tensile strength Gft%d, 200%, 300% strain (also called
100%, 200%, 300% secant modulus), ultimate tewssiEngth and elongation at break of the
rubber materials to be evaluated. The conventienlglnization formulations were prepared

and their mechanical properties compared.

Figure 5.13 shows the results of the different demster tests. The curves are average curves
obtained by combining individual tensile tests.d=samples of each rubber formulation were
tested and the results were averaged (N = 3 t&Vbere the sample slipped in the grips,

during testing, it was not included in the average.

Mandal et al. suggested that the gel fraction of a reclaimed eubdboes not disperse
throughout the rubber matrix and thus decreasetetistle strength. They proposed that the
gel fraction created weak sites in the matrix ammdribt transfer the stress effectively to the
matrix (103).

25 + - =-NR
] y — —SBR
] ,’ SBR+NR
20 T ’ NRG non-sub 15%

NRG sub 15%
BS sub 15%
NRG sub SBR 15%

15 :_

Stress MPa

0 200 400 600 800 1000 1200 1400
Strain %

Figure 5.13 Comparison of the average tensilestesthe different rubber formulations

As with the rheometry curves the standards crefateded upper and lower limits with NR &
SBR falling somewhere between the two. The efféetdaling reclaim, in particular the NRG
reclaim, is to lower the modulus (slope) and UTSh# material while also increasing its
extensibility €s). No increase in extensibility was noted for tldeliton of the commercial

tyre tread. Table 5.6 provides a summary of the rkeghanical properties for the different
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CV formulations (modulus, tensile strength and esien at break).

Table 5.6  Tensile data for CV formulations
Number
. 100% 200% 300% €B
Formulation MPa MPa MPa Strain% UTS MPa of(tne)sts
Natural Rubber 1.50 (0.12)| 3.10(0.19)| 5.21 (0.29)| 901 (0.02)| 25.65 (1.00) 5
Styrene Butadiene X
Rubber 0.77 (0.09)| 1.52(0.11) 2.46(0.16) 894 (0.01) QXR67) 3
NR+SBR 1.00 (0.04)| 2.04 (0.12)| 3.35 (0.22)| 858 (0.01)| 14.66 (1.02) 3
NRG Reclaim 5%
0.85(0.07)| 1.70(0.04) 2.72(0.04) 885(0.01) &YM31 3
non-sub. (0.07) ( (0.04) (0.01) &Y@31)
i 0,
SNUFE)G Reclaim 15% o1 0.05)| 1.46 (0.06)| 2.26 (0.08)| 992 (0.07)| 11.85 (0.36) 4
NRG Reclaim 15% 1118
non-sub. 0.52 (0.04)| 0.89 (0.06) 1.37 (0.09) (0.02) 8.48 (0.42) 3
NRG Reclaim SBR 1325
.54 (0. . . 1.44 (0. 13. 64 4
15% sub. 0.54 (0.03)| 0.95 (0.05) (0.08) (0.03) 3.35 (0.64)
Bridgestone
Reciaim 15% sub. 0.98 (0.02)| 1.89(0.04) 2.97 (0.08) 902 (0.02) 22M40) 3
6 —_—
d\lR
5 —+
—_— 4 T
% © NR & SBR
X 3T @ Commercial sub 15%
S NRG sub 15% ¢
™ e
® o | SBR
] NRG sub SBR 15%
@
1+ NRG non-=sub 15%
0 T T T T T T T T T T T T T T T T T T } T T T T } T T T } T T T T 1
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04 3.00E-04 3.50E-04

crosslink density (mol/m/)

Figure 5.14 Relationship between crosslink denaityl 300% modulus (stress at 300%
strain). Reference samples (green), containing N&&im (blue), containing
commercial tyre tread reclaim (red)
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Figure 5.14 illustrates the relationship between300% modulus and the crosslink density.

It can be seen that the relationship is near linear

The reduction in modulus upon the addition of NRGlaim can be explained as a reduction
in the extent of curing, although a reduction iscasity should not be ignored. Similar linear

behaviour is seen for the 100% and 200% modulus.

30
| NR
25 + ©
20 :_
- ]
a
g ]
« 5 NRG sub SBR 15% Commercial sub 15% O NR&SBR
5 i ([ NRGsub15% @
(@)
10 +
°® SBR
NRG non-sub 15%
5 4
o 1
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04 3.00E-04 3.50E-04

crosslink density (mol/m¢)

Figure 5.15 Relationship between crosslink dereitgt ultimate tensile strength. Reference
samples (green), containing NRG reclaim (blue),tammng commercial tyre
tread reclaim (red)

The effect on ultimate tensile strength is more glex. With the exception of the neat NR

formulation, the UTS bear very little relationshapcrosslink density.

This may be explained in terms of the processesrdog at failure. At low extension, the
stress is determined by the resistance to exterenohhence is strongly determined by
crosslink density. At failure, however, other fast@ome into play. A material which can
undergo stain crystallization, such as NR, will @&/ much greater UTS and modulus than
would be expected based on crosslink density alégg This was, in fact, observed. It has
been postulated that the increase in UTS in anstrgistallizing polymer, such as NR, is due
to the formation of crystallites at the tips of dedlaws preventing further crack propagation
until a much higher critical stress is reached 127

Failure is the result of a crack being able to pggie through the sample. The likelihood of

this occurring depends not only on the local stc#édhe material at the crack tip but also the
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ability of the material to lower this local stre8¥hen the local stress exceeds a materials
critical strength, the crack will propagate and iaterial will fail. A soft material which can
deform is able to decrease the local stress argrdduce the likelihood of failure. This has
the consequence that although the addition of iractaduces UTS compared to the (NR &
SBR) formulation, the effect on extension at bresaknore significant. A soft material may
require significant extension before the materiacdmes stiff such that a crack will

propagate. Being able to reach high extensionsheamdirect effect of raising the UTS.

In a study of ethylene propylene diene monomer (EPEubber, Dijkhuis showed that with
a crosslink density of approximately 3x1®nol/mt and higher, there was almost no un-
crosslinked rubber chains. Dijkhuis also found ttiegre was an apparent lower limit of
crosslink density where a good network structureném, this was at a crosslink density of
1.5x10%* mol/me (1).

Thus, despite the addition of NRG reclaim decreasire crosslink density, its function as a
plasticiser/softening agent increasesand in turn UTS. This is especially noticeable whe
the reclaim was substituted for the SBR compondie high oil content imparts a
plasticisation effect. The commercial tyre treadlaen on the other hand is a much stiffer
material which does not act as a plasticiser arikedy to be included into the vulcanizate
network during crosslinking, unlike the oil. The tex@al is thus unable to dissipate stress at
the crack tip and failure is at loweg. Nonetheless a decrease in crosslink density and a
possible stress raising effect as noted by Magrtlal. (103) will lower UTS. In contrast to
the material containing (NR & SBR) and that contagrreclaim, the pure NR compound has
only one rubber phase and no such stress raisiegopiena. Unlike Saiwaet al, no

decrease isg was observed for the addition of either type cfaien (62).

105



CONCLUSION

CHAPTER 6

6 CONCLUSION

6.1 Characterization

It has been demonstrated that compositional arsalysirubber devulcanizates is possible
when using Hi-Res TGA!. Good quantification was possible for low molecueeight
components such as processing oils, natural ruldaebon black and inorganic residues.
Separation of components and thus compositionalysisais improved by increasing
resolution and sensitivity. This, however, comeghvéin analysis time trade-off. Beyond a
certain point, no improvement in compositional &e@l is achieved while analysis time

increases rapidly.

As the samples increase in complexity the abildyseparate materials based on their
decomposition temperature decreases. This is beadusverlapping decomposition ranges.
With rubber vulcanizates and devulcanizates thisurther complicated by a number of

factors:

* some vulcanizates (and hence devulcanizates) camgaiow volatility extender oils
such as the RAE oil added to the SSBR used irsthdy. Such heavy oils decompose
over the same temperature range as the rubber caniso Ignoring them is likely to
lead to an overestimation of rubber components sashSBR. More volatile
processing oils, by contrast, are easily quantified

* When the components in the devulcanizate are seebrdown that they contain low
molecular weight material, it becomes difficult $eparate these fractions from the
processing oils.

* The de-vulcanization process may cause furthergdsim the rubber constituents,
for instance increasing their stability, such ttiegir decomposition temperatures can

no longer be directly associated with that of @mefice virgin rubber standard.

A novel high viscous reclamate, supplied by NRGswharacterized and its performance
compared with that of a more conventional reclamagi®duced by mechanochemical
devulcanization. The NRG reclaim is produced byr@ppetary high temperature process.

Characterization revealed that this reclaim wasiyairocessing oil and other low molecular
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weight material. Since no high molecular weight bBld be seen, it is suggested that this
low molecular weight material contained low molesuleight polyisoprene. A glass
transition, consistent with the presence of pogrsoe, was observed by DSC. Some high
molecular weight polymer was present. This is ykBBR-derived, given its relatively high
decomposition temperature. Analysis of a solubleagx from this reclaim indicated the
presence of NR. A gfor SBR was also observed by DSC. It was obsetivatthe inorganic
residue contained a material, not typically seetyiia tread reclamate. This was identified as
CaO, derived from CaCOThe calcium carbonate may be derived from thenetary NRG

process.

Although methods, based on kinetic models, haven lweeloped to quantify the rubber
components in vulcanized samples,g. rubber crumb, they are not suitable for
devulcanizates such as the NRG product (75,76).réVtle-vulcanization causes significant
molecular change, the decomposition profiles n@éormatch those of the virgin materials,
and so a model for the decomposition of the devidede cannot be built and quantification

cannot be achieved (65).

Solvent extraction would suggest that future samplea similar nature to the NRG reclaim
could be analysed by prior separation with appetprsolvents. Acetone was shown to be
useful for removing polar curative but not polyneematerial. It was shown that using
solvents with different characteristics made itgdole to separate out processing oils and
polymers. Using solvents in succession on a sanoqué result in the systematic removal of
the various materials in the sample. Careful ingpecof the mass loss curves in the Hi-
Res™ TGA indicated that the carbon black fractiomswstill losing mass during
carbonization process in2NThis is in contrast to tyre CB. It is suggestt tthee carbon black

in the NRG reclaim product may have properties lsino PyCB, making it less reinforcing
(7).

One of the key characteristics of de-vulcanizateord reclamation is the production of
polymer chains that are not restricted by crosslinkherefore, when coupling solvent
extraction with Soxhlet extraction, a simple tecju@ was developed to estimate the polymer
concentration that was un-bonded. Much of the NBR@&aim was soluble in toluene which
suggests that most of the polymeric constituentieisulcanized. By contrast, a significant
fraction of a commercial tyre tread devulcanizaiald not be dissolved in toluene indicating
that not all the material had been de-vulcanizeeRés™ TGA revealed no carbonization
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occurring with the CB in this sample, indicatingtlhe CB likely retained a similar structure

to its original form.

6.2 Formulation development

Given the nature of the two reclaim samples it exgsected that the oily NRG reclaim could
act as a processing aid and the Bridgestone redaudd act as a filler and/or extender. The
NRG reclaim had important impacts on mixing beharidMaximum torque and hence

process energies were reduced, opening up thebgiigsaf cost savings, albeit that longer

mixing cycles might be required. The lower maximuarque would also reduce the

likelihood of breaking shear pins in the mixing gupent, increasing machine life. This

could be solved by prior master-batching of the Ni@@aim with virgin rubber. Furthermore

the NRG reclaim reduced mixing temperatures, intcbty a degree of processing safety,
making premature curing at this stage less likélye commercial tyre tread reclaim was
more of a reinforcing filler as the torque increhseth the addition of the reclaim. This,

though, may be indicative of difficulties of dispem.

The NRG reclaim has a number of effects on curemuwdry. It was demonstrated that it
reduced cure times. This is a common effect ofareakes (also seen with a commercial tyre
tread reclaim in this study). It is suggested that is the result of curative residues present in
the NRG reclaim. This reduces scorch safety. It,wemsvever, demonstrated that scorch
safety can be restored by the use of the PVI, Ohi& study is the first study to investigate
the effect of CTP in devulcanizates. CTP was alsows to be effective with a more
conventional devulcanizate. This study is also ohthe few to investigate a devulcanizate
with an ultra accelerator, TMTD. As expected, TMiiddluced the scorch time but not below
that of a reference compound containing TMTD. Wivat reduced was the total time for

curing, as demonstrated by a reductiomsin

The addition of devulcanizate decreased the exdEmure as measured by the maximum
torque generated in the rheometer. It was demdeadtrhat this is primarily an effect of
crosslink density. Lower crosslink density sampes less stiff and thus a lower torque is
required in the rheometer. This was corroboratedebgile testing where 100%, 200% and
300% moduli were all correlated with crosslink dgnsThe reduction in crosslink density
was shown to be the result of more than the redingti crosslinkable rubber on reclaim

addition. The exact mechanism of the crosslink céduo is unclear.
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The tensile tests showed that there was a deciratte tensile properties for the NRG
reclaim formulations. At the same time a significarcrease in the extension at break was
observed. A linear, predictable relationship betwemsslink density and UTS could not be
established. The tensile behaviour suggested thaaimnples with NRG reclaim added, the
reclaim acted as a plasticiser significantly insieg extension at break but decreasing UTS
less so. With the commercial tyre tread reclaineerelase in UTS with little or no change in
es was observed. This could be attributed to dectkasesslink density or an incomplete
transfer of stress between the polymer chains. g been proposed by Jagtaal who
suggested that the gel fraction of the devulcaaizaas highly crosslinked and therefore

when re-vulcanized this gel fraction would not sfam stress to the matrix efficiently (98).

The increase in elongation at break and a decreasensile strength is a result of the
increased low M material present in the formulation (both procegsoil and low M,
polymer). The low M material could be increasing the mobility of thelymner chains
making them more flexible. The lower crosslink dées would also allow greater flexibility

and mobility of the polymer chains (1).

It was expected that the substituted NRG reclaimldvave poorer qualities than the non-
substituted formulation. The thought was that byt sabstituting the polymers and

reinforcing filler (carbon black) there would becess of these materials in the formulation.
However, thermal analysis indicated that the tweomidations had almost identical

decomposition curves indicating they contained lsimdoncentrations of material. What was
revealed however is that in both cases the ratibNRfSBR was opposite to that of the
(NR & SBR) virgin formulation. This would suggesiat the NR present in any formulation

has a large impact on the physical properties efithal product.

Alternatively, to increase the tensile strength whHRG reclaim is added, more carbon black

could be added or higher quantities of curativefifs and accelerator) may be used.

Sol-gel experiments revealed that a significant am@f material in the blends containing
reclamate was extractable. This was primarily adl avas higher for the NRG sample than
the commercial tyre tread reclaim. Some of the atéibles would also be polymer

breakdown products and curative residues that deeak during de-vulcanization.
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Chapter 7

7 RECOMMENDATIONS

7.1 Extended characterization techniques

From the results of the research done it becamearapp that simply identifying low
molecular weight material present in a reclamatéensufficient. With the NRG reclaim
problems arose when curing and tensile test pravstexpected results. Understanding what
the low molecular weight material contains wouldowyde better direction for future

compounding.

To better understand the NRG reclaim further tgstin the sol fraction should be carried
out. Once the sol fraction has been isolated, tilrdbe use of soxhlet extraction, GPC/SEC
analysis should be carried out. This technique lshallow for the identification of low M
polyisoprene and possibly poly (styrene-butadi@aepolymer. This will help understand the
severity of the reclaiming process used and idgpuksible alternate uses for the material.

A simpler technique for separating possible polyritem oil in the low M, fraction is to

vulcanize the sol fraction by using high concemrat of sulfur and/or curatives. This can be
done by reacting the components in an oil batlad&0C. As this technique should be used
to only separate the polymeric material from thecpssing oil it can be carried out in an
oxidizing environment (air). Using a suitable saivafter the vulcanization should separate

out the vulcanized material from the processing oil

A powerful technique for characterising the lowy Mhaterial is NMR spectroscopy. By
dissolving the low M material in deuterated dichloromethane the low Mdlaterial can be
analysed with the use dH-NMR and *C-NMR for identify any aromatic, olefinic or

aliphatic hydrogens and carbons present.

Just as important as knowing what a reclamate cents.knowing what makes up the virgin
material. In the case of this study an oil exten8&R was used. The influence of the SBR-
OE elastomer could be seen on the TGA thermogramdgste effect it had on the physical
properties could only be speculated. The methodséparating polymeric material from
processing oil explained above can be applied dter vulcanizing the SBR and removing
the oil component the SBR can be analysed usingmttgravimetric analysis. The
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percentage SBR identified by TGA could be subtchdimm SBR-OE resulting in the

amount of RAE oil being quantified.

To obtain a better understanding of what happertkdcauratives after the vulcanizing and
reclaiming processes HPLC analysis could proveulisBfy using HPLC and HPLC-MS the

curatives that may be contained in the low, Mhaterial could be characterized. This
technique should be used on both the commercidine@s well as the NRG reclaim as it

may help explain the scorchiness of the devulcaesza

Should the NMR or HPLC techniques be carried oud itnportant to stop any free carbon
black from contaminating the sample. Thereforegradbxhlet extraction it is recommended
that the sol fraction be centrifuged and the extid@canted. Alternatively the sol fraction can

be passed through a syringe filter with a pore sfZg5um.

Because CaCfwas identified in the NRG reclaim it is also recoanded that an analysis is
done on the ash content. Elemental analysis ismemnded as it could identify any calcium
and/or silica present. Elemental analysis can eopeed using XRF or the ash could be
digested and AAS could be performed. S0uld also be quantified by digesting it in HF
acid and then analysed using ICP-MS/ICP-OES.

7.2 Further compounding and physical tests

Further investigation on the effect that EV and §¥tems have on the physical properties of
compounds containing de-vulcanized material shbeldccarried out. In order to understand
these phenomena, not only should conventional swgdbtle done, but swelling would also be
performed in the presence of probes that selegtigielave polysulfidic linkages, disulfidic
linkages and monosulfidic linkages (128,129,130jede would provide information about
the number and distribution of C-C, C-S-C, C-S-&@ C-Sx-C crosslinks in EV and CV

systems.

A change in the strain crystallization could affde modulus and UTS. The following mixes
should be attempted to understand the influencetiieaNRG reclaim would have on strain
crystallization; 15% NRG & 100 phr NR, 15% NRG &Q@hr SBR. The kinetics of NR
systems are typically more sensitive to formulabianges than SBR systems (56). Such a

study would allow the sensitivity of the pure vitgiompounds to the reclaim to be assessed.
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A Kraus analysis should be performed on the cnokglensity calculations. This will reflect
a more accurate value of sulfur crosslinks predenorder to increase the UTS of the NRG
formulations carbon black should be added in higluamtities. The effects that this will have
on how the polymer chains interact with each otiaer be better understood when comparing
the corrected values with the uncorrected valubéss Way the role of carbon black can be

better understood.

Carbon black is often added in black masterbatbkésre the addition of plasticiser (114). In
the current study the NRG reclaim was added befweecarbon black. Because the NRG
reclaim is a highly viscous oil and thus behavkes & processing oil, the effect of switching
the order of reclaim and CB addition could be ersgudo Alternatively mixing the carbon

black into the NRG reclaim to form a paste befodaliton could help with possible

dispersion problems. This may prevent the slippthgt was observed in this study.
Importantly the influence on maximum mixing torqdmal torque and final temperature

should be investigated.

RPA experiments can be used to identify branchiveg ts as a result of de-vulcanization
techniques. This would be done by using large aogb#llatory shear (LAOS) experiments.
The effect that the addition of NRG will have ontwskid, rolling resistance and heat build-
up can be investigated with the RPA. Taat 20C, 60C and 80C in accordance with the
protocol of Nordsiek (133) after curing in the RBduld be measured. The tamlata would
then be used to make property measurements.

In this study tensile tests were performed at 200mim this presented a problem as tensile
behaviour (especially where you have plasticiséioftening) is strain rate dependent.

Furthermore the dependence of UTS on crosslinkigeissmore pronounced at higher strain

rates (37). At 200 mm/min very little dependencecarsslink density was observed (Figure

5.14) but this may not be the case at high stiaiest Therefore future experiments should be
carried out at a higher strain rate of 500 mm/nsisecified in ASTM D412 (97).

7.3 Predictive modelling and improved kinetics

A model could be investigated that used variousritecal tools so that an overall curve can
be predicted from a model decomposition. Howevéis twould only be useful for

conventional devulcanizates, as some de-vulcanizatiechniques may change the
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decomposition temperatures. This would pose a prolib the theoretical model. A model

would need to be set up for NR, SBR, RAE oil, pesieg oil and carbon black.

Coran plots could be used to find rate constantsttfe initiation and crosslinking steps
during vulcanization (54,128,129). Because thidyaig provides rate constants, rather than
rates, it allows concentration effects to be elabaal. It also allows more detailed comparison
of CV and EV systems.

By using MDSC better Jdata can be obtained. This would allow more dedagind sensitive
experiments to be carried out. For instance, theerddence of glass transition temperatures
on molecular weight could be investigated. This Idobe done by using polyisoprene
standards of varying molecular weight. This hashtieefit of confirming that aglstep is not

mistaken for another thermal event.
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9 APPENDICES

9.1 Appendix A - Formulations

SBR

NR & SBR

Chapter 9

NRG sub.
15%

NRG sub.
SBR 15%

NRG non-
sub. 5%

NRG non-
sub. 15%

Conventional cure formulations used éstihg mixing behaviour, cure rheometry and meatedrproperties

Commercial
tyre tread
sub. 15%

Commercial
tyre tread
non-sub. 15%

Table 9.1
Component NR
NR 100 (65.0%)
SBR-OE -
NRG reclaim -

Commercial tyre

tread reclaim
Carbon black

45 (29.3%)

100 (65.0%)

45 (29.3%)

50 (32.5%)
50 (32.5%)

45 (29.3%)

41.8 (27.2%)
41.8 (27.29
23 (15.0%)

38.4 (25.0%)

50 (32.3%)
) 39.9 (25.8
25.7 (16.6%)

30.2 (19.5%)

50 (30.7%)
&0 (30.7%)
9 (5.5%)

45 (27.6%)

50 (27.7%)
50 (27.7%)
27 (14.9%)

45 (24.9%)

35.4 (23.0%)
50 (32.5%)

23.4 (15.2%)
36.4 (23.6%)

50 (27.7%)
50(27.7%)

27 (14.9%)
45 (24.9%)

Sulfur 1.6 (1.0%) | 1.6(1.0%) | 1.6(1.0%) | 1.6(1.0%) 1.6%) | 1.6(1.0%) | 1.6(0.9%) | 1.6(1.0%) | 1.6 (0.9%)
CBS* 0.8 (0.5%) |0.8(0.5%) |0.8(0.5%) |0.8(0.5%) |0.8(0.5%) |0.8(0.5%) |0.8(0.4%) |0.8(0.5%) | 0.8 (0.4%)
DPGt 0.4 (0.3%) | 0.4(0.3%) | 0.4(0.3%) | 0.4(0.3%)| 0.8%) |0.4(0.2%) | 0.4(0.2%) | 0.4(0.3%) | 0.4 (0.2%)
Stearic acid 3 (2.0%) 3 (2.0%) 3 (2.0%) 3 (2.0%) 3 (1.9%) 3 (1.8%) 3 (1.7%) 3 (1.9%) 3 (1.7%)
Zno 3 (2.0%) 3 (2.0%) 3 (2.0%) 3 (2.0%) 3 (1.9%) 308 | 3(1.7%) 3 (1.9%) 3 (1.7%)
Total 153.8 (100%)| 153.8 (100%)| 153.8 (100%)| 153.8 (100%)| 154.6 (100%) 162.8 (100%) 180.8 (100%)| 154.0 (100%)| 180.8 (100%)

* N-cyclohexyl-2-benzothiazole sulfenamide
T diphenyl guanidine

Values are reported as phr. Those in bracketssagep&rcentage by mass. Sub. indicates formulaitiowkich part of the rubber (100 phr) has beenaegd by reclaim. In
the case of non-sub. the NR&SBR combinations i8Gghr reference and the reclaim is added in additi
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Table 9.2  Efficient cure formulations used foritagimixing behaviour, cure rheometry and mechanpcaperties

Component | NR&SBR | NRGsub. 15% | RTEEE INR&SBR | NRG sub. | (TS,
15% TMTD 15% CTP

NR 50 (32.7%) 41.8 (27.3%) | 35.4 (23.1%) |50 (32.4%) |41.8 (27.1%) | 35.4 (22.9%)

SBR-OE 50 (32.7%) 41.8 (27.3%) | 50 (32.6%) 50 (32.4%) 4281%) | 50 (32.4%)

NRG reclaim - 23 (15.0%) - - 23 (14.9%) | -

Commercial tyre
tread reclaim

Carbon black

45 (29.4%)

38.4 (25.1%)

23.4 (15.3%)
36.4 (23.8%)

45 (29.2%)

38.4 (24.9%)

23.4 (15.2%)
36.4 (23.6%)

Sulfur 0.4 (0.3%) 0.4 (0.3%) 0.4 (0.3%) 1.6 (1.0%) 1.0%) | 1.6 (1.0%)
CBS - - - 0.8 (0.5%) |0.8(0.5%) | 0.8 (0.5%)
DPG - - - 0.4 (0.3%) 0.4 (0.3%) | 0.4 (0.3%)
TMTD* 1.6 (1.0%) | 1.6 (1.0%) | 1.6 (1.0%) - - -

CTPt - - - 0.4 (0.3%) 0.4 (0.3%) | 0.4 (0.3%)
Stearic acid 3 (2.0%) 3 (2.0%) 3 (2.0%) 3 (1.9%) 3 (1.9%) 3 (1.9%)

ZnO 3 (2.0%) 3 (2.0%) 3(2.0%) 3 (1.9%) 3 (1.9%) 3 (1)9%
Total 153.0 (100%) | 152.9 (100%) | 153.2 (100%) | 154.2 (100%) | 154.1 (100%)| 154.4 (100%)

* tetramethyl thiuram disulfide
T N-cyclohexylthiophthalimide
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9.2 Appendix B - Comparison of SDT and Hi-Re8" instruments

Thermal analysis on the highly viscous NRG recleiaterial was initially investigated using

an SDT instruments. The aim of this experiment waisonly to decompose the reclaim to
identify the various components present but to ailgestigate the best heating profile for a
TGA instrument that does not have Hi-Résapabilities. Figure 9.1 shows the impact of

changing the flow rate of nitrogen to the SDT fumarhe flow rates used were 1, 10, 20, 30,
40, 50 and 60 iimin.

120 0.6
NRG Reclaim 1ml.001
NRG Reclaim 30.001
NRG Reclaim 60m|.002
100
80
1 9
= S
g =
£ =y
E” 60 ‘S
o =
= 2
] @
(a)
40
20+
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T '02
0 100 200 300 400 500 600 700
Temperature (°C) Universal V4.5A TA Instruments

Figure 9.1 Comparison between different flow ratesl the impact on resolution. The
dashed lines show the derivative curves of the Wweags curves (solid lines).

Flow rate = 1 mmin (green); 30 mimin (red) and 60 mimin (blue)

Figure 9.1 shows the trend that occurs as the faie moves from a low to high flow rate.
The intermediate flow rates are not illustratednfrgreater clarity. When analysing the
decomposition in nitrogen atmosphere it can be #sasnthe resolution decreases as the flow
rate is increased. This is evidenced by the weélglhdss moving from a step curve (flow rate

of 1 mt/min) to a smooth sloping curve (flow rate 6@/min).

From the derivative curves, it can be seen thaivaflow rate (solid line) gives the best

resolution. The derivative of the low flow ratesisarper and a shoulder can be seen around
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450°C. This shoulder is not evident when highefleates are used. As the flow rate
increases the trend in the derivative curve is that peaks begin to broaden which may

overlap and obscure other peaks.

The second step of the thermal program is carnigdnooxygen/air. This allows combustion

of the sample. For the SDT procedure, the furnaceoled before heating in oxygen/air. The
thermogram should therefore show a level mass wiene is no weight loss since carbon
black in the sample should only decompose in tlesgrce of oxygen/air. From Figure 9.1 it
is evident that at low flow rates the oxygen preéserthe furnace is sufficient to cause the
decomposition of carbon black before the changeximen/air. Note that the SDT furnace

has a large volume, so a large flow rate is requioeremove air entrapped when the furnace

is closed.

As the flow rate increases this problem decreadashwis shown not only from the weight
loss curve but also the derivative curve. The tlogmam at a flow rate of 60 fmin still
shows the effect of oxygen on the sample. The dopbeék at the end of the 6@ /min curve
indicates that the carbon black starts to decompesare the switch to oxygen where after
the rate of decomposition increase. This wouldaatdi that previous assumptions of oxygen
being a contaminant during the nitrogen sectionthef experiment is confirmed. Note,
however, that these experiments were performedhenNRG reclaim. The carbon black
present in this sample is more likely to have dtme similar to a PyCB, rather than a
commercial CB. Like PyCBs it may undergo, carbotiirawith associated mass loss, as

oxygen-containing groups and asphaltene molecuéemst (13).

The role of nitrogen quality was also tested towshwhat impact it might have on the
experiment. The thermogram in Figure 9.2 shows rapasison between technical grade,
high purity (HP) and ultra-high purity (UHP, Baseli 5.0) nitrogen. This comparison has
important consequences for the cost of analysishiieal grade nitrogen is significantly

cheaper than UHP.

From Figure 9.2, it can be seen that the chandlkemuality of gas does not play as large a
role as the flow rate. There are minimal changeabéowneight percentage loss and the major
changes can be seen in the derivative curves. Hawthe trend in the thermogram is not a
case of an increase in resolution as the gas rsgellto a higher quality, nor does the effects
of oxygen contamination decrease with an increasgas purity. This can be seen when

analysing the high purity nitrogen curve. It shoavsincrease in resolution for the weight
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percent loss but it also shows a decreased atulitgmove or decrease the effects of oxygen
present in the furnace. This suggests that aitilisatrapped in the large SDT furnace. The
Discovery Series Hi-Ré¥ TGA used later has a much smaller furnace whickaisier to
purge properly. As an additional improvement, apgex and moisture trap was added to the
UHP N line for experiments using the Hi-R¥sTGA.
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| NRG Reclaim Tech N2.001
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Figure 9.2 Thermogram showing a comparison betweiierent quality nitrogen. The

guality is technical grade (solid line), high pyrifdashed line) and ultra high
purity nitrogen (dash dot line)

Thermal analysis was performed in a Hi-ReE3FGA using the same sample to compare the

two machines. Figure 9.3 shows an overlay of thettvermograms.

It can be seen that the Hi-R¥sTGA does not have a problem with oxygen contarionat
This provides a more reliable weight percentage las premature decomposition of the
sample due to oxygen can be ruled out. Quantiboatf carbon black is thus much more
accurate. The Hi-Res TGK also provides a more complete decomposition ofstraple

which reduces the possibility of overlapping peaks.
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Figure 9.3 Comparison between Hi-R3GA and SDT analysis

It is important to point out that the heating praogrfor the Hi-Re¥! TGA was different from
that of the SDT. This is due to the nature of the machines. While the Hi-RBS TGA is
automatically programmed to decrease heating ratesn weight loss is detected and
increase again once decomposition is complete BRelas to be programmed manually. The
SDT requires the increase or decrease of the Igeatia to be programmed before the start of

the analysis which would only be possible if thenpke had already been analysed.

Because of difficulties with furnace purging, langgdume furnaces such as the SDT are not

recommended for the analysis of samples that aisgtse to small quantities of oxygen.
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9.3 Appendix C - Sulfur thermogram
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Figure 9.4 Thermogram of sulfur showing the onsethe «-4 transition (104C) and
melting transition (119C) values. The DSC was heated fromQ@ 160C at a
heating rate of 10C/min

The analysis of the sulfur indicated that the suiftas rhombic. Rhombic sulfur can be
identified by its transition temperature from rhamto monoclinic sulfur ¢-p transition) in
the range of 10Z-112C. The melting transition in the range of 1T7127C also confirms

that the sulfur used in this study was rhombicisulf
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9.4 Appendix D — DTG curves
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Figure 9.5 Hi-Res™ constant reaction rate with aséaheating rate of 2C/min,
resolution
-2 and sensitivity 1
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Figure 9.6 Hi-Res™ constant reaction rate with aséaheating rate of 5C/min,
resolution
-4 and sensitivity 1
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Figure 9.7 Quantification of the standard rubbernfwilation. Hi-Res™ dynamic rate with
a base heating rate of 20/min, resolution 5 and sensitivity 1
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Figure 9.8 NRG reclaim thermogram with the DTG eurki-Res™ dynamic with a base
heating rate of 2GC/min, resolution 5 and sensitivity 1
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Figure 9.9 Commercial tyre tread reclaim with th& ® curve. Hi-Res™ dynamic mode
with a heating rate of 2&€/min, resolution 5 and sensitivity 1
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Figure 9.10 Toluene solvent extract with the DT®/euHi-res™ dynamic mode with base
heating rate of 28C/min, resolution 5 and sensitivity 1
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Figure 9.11 Standard tread formulation showing tipical shoulder of SBR on the DTG

curve. Hi-Res™ dynamic mode with base heating oat20’C/min, resolution
4, sensitivity 1
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9.5 Appendix E — Constant ramp
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Figure 9.12 Comparison of Hi-Res™ dynamic mode vatolution 5, sensitivity 1 and base
heating rate of 26C/min (Green) and constant heating rate ofQnin (red),
20°C/min (blue) and 3@/min (black)
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9.6 Appendix F - Multiple runs to show reproducibility
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Figure 9.13 Duplicate run of NRG reclaim. Hi-Res™ndmic mode with heating rate of
20°C/min, resolution 5 and sensitivity 1
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Figure 9.14 Duplicate run of vulcanized SBR sangadormed in Hi-Res™ dynamic mode
with base heating rate of 20/min, resolution 5 and sensitivity 1
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9.7 Appendix G — Mixing kinetics for TMTD and CTP
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Figure 9.15 Mixing kinetics for NR&SBR with TMTD
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Figure 9.16 Mixing kinetics for NRG reclaim 15% stituted with TMTD
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Figure 9.17 Mixing kinetics of commercial tyre tdegclaim 15% substituted with TMTD
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Figure 9.18 Mixing kinetics of NR&SBR with CTP
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Figure 9.19 Mixing kinetics of NRG reclaim 15% ditbhted with CTP
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Figure 9.20 Commercial tyre tread reclaim 15% sitbtd with CTP
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