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Natural rubber, polymer
industry’s ultimate
resort?

For at least four decades now, experts are
trying to draw the attention of the public
to the ultimate scarcity of most natural
sources. But in spite of many words of
caution over the years most people still
take the unlimited availability of energy
and materials for granted. Regarding
energy however, especially in the indus-
trialized countries governments and
energy suppliers are fully aware of the
discrepancy between the still growing
world needs and the rapid exhausting of
earth’s sources. They map world stocks
and expected shifts in consumption pat-
terns in order to get useable data to draw
up scenarios on which they can base plans
to ensure the availability of sufficient
energy in the future.

Reports from very different sources show
similar and clear findings. For instance, in
1999 the General Energy Council (Algeme-
ne Energieraad, AER), which is an inde-
pendent advisory board on energy policy
for the Dutch Government and Parlia-
ment, reported that estimates of world oil-
stocks do not cover expected needs after
2050. In fact, problems can occur as early
as 2030 since figures are for a large part
based on unconventional stocks, like oil
in slate and tar sands. Thereforeit isvery
likely that large-scale oil exploration, as
we know it now will almost disappear after
the first few decades of this century. High
costs for the exploration of the remaining
stocks will lead to high prices for oil and
therefore for all oil-based materials and
products. It is not surprising that now-
adays several oil companies already run
pilot plants that produce all engine fuels
needed from coal and natural gas.
Although only a negligible quantity of all
oil produced is used for the production of
synthetic polymers, including almost all
synthetic rubbers, it is evident that such
developments on the continued on page 2
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Exciting times ahead for NR

| am most delighted to be asked for an introductory article for this special issue, dedicated
to review recent developmentsin NR modifications and prospects to substitute modified
NR for SR in certain technical applications.

I have known the Rubber-Stichting, which has promoted the use of NR for quite along time (since
1936), as early as 1968 when | started working as a junior researcher at the Indonesian Institute for
Rubber Research (INIRO) in Bogor, a sister institute of the Rubber-Stichting.

I became even more interested in the efforts of the Rubber-Stichting, now operating the very
efficient R-S Information Center for Natural Rubber, when | was invited to present a paper as
representative of the Rubber Association of Indonesia (GAPKINDO) in 1996 at the 60th
Anniversary celebration of this Foundation in Amsterdam and afterwards when an eminent
Rubber-Stichting Board member, non other than Prof.Dr.Ir. Jacques Noordermeer, professor in
Rubber Technology at the University of Twente, presented a splendid keynote speech at the IRSG
103rd Group Meeting in Glasgow, Scotland.

Despite the commercial existence of SR for more than 50 years, NR is still flexing its musclesas a
practically irreplaceable elastomer in a great deal of rubber products. It remainsin fact, until now,
the most often used type of elastomer. Today's transportation and engineering industries
worldwide cannot survive without NR. With tyre radialisation, passenger car tyres use more than
40% NR, heavy duty tyres more than 60% and aircraft and earthmover tyres even 100% NR. The
use of NR in non-tyre products such as belting and latex gloves has also increased in the past two
decades. The current world elastomer consumption, totalling around 18 million tons per year,

continued on page 2

Special on the Future Replacement of
Synthetic Rubber by Modified Natural Rubber

Natural rubber, polymer industry’s ultimate resort?

Exciting times ahead for NR

A general review of recent developments on chemical modification of NR

Novel lonic Thermoplastic Elastomer based on NR

Properties of highly grafted Polystyrene-modified NR

Global warming and NR production

Substitution between natural and synthetic: which way?
About availability and strategies




oil supply front will have serious conse-
guences for availability as well as prices
of these polymers. As oil becomes scarcer
the price will increase accordingly. Termi-
nation of large-scale oil winning might
even bring the production of oil-based
polymers to an end. Hopefully, by that
time alternative processes will be availa-
ble, for instance based on coal. Whatever
happens, during a certain period shorta-
ges as well as rising prices will result.
Furthermore, one should realize that inter-
national developments could cause over-
night diminishment of oil flows, leading
to amore or lesssimilar scenario.

Such a development provides chances for
NR by boosting demand. Even more so
when at that time modified types of NR
would be available with properties making
the replacement of part of some types of
synthetic rubber possible. Therefore, in
our opinion research on modifications of
NR, development of applications there-
with and marketing has to be supported
strongly. Furthermore, the trend that NR
producing countries consider shifting from
NR toward other crops, which at the
present time are more profitable, seems
to be short-term thinking.

One factor to take into account when
talking about the possible opportunities
for NR and its modifications resulting
from a shortage of oil suppliesisthe effect
of global warming on the production of
NR in the next decades. Parts of the pre-
sent production area of NR will probably
disappear by the changes of climate and
the question is where and to what extent
other suitable areas can be found.

In the preparation phase of this issue a
literature scan showed that almost all
references with respect to the future avai-
lability of oil arefocused on the effects on
energy supply. The effects on the future
availability of materials are seemingly
overlooked. We think that thisis not right
because a shortage of oil will have great
influence on many materials, not only
with respect to prices but probably also
with respect to availability at all. That is
why we have directed this special issue of
Natuurrubber/Natural Rubber to some
aspects that can be decisive for the role
of NR under such circumstances and
start it with a curiosity prickling title
since we feel that long-term certainty of
materials supply needs more attention
then it is getting now.

Jim van der Heijden
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consists of 40% NR (solid and latex), 20% SBR (solid), 12% SBR (latex), 12% Butadiene, 5%
EPDM, 2% Chloroprene, 2% Nitrile and 7% other synthetics.

NR has a very uniform microstructure that provides the material with a some very unique and
important characteristics, namely the ability to crystallize under strain, a phenomenon known as
“strain — induced crystallisation”, and very low hysteresis. Application of NR in rubber products
gives the product very useful technical characteristics of very good tensile strength, high
resilience, excellent flexibility and resistance to impact and tear, low heat-build-up, plus good
“green” strength and building tack. However, NR is less resistant to oxidation, ozone, weathering
and awide range of chemicals and solvents, mainly due to its unsaturated chain structure and non-
polarity.

These inherent drawbacks apparently cause limitations in the variety of NR usage, particularly
for technical and engineering applications. Forms of NR modified through chemical manipu-
lation of the polymer chain to achieve certain specia properties have been attempted in the past,
for instance by the Rubber-Stichting in the laboratories in Delft, albeit with very limited
commercial success.

The most recent and relatively successful modification was Expoxised Natural Rubber (ENR),
which has currently been produced in pilot-plant quantitiesin Malaysia.

Prof. Azanam S. Hashim and his collaborators from the School of Material and Mineral Resources
Engineering, University Sains Malaysia, have provided in this issue a general review of recent
developments on chemical modification of NR, together with a specific technical report on
Highly Grafted Polystyrene — Modified NR.

In complement, Prof. Thommachan Xavier from the Faculty of Research and Postgraduate
Department of Chemistry, Sacred Heart College Thevara, Kochi in India discussed his research
findings of a Novel lonic Thermoplastic Elastomer based on NR. The derived ionomer is made
up zinc salt of sulphonated NR and could be considered as an dternative to thermoplastic
elastomer and vul canised rubber.

Chemical reactions on NR have to be conducted in the latex stage, which is often fraught with
problems of latex stability, uneven particle size distribution and contamination due to non-rubber
ingredients of the natural latex. Reaction in the solution form will be even more difficult dueto its
highly viscous nature and the extremely high level of gel content in NR. Economically, they are
amost always more expensive to produce relative to their full-synthetic counterparts providing
similar if not better specific properties.

Prof Robert H. Schuster from the German Intitute of Rubber Technology was more optimistic on
the prospects of chain modifications in NR. Speaking at the 39th Assembly of the IRSG in
Antwerp, 6-10 November 2000, he suggested that NR could provide an “ideal” EPDM rubber by
means of hydrogenation and inserting polar groups in accessible chemistry which can lead to
types of rubbers that are more resistant to oil and heat. The price of such products probably would
be too high because there are currently enough inexpensive petroleum derivatives for producing
SR. However, when oil resources will be depleted in not too distant future, we will be more
prepared for using NR as a natural beneficial base to produce a variety of polymers. Schuster also
added that NR availability in powdered form could be another innovation to pursue further, as it
would allow continuous mixing of rubber with fillers and other ingredients in compounding.
Operating at lower energy input and delivering higher mixing quality, continuous mixing of
powder rubber may play a significant role in the future. Anyhow we are yet to anticipate another
dramatic breakthrough in rubber chemistry and technology that has not reoccurred since the
accidental invention of sulphur curing by Charles Goodyear in 1839 and its commercial appli-
cation by Thomas Hancock in 1843 using his innovative masticator.

Now we need to come back to the topic of this special issue. Is the future replacement of SR by
Modified NR to become areality? Or, more generally the question posed by Jaap Havinga of the
R-S Information Center for NR in Natuurrubber 24 (4th Quarter 2001): “ Can natural rubber be a
substitute for synthetic rubber?’ His self-response was: “in the long run this indeed might be
possible. It is difficult, but in our opinion not impossible.”

Before commenting further on the postulate, let us read what two acclaimed doyens of scientific

rubber forecasting, namely Dr. Kees Burger and Dr. Hidde P. Smit from the Economic and Social
Ingtitute, Free University of Amsterdam, have to say in this special issue.
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Based on their comprehensive and exhaustive analysis, the two experts
have indicated, much to the agreement to the IRSG’s own prediction
that there will be avery tight market or even a shortage of natural rubber
starting in 2005 or possibly even earlier. They continue by saying that
at current rubber planting policies (in producing countries), only high
NR prices, partial substitution of NR by SR and a higher tapping inten-
sity will lead to elimination of the predicted NR shortage.

The assessment of NR future demand was apparently based on the
current and immediate future state of rubber technology and presuma-
bly not taking into consideration possible displacement of some SR by
chemically modified NR. In other words it would be safe to say that the
inherent characteristics of ordinary NR have been projected to be in
short supply in afew yearstime, therefore possible wide application of
some promising modified NR's would likely be kept on hold until
more supply of NR could materialize.

In the light of recent events where NR prices were at the rock bottom
in 2001, caused by transient oversupply in the aftermath of the Asian
economic crisis of 1997-98 and the unprecedented slacking demand as
a result of recessionary economies in industrial countries, is NR
shortage really forthcoming? The answer should be yes, if the prospect
of a massive war could be averted and the world economy goes back
on its feet again very soon. In the final conclusion, the authors believe
that there will be aneed for amajor international effort to convince NR

producers and their governments that a large scale planting programme
will be most rewarding for future income from NR.

| certainly agree to this, bearing in mind the additional environmental
benefits of rubber cultivation (see Henri L.M. Kox in Natuurubber 17,
1st quarter 2000) and the social benefits of reducing urbanisation,
which has become a serious threat in overly populous producing
countries like China, India, Indonesia and Vietnam.

On the environmental aspect, there is an interesting article by Mr
Kevin P. Jones, the former Secretary of the IRRDB, who is awell-known
expert on promoting the environmental benefits of NR. This time he
discussed the possible unfavourable effects of Global Warming on NR
production. Thisisindeed ironical, considering the justified benefits of
NR cultivation in the reduction of Global Warming.

At the end of the article he concluded that all tree crop cultivators would
face serious difficulties in the face of uncontrolled environmental
changes as a result of Global Warming and he reinforced the argument
that this threatening phenomenon should be taken more serioudly by all
of us.

A very exciting time for NR isindeed in store!

AF.S Budiman
Secretary-General International Rubber Sudy Group

A general review of recent developments

on chemical modification of NR

Azanam S. Hashim, S.K.Ong and R.S. Jessy*

Introduction

Natural rubber (NR) vulcanizates have high
mechanical strength, outstanding resilience,
excellent elasticity, abrasion resistance, good
low temperature resistance and very good
dynamic mechanical properties.t-3 NR is used
extensively in tires, rubber springs, vibration
mounts etc. However, NR is known to have
poorer ageing properties, wet grip properties
and weathering resistance.4 Thus chemical
modifications of NR were carried out to im-
prove these important properties. The chemi-
cal modification can be carried out either in
latex, in solution or in the dry phase.> Some
earlier modified NR’s, which are still com-
mercialy available are chlorinated rubber,
hydrochlorinated rubber, cyclized rubber and
oxidized rubber.6-8 Chemical modification of
NR can be categorised in three main catego-
ries:4

Modification by bond rearrangement
without introducing new atoms

Examples of this type are carbon-carbon
cross-linking, cyclisation, cis, trans-isomeri-
sation, and depolymerisation. Cyclized NR,
for example, was formed by treating NR with
a proton donor such as sulphuric acid, sul-
phonic acid, stannic chloride or by heating

NR9-13, Cyclisation can be carried out by
milling the acid into rubber on an ordinary
mixing roller or by allowing acid to react with
the rubber solution, or by adding sulphuric
acid to NR latex. The reaction was carried
out over the temperature range of 70°C-
100°C. At higher temperature the rate of
reaction is higher. Cyclized NR has 40-50%
of unsaturation with the structure shown
below:
CHy
oo CHy.,

Tl
|‘ T CHy St

o CHy

Cyclized NR is reported to be tough, hard and
brittle but it still has some elastic behaviour.
It isused in adhesives and in printing ink. It
is also being blended with NR to give high
modulus, high hardness and low specific

gravity.

Modification by attachment of new chemical
groups (like chlorine and epoxy) through
addition or substitution reactions at the
olefinic double bonds

Chlorinated NR, hydrochlorinated NR and
epoxidized NR (ENR) are some examples of
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commercially available modified NR's. Chlo-
rination and hydrochlorination of NR can be
carried out in dry, solution or latex form.
Chlorinated NR (CNR) is used as raw mate-
rial for paint because of its resistance against
acids and alkalis, and its wear resistance,
ageing resistance and corrosion resistance in
seawater. Chlorination can be carried out in
the solid rubber state or in the solution state
or by letting the latex react with gaseous
chlorine.14-16 However, traditionally, CNR
was prepared by dissolving NR in a solvent
before chlorinating it.

Grafting a second polymer onto the NR back-
bone

Grafting is mostly carried out using vinyl
monomers like methyl methacrylate (MMA)
and styrene. The commercial available graf-
ted copolymer of NR with poly (methyl me-
thacrylate) (PMMA) is Heveaplus MG with
two grades: 30% (MG 30) and 49% (MG49)
of PMMA. Emulsion polymerisation of MMA
containing cumene hydroperoxide was added
to NR latex and then stirred before tetra-
ethylenepentamine was added.17 The grafted
products have degrees of grafting in the range
of 60-80% and some free PMMA. Heveaplus
MG has superior properties like hardness,
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Figure 1. Depolymerisation of NR by ultraviolet and nitrobenzene.28

modulus, abrasion, electrical resistance and
light color. It is used to improve the impact
properties of polystyrene, in blends with NR
and also as reinforcing agent. The solution
or latex form of Heveaplus MG is used as
adhesive or bonding agent to bond rubber to
polyvinyl chloride (PVC), leather, textiles
and metals.

This paper will give an overview of these
three types of modification that has been re-
ported in the past ten years. These include the
liquid natural rubber (LNR), hydrogenated
NR, chlorinated NR (CNR), epoxidized NR
(ENR), methyl methacrylate (MMA) modi-
fied NR, stearyl methacrylate/divinylbenzene
(SMA/DVB) modified NR, and styrene/
MMA modified NR. Lately there are studies
carried out on the modification form de-
proteinized natural rubber (DPNR) latex.
These include depolymerisation, epoxidation
and in situ polymerisation of styrene and
MMA.

Modification by bond rearrangement

Liquid Natural Rubber

Liquid natura rubber (LNR) is depolyme-
rised NR, which has a shorter polymeric
chain. It is tacky but has excellent cross-
linking reactivity with molecular weight, M,,
lessthan 105. 18 The properties depend on the
techniques used to produce it. Methods used
for depolymerisation are peptisation and
thermal, mechanical, photolysis and redox
methods. The first production of LNR was
by a mechanochemical peptisation method
and was used in the adhesives field.19 This
method later was made more efficient when
it was combined with the mechanical and
thermal aided methods.20 Thermal depoly-
merisation of LNR resultsin depolymerised,
recombined and also cross-linked structures.
The product structures and molecular weight
distribution are difficult to be regulated. LNR
can be prepared by a mastication process to
break down the chains. This method has a
wide range of molecular weight distributions
and is also difficult to regulate. In the photo-
lysis methods, a source of light such as solar
radiation, ultraviolet light or visible light is
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used together with ‘ chain breaker compounds
like nitrobenzene, hydrogen peroxide or photo-
sensitisers.?1-27 Figure 1 shows the depoly-
merisation process by ultraviolet and nitro-
benzene.2” In the redox method, reducing
agents like p-methyl-benzene sulfinic acid,
phenylhydrazine, sodium chlorite, sodium
nitrite and sodium hypochlorite; and oxidising
agents like hydrogen peroxide or its deriva
tives are used.28-32 The mechanism of the
depolymerisation using a phenylhydrazine/
oxygen system is shown in Figure 2.33

Phenylhydrazineis oxidised by a direct reac-
tion with oxygen and forms phenyl radicals
(Ph*). Phenyl radicals will react with the
carbon-carbon double bond of NR, leading to
the decomposition of the derived peroxides,
which later form methylketone and phenyl-
ketone terminal groups. LNR can be used as
viscosity modifier, adhesive, tackifier, sealing
agent, and plasticizer to improve the pro-
cessability of rubbers used in tire com-
pounds.18 34 |t can also used as compatibi-
lizer in polyolefin blends.18, 35-38 For exam-
ple, in a blend of polypropylene/natural
rubber (PP/NR), LNR was used as compa-
tibilizer18 and claimed to be able to increase
the adhesion between PP and NR due to the
presence of active polyisoprene chains. From
the morphology study using scanning electron
microscope (SEM), the honeycomb structures
were found to be more refined as the LNR

Methods of Yield
hydrogenation

Homogeneous Highyield of saturated  Degradation of NR
occurs but can be

hydrogenation products can be

Side reactions

Oxidation of phenylhydrazine:

O3 O, .
Ph-NH-NH,—Ph-N=NH ———»Ph
-HOO

Depolymerisation by Phe radicals:

Q) C n &
Ph
*0,RH
Ph Ph
OOH q n OOH

decomposition,
l oxidation of “benzylic

radicals spesies”
Ph Me
ow 0
C n

Figure 2. Preparation of LNR using
phenylhydrazine/oxygen system.34

amount increases. In the study of high-
density polyethylene/natural rubber (HDPE/
NR) using LNR as plasticizer at the blend
ratio of 40/60,37 it was observed that a gra-
dual increase in LNR increases the tensile
strength and elongation at break.

Hydrogenated NR

Hydrogenated NR’s are more stable against
thermal, oxidative, and radiation induced de-
gradation because they are more saturated.
Hydrogenated NR has a structure of alter-
nated copolymer of ethylene and propylene
as shown in Figure 3.3% Three methods to
hydrogenate NR are by using homogeneous
or heterogeneous catalysts, and non-catalytic
hydrogenation. Table 1 shows a comparison
of these three methods. Homogeneous hydro-

Catalyst poisoning Ref.
and removal

Ni catalyst is easily 40-46
poisoned by impurities

obtainedwith hydro- overcome by using and difficult to be
genation up to 100% Ni catalyst removed
Heterogeneous Yield purer products Degradation does not Catalyst can cause 42, 46-50
hydrogenation occur and foreign poisoning
groups are present
Non-catalytic  Low level of hydro- |somerisation, No poisoning or 51-56

hydrogenation genation with <40%
of conversion

attachment of hydrazine catalyst removal issue
fragments (can be

minimised with the
addition of antioxidant),
depolymerisation and
cyclisation occur
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W Table 1. Effect of three methods of NR hydrogenation.
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Figure 3. Hydrogenation of natural rubber.39

genation catalysts generally are the organo-
transition metals like cobalt (Co) and nickel
(Ni) together with reducing agent like R3Al
and n-BuLi, which are soluble with the sol-
vent used. Hydrogenation by homogeneous
catalyst of nickel 2-ethylhexanoate and tri-
isobutylaluminium has a low apparent acti-
vation energy.4> This combination can be
carried out at ambient conditions to minimise
side reactions. NR also can be hydrogenated
with arhodium catalyst, RhCl(PPhs)3.46 This
catalyst is more expensive compared with
the Co and Ni types.

RhCI(PPhs)s will react with hydrogen first
to form a hydride complex, RhCIH(PPhs)s.
It will then undergo ligand exchange with
solvent (S and formed RhCIH,(PPhs),(S).
Addition of PPhs will reduce the rate of
hydrogenation. This active species will then
react with the double bonds to form metal
alkyl complexes. Saturated NR will be for-
med when the metal akyl complexes undergo
dissociation. An insoluble transition-metal
catalyst like paladium on calcium carbo-
nate#’ is used in the heterogeneous hydro-
genation. Unlike homogeneous hydrogena-
tion, this technique yields high conversion
without chain scission occurring. However
the preparation is difficult and poisoning
happens. Compared with homogeneous hy-
drogenation, the reaction rates are slower
and more vigorous reaction conditions are
required.47-50 In non-catalytic techniques,
hydrogenation by diimide generated from p-
toulenesulfonyl hydrazine (TSH) can be used.
Hydrogenated NR has a higher degree of
crystallinity and a slightly higher glass tran-
sition temperature (Tg) than NR.57

Better thermal stability of hydrogenated NR
was also observed.46 Such hydrogenated NR's
are potential to be used in the field where
good thermal properties are required like as
vibration isolators at high temperature.

Attachment of new chemical groups

Chlorinated Natural Rubber

Recently Zhong et a.58 have prepared CNR
using the unconventional method of adding
to stabilised NR latex in distilled water satu-
rated with chlorine gas with a suitable amount
of catalyst, potassium persulfate at 1%. Chlo-
rine gas was passed continuously throughout
the process. The CNR obtained has good
solubility in toluene.

W
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Figure 4. Mechanism of NR epoxidation with a peracid.6!

To avoid large quantities of hypochloric acid
or hypochlorite formed, the chlorination was
carried out in acidic conditions. It was found
that chlorination was successful at pH <1.
After 45 hours, chlorination up to 60% was
reported. The chlorination process was fast in
the early stage, but after reaching 30%, the
rate slowed down gradually. Thereisno sig-
nificant difference in the temperature to the
chlorination process. Thermal analysis shows
that degradation of CNR in nitrogen is a one-
step reaction with 30% of stable carbonide
structure remaining at 360-700°C. Degrada-
tion of CNR in air however is a multi-step
reaction with a degradation ratio of 100% at
560°C. Later Zhong et al.5® conducted a
thermo-oxidative decomposition of CNR
and found that the decomposition was atwo-
step reaction. In the first step dehydrochlori-
nation in the reaction order, n of 1.1. Second
step decomposition is an oxidative decom-
position of the main chains with the same n.

Epoxidized Natural Rubber

Epoxidation of NR have been done since
1922,80 but commercial values and potential
applications of epoxidized NR (ENR) were
only realised in thel980s. Epoxidation can
be carried out in solution or latex form but
only the latter is of commercial value. Per-
acid is usually used in the epoxidation of NR
in latex form because of its compatibility with
the aqueous system. The mechanism, whichis
viathe transition state is shown in Figure 4.61
It was found that, depending on the reaction
conditions, ENR at any desired degree of
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epoxidation could be obtained.61-64 Two
grades of commercially available ENR have
respectively 25 mole % and 50 mole % of
modification. The Tg of ENR increases line-
arly with mole % epoxidation. Due to the
higher Tg, some mechanical properties of
ENR such as tensile and fatigue behaviour,
damping properties, bonding to metal and
wet grip are expected to be better than those
of NR.4 It has been reported that compatibi-
lity of ENR increases as the ENR'’s polarity
increases.64 |n the sulphur vulcanisation any
residual acidity of ENR can be neutralised
with sodium carbonate, magnesium oxide,
calcium oxide or calcium stearate.65 ENR
was found to be suitable to be vulcanised
with semi-efficient vulcanisation (semi-EV)
and efficient vulcanisation (EV) systems.
ENR vulcanised with these two systems
showed comparable properties to those of
NR athough the ageing resistance of ENR
25 seemed to be poorer. Severa studies
show that ENR also can be cross-linked by
amine compounds or aminosilanes and
moisture curing.61, 6568 Such crosslinking
makes use of the epoxy groups as the cross-
linking sites. In a study of carbon black
filled ENR 50, curing with p-phenylene-
diamine (pPDA) and bisphenol-A (as cata-
lyst) was compared with sulphur curing.65
At cure times of 30-75 min at 180°C, vul-
canizates of tensile strength (TS) 12.5-16.0
MPa were obtained. Amine-cured vulcani-
zates were more rigid than the sulphur-cured
ones at room temperature, which is consistent
with their relatively high Tg and low rupture
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Autacking monomer:
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Altacking rubber:
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Reinitiation:
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Propagation of free polymerization:
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Figure 5. Graft polymerisation of vinyl monomers
onto NR by free radical method.%

point.66, 67 Higher Ty could be attribute to
the bulky amine crosslinks and the hydrogen
bonding effect of bisphenol-A. Study aso
showed that moisture curing of ENR can be
carried out.68 ENR was first precured with
3-aminopropyltriethoxysilane (APS), follo-
wed by moisture curing by hydrolysis and
condensation reactions by soaking in water.
The moisture-cured ENR demonstrated
partial strain-induced crystallisation beha-
viour ad moderate TS, as opposed to the
typical peroxide-cured and sulphur-cured
systems. ENR may be used in many areas of
application as summarized in Table 2.69
Even studies of ENR with PVC have been
carried out. It was also used in blends with
NR, styrene-butadiene rubber (SBR), poly
(acrylic acid) and poly (e-caprolactone).”0-75

Modification by grafting

This type of modification also started as
early as 1930s. Graft polymerisation from
natural rubber has been carried out in solu-
tion, solid rubber, and latex phases, how-
ever, the latter is the most economica and
practical method.”6 Studies on the prepara-
tion, characterisation, and properties of co-
polymers of NR with acrylonitrile, methyl

Features

Oil resistance, high strength

Applications

Hoses, seals, blow-out preventors,

Recommended
grade

ENR 25, ENR 50

milking inflation, connector and tubes

Low gas permeability
Silicareinforcement

Bladders, inner tubes, and tire liners
Where black is not acceptable and

ENR 25
ENR 25

high reinforcement is required

Wet grip, low rolling resistance

Tire treads, non-dlip flooring,

ENR 25, ENR 50

sports shoe soles

Damping

Anti-vibration mountings and other

ENR 25, ENR 50

engineering applications

Adhesion
Table 2. Applications of ENR6GO.

methacrylate (MMA), methyl vinyl ketone,
styrene, caprolactone and polyethylene using
arange of initiator systems have been repor-
ted.2. 75-94 However, Hammer et a.95 found
that MMA and styrene are the most suitable
monomers in the grafting with NR to yield
high levels of grafting. The grafting of mo-
nomers onto NR chains can be represented
by Figure 5, as an example.% Cumene hydro-
peroxide in the dilute agueous solution
induced by Fe2+ will decompose to alkoxy
radicals (RO*). Alkoxy radicals might attack
either the monomer (M) or the rubber mole-
cule to produce monomer radicals (Mne®) and
polyisoprene radicals (NR®) to initiate graf-
ting. During formation of the graft copoly-
mers, the surfaces of latex particles will
become the loci of polymerisation. a-
Methylenic hydrogen atoms (H) in natural
rubber (NR—H) can aso become the site of
graft copolymerisation also since it is more
active. The akoxy radica can attack a-
methylenic hydrogen atoms to form poly-
isoprene radicals to initiate monomersto pro-
duce graft copolymers. When polyisoprene
radicals attack the monomers, free polymer
radicals (NR-Mpe) formed will either com-
bine with polyisoprene radicals to terminate
the process or transfer to natural rubber
through chain transfer agent (A) to form graft
copolymers. The free polymer radicals can

Adhesives, cover for PVC conveyor belt

Properties Grafted NR60&/PMMA

100/0 70/30 60/40
TS (MPa) 35 41 53
EB (%) 4101  105.7 21.7
M100€ (MPa) 17 41 -
Tear strength (N/mm) 13.2 155 16.3
Hardness (Shore D) 15.0 21.6 35.8
Impact energy (J) NA NA NA

a grafted with 60 phr of MMA
C dtress at 100% elongation
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ENR 25, ENR 50

aso terminate the process to form free co-
polymers on the surfaces of latex particles.

Grafting of Methyl Methacrylate

Thiraphattaraphun et al.97 investigated the
effect of initiator concentration, reaction
temperature, monomer concentration, and
reaction time to the conversion and grafting
efficiency of the MMA monomer on NR.
The core-shell type emulsion polymerisation
of MMA in NR latex with a potassium hy-
droxide solution of 0.25 wt.% of dried rubber
content (phr) as buffer and an emulsifier as
sodium dedocylsulfate of 1.0 phr was carried
out. It was observed that 8 hours at 55°C
give agood combination of monomer conver-
sion (75.9%) and grafting efficiency (64.1%)
to polymerize 100 parts by weight of the
monomer per 100 parts by weight of the dry
rubber content (100phr) with 0.75 phr of
initiator concentration. The grafting efficiency
was the percentage of grafted copolymer
over the total weight of polymer formed.
Two grafted NR's (Table 3) were used to
blend with PMMA as impact modifier. The
morphologies of the blend, which were stu-
died by the scanning electron microscope,
showed that the grafted NR acts as inter-
facial agent to improve the adhesion of the
two phases. The effects of the grafted NR
composition to the loading of PMMA were

Grafted NR1000/PMMA

50/50 100/0 70/30 60/40 50/50
8.1 51 6.9 11.5 21.3
204 90.8 81.2 19.3 6.5
250 28.7 61.9 46.1 44.2
47.8 314 49.8 56.1 60.9
121 NA 3.73 326 0.566

b grafted with 100 phr of MMA
NA not available due to high
content of NR

W Table 3. Mechanical properties of grafted NR/PMMA at different loading of PMMA97.



Figure 6a. SEM studies of PP/NR: 70/30
blend without curatives.107

studied in terms of TS, elongation at break
(EB), stress at 100% elongation (M 100), tear
strength, hardness and impact energy. The
effect of PMMA loading on these properties
are shown in Table 3.97 The TS, tear strength,
and hardness increase with the PMMA con-
tent. At higher MMA amount (grafted
NR100), more hard segments are present in
the copolymer than at low MMA amount
(grafted NR60). This grafted NR potentially
can be used in NR/PMMA blends as com-
patibilizer.

Grafting by Searyl Methacrylate/Divinyl-
benzene

The graft polymerisation of NR is not limi-
ted to the grafting of a single monomer only.
Lately grafting of stearyl methacrylate (SMA)
and divinylbenzene (DVB) onto NR has
been carried out.98 In the process, benzoyl
peroxide was used as initiator in two diffe-
rent solvents, i.e. toluene and chloroform at
various reaction conditions. The resultant
products, SMA-NR-DVB (SNRD) have the
highest grafting ratio and cross-linking ratio
when they were grafted for 48 hours at
80°C, with 2 wt. % of initiator and a SMA/
DVB rétio of 4. The Tg and thermal decom-
position temperature of the uncross-linked
SNRD, s-SNRD and cross-linked SNRD, g-
SNRD were found to be higher than those of
NR. The light resistance and weatherability
of sSNRD were reported to be better than
that of NR. While the crude oil absorption of
g-SNRD was 600% after 10 minutes at room
temperature, NR was dissolved in it. Based
on these properties, it is though that the
grafted products can be used in the field
where thermal stability and good weather-
ability are important.

Grafting of Styrene/Methyl Methacrylate

Recently, Arayapranee et al.% conducted
a graft copolymerisation of 50/50-styrene/
methyl methacrylate onto natural rubber seed
latex. A redox initiator of cumene hydro-
peroxide/sodium formaldehyde sulfoxylate
dihydrate/EDTA-chelated Fe?+ was used.
The dependency of grafting level and graf-

Figure 6(b). SEM studies of PP/NR/SNR:
60/30/10 blends without curatives,107

ting efficiency on initiator, polymerisation
temperature, the amount of emulsifier and
chain-transfer agent, and monomer-to-rubber
ratio was investigated at pH 10. Formation
of free copolymers from the monomer
mixture could be limited in redox initiation
system to improve the grafting efficiency.

The following observations were obtained in

the graft copolymerisation of styrene/methyl

methacrylate at 50/50 at various conditions:

— The grafting efficiency and grafting level
increase with the increase of initiator con-
centration up to 2 phr.

—They aso increase with the increase of
temperature until 70°C and then start to
decrease.

— Emulsifier has little effect on the polyme-
risation.

—The grafting efficiency was found to de-
crease as the monomer-to-rubber ratio in-
creases. This indicates that the grafting
occurs on the surface of the latex particles.

—As the amount of chain-transfer agent in-
creases, formation of monomer radicals
and polyisoprene radicals decreases, this
subsequently retards the grafting process.

— This product might be suitable to be used
as compatibiliser or impact modifier for
certain blends.

Modification from deproteinized NR latex
DPNR latex can be prepared by removing
the protein layer with enzymes followed by
centrifugation.99-101 An irradiation process
was used to prepare DPNR latex at 20kGy.
Studies have shown that presence of non-
rubber substances like lipid and protein act
as inhibitor in the free-radical polymeri-
sation.?7, 102

Liquid NR

LNR prepared from DPNR latex by oxidative
degradation with air in the presence of ara
dicd initiator and aldehyde was reported.103
This experiment was later carried out on a
pilot scale.35 Air at 70°C was blown in at the
rate of 1.0 I/min into DPNR latex with adry
rubber content of 40%. Potassium persulfate
(4% w/w rubber) was used as an initiator with
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propanol (2% v/v) as reagent to avoid recom-
bination of rubber molecules. Oxidative de-
composition of DPNR was found to be faster
than that of HANR, which is due to the na-
turally occurring antioxidants or impuritiesin
HANR latex inhibiting the reaction. The LNR
prepared from DPNR latex has an average
molecular weight of 1.7x105, which isin the
range of LNR prepared from HANR latex.
It is thought that its potentia applications
arein the field where allergy to proteins may
occur, for instance as a viscosity modifier in
gloves prepared from DPNR latex.

Epoxidized NR

Eng et al.104 also studied the epoxidation
from HANR latex (ENR) and DPNR latex
(EDPNR). From the study, it was observed
that the protein layers do not interfere with
the formation of epoxide in the latices, the
reaction rate, the segmental mobility of NR
(indicated by Tg) and the density of the
modified NR. The differences observed are
the gel and ash content. EDPNR has lower
gel content and less ash content. Lower gel
content will ease the processability. Lower
ash content was expected because ash was
held by the polar non-rubber components
like lipids and protein. Because there are only
minor differences between ENR and EDPNR,
EDPNR applications are similar with those
of ENR.

In situ polymerisation of styrene

Recently a comparative study of in situ poly-
merisation of styrene in HANR latex and
DPNR latex was reported.105 The study
shows that in situ polymerisation of styrene
in DPNR latex results in a high degree of
conversion (97%) and a high degree of
grafting (=80%) compared with polymeri-
sation in HANR latex, where the degree of
conversion and of grafting are 66.7% and
24.4% respectively. The modified NR (SNR)
exhibits elastomeric non-linear behaviour
although it is less pronounced than that of
NR.106 Physical cross-linking, reinforcing
efficiency and the dispersion of fillers were
the highest in comparison with NR and
styrene-butadiene rubber (SBR). However,
presence of polystyrene (PS) portion in SNR
results in loss of elastic properties (EB, tear
strength, compression set and resilience).
SNR was reported to be used as compatibili-
zer in polypropylene/natural rubber (PP/NR)
blends.107-110 Syitable SNR loadings were
reported to be 10% and 5% for PP/INR/SNR
blends using semi-EV and EV curing systems
respectively. For both uncured blends, a suita-
ble loading of SNR is 10%. The compatibili-
sing effect of SNR was shown by morpho-
logy studies by SEM as shown by Figure 6.



Formulation (g) 1 2
DPNR latex 1793 1773 17
MMA 56 116 1
Water 4281 4233 41
Initiator 0.6 0.6
Tota 613.6 6129 61
am] (molfl) 0.1 0.2
D 1] (x10-3 mol/1) 51 51

Maximum conversion (%)
Degree of grafting (%)
Weight ratio of M:R

& Monomer concentration

3
5.6
8.2
9.1
0.6
3.6
0.4
51

595 10:90 15:85 20:80

4 O 6 7 8 9
173.2 1793 1773 1756 1732 1711
255 56 116 182 255 336
4135 428.0 4233 4191 4135 4083
0.6 0.3 0.6 0.9 1.8 17
613.6 613.3 6129 6139 6136 614.7
0.5 0.1 0.2 0.4 0.5 0.7
51 24 51 81 115 154
>99 >99 >99 >99  >99

960 901 864 718 439

5:95 10:90 15:85 20:80 25:75

D |nitiator concentration

Table 4. Formulation of various monomer (M) concentrations at fix initiator (1) concentration

and rubber (R)-to-water of 0.2109.113

In comparisons with the vul canised reference
blend (PP/NR), presence of SNR improved
TS and stiffness by more than 20% and 40%
respectively when suitable SNR loadings
were employed. It also can be used as an im-
pact modifier in PS since it has rubbery be-
haviour1l or in blends with NR or SBR.112

In situ polymerisation of Methyl Methacrylate
In situ polymerisation of MMA in DPNR
latex, based on seeded emulsion polymerisa-
tion, has been studied.113. 114 |t was found
that the highest degree of grafting is 96%
with ammonium persulfate as initiator at
65°C and 350rpm. In the study the effects of
monomer concentration and monomer-to-
rubber ratio were studied.

The formulation of various monomer con-
centrations at a fixed initiator concentration
and rubber-to-water ratio (0.2109) is shown
in Table 4.113, 114 For Formulation 1-2, the
reaction order, n, is 1.01 showing that the re-
action depends on the monomer concentra-
tion, while for Formulation 2-4, then is 0.01.
Thisindicates that the system is saturated with
monomer. To see the effect of monomer-to-
rubber ratio, the rubber-to-water weight ratio
and initiator-to-monomer ratio weight were
fixed at 0.2109 and 0.05 respectively. The for-
mulations used are also shown in Table
4,113, 114 Conversion-time curves of these
formulations are given in Figure 7113 and
Figure 8113 where Figure 7 represents the
conversion below 30 minutes and Figure 8
the conversion above 30 minutes. With
regards to the monomer-to-rubber ratio, the
initial rate was high followed by a decrease
in reaction rate. Since the monomers, DPNR
latex and water were mixed at the reaction
temperature for 50 minutes before the
addition of initiator, the MMA concentration
in the water phase will reach an equilibrium
state. Thus the monomer swells into the
rubber particles resulting in swollen parti-
cles before the addition of initiator. The

(i}

monomer then acts as nucleating particle in
the rubber particle. Thus the initia rate is
high. The decrease in reaction rate is due to
the formation of free PMMA particles
through homogenate nucleation. When this
happens, redispersion of MMA in between
of newly formed PMMA particles occur.
This will reduce the monomer concentration
in the rubber and the aqueous phase since
monomers tend to swell in PMMA which is
more hydrophilic compared to NR which is
more hydrophobic. However, Formulation 5
does not show this behaviour because the
MMA solubility is below the level of MMA
in aqueous phase at 65°C. In Figure 7, the
entire formulation rate increases. The result
in Table 4 shows that Formulation 5 became
dominant in rubber phase because of the
nucleation, which initially occursin PMMA.

Future research on chemical
modification of NR

Studies on chemical modification of NR
started more than 50 years ago. Most of
these chemical modifications used HANR
latex. Studies showed that because of the
virtual absence of protein layersin the DPNR
latex, polymerisation and grafting are more
efficient. The protein layers, as present in
HANR latex, can inhibit the in situ polyme-
risation and the grafting process of vinyl
monomers. From various reports, chemical
modifications and grafting using DPNR
latex using various vinyl monomers are of
importance today.

*) School of Material and Mineral Resources

Engineering, University Sains Malaysia
(usm).

rubber 28 - 4th quarter 2002

W

Conversion (%)

10

15 20 25 30

Figure 7. Degree of conversion against
30 minutes of polymerisation for formulation
5,6, 7, 8and 9.113
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Novel lonic Thermoplastic Elastomer based on NR' thommachan xavier

Introduction

The mood among the entrepreneurs and NR
producers all over the world is gloom and
doom, of late. The cause for the gloom isthe
prevailing low natural rubber (NR) prices.
The demand for NR has been diminished in
comparison with that of synthetic rubber (SR)
and plastics. Most of the areas occupied by
NR have been unceremoniously grabbed
within the fists of SR. However the incessant
support and the elated demand for SR may
be gradually digging its own hole. Scenarios
about shortagesin SR supply are easily fore-
seeable. Not only exhaustion of oil stockson
the long term will boost SR-prices far above
those of NR, at the end of the day. Inter-
national developments can cause overnight
diminishment of oil flows, bringing the need
for replacement very near.

The dwindling prices of NR may also be at-
tributed to the triumphant march of thermo-
plastic elastomers (TPE). Owing to the repro-
cessahility, TPE's do not pose any serious
threat to the environment as a pollutant. The
thermoset nature and nonbiodegradability of
the modified rubber called vulcanized rubbers,
however, do not help them to be listed as an
ecofriendly polymer. The hue and cry of the
environmentalists all over the world forces us
to prefer a polymer possessing both elasto-
meric and thermoplastic character (TPE) to a
typical elastomer. In this stream of require-
ments, the NR modifications to date had only
a dow pace. Development of a novel value-
added NR product capable of competing with
the TPE’ s became an imperative need of the
rubber industry. This has stimulated us to
modify NR into a thermoplastic elastomer
possessing all the properties of vulcanised
rubbers without passing through the vul cani-
sation process. Such a modified NR may
pave the way for the large scale consumption
of NR, elevates the NR price index, makesthe
rubber industry attractive and opens up a new
area of bright future for afertile research.

Although many thermoplastic modifications
of NR are reported, ionic thermoplastic elas-
tomers based on natural rubber (ITPE-NR)
are new to the rubber industry. lonomers re-
present a class of polymers containing a small
but calculated quantity (i.e. milliequivalents)
of salt groups. Usually these salt groups con-
sist of sodium and zinc neutralized carbo-
xylic or sulphonic acid moieties. These polar
groups associate and form micro-phase clus-
tering within the nonpolar matrix of the elas-
tomer. Sufficiently strong ionic associations

at ambient temperature resemble linkages in
the vulcanized elastomers. Unlike the sulphur
linkages in the vulcanized elastomers, the
ionic linkages in ionomers are thermo rever-
sible. lonic cross-linked elastomers can be
thus processed like plastics in any conven-
tional equipment and may be considered as
an alternative for vulcanized elastomers.
From among TPE's, ionomeric TPE's lead
the field in terms of published articles and
are the subject of more patents than any other
TPE approach over the past couple of years.
The versatility of ionic cross-linking coupled
with the wide variety of synthetic approaches
that can be employed to achieve these systems
servesto makeionomeric TPE's an attractive
research area. lonomers based on many syn-
thetic elastomers like EPDM, SBR, Neoprene
etc. are reported.

Based on these developments, the present
article introduces the synthesis, characteri-
sation, properties and applications of novel
ionomeric thermoplastic elastomeric candi-
dates based on natural rubber (ITPE-NR).

Synthesis of the NR ionomer

Add acetyl sulphate reagent obtained from
sulphuric acid and acetic anhydride drop wise
in to the natural rubber solution in dichloro-
ethane, under stirring in a cold bath. Adding
isopropanol terminates the reaction. The sul-
phonated NR is converted to the zinc salt by
adding solution of zinc acetate in methanol to
the agitated solution. The neutralized rubber is
steam stripped, and vacuum dried. The resul-
tant ionomer is designated as X.y. ZnS-NR,
where x.y shows humber of milliequivalents
of zinc sulphonate groups/100 g NR.

Characterisations

The amount of sulphur content in the ionomer
may be quantitatively estimated using a X-ray
Fluorescence technique (XRFS) with com-
pression molded films as per ASTM.D.4294
by means of an Oxford Haxx X-300 bench top
XRF analyzer supplied by Oxford Instruments
UK. The percentage of zinc ion retained in
the neutralized ionomer can be measured
using inductively coupled plasma-Atomic
emission Spectroscope (ICPEAS). FTIR
Spectra of neat samples of NR and ZnS-NR
films have been taken in aNicolet Avtar 360
ESP FTIR Spectrometer. The presence of
ionic functionalities within the modified NR
has been proved using FTIR spectrum and
these observations are confirmed by the
FTNMR spectra taken in a Bruker Avance
DPX 300 FTNMR Spectrometer. The results
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from FTIR, FTNMR, and the well documen-
ted fact that the alpha-olefins containing a
2-methyl branch undergo fast sulphonation
to yield 2-alkene sulphonic acid, agrees with
the substitution of sulphonic acid groups at
the alkene carbon atom of the NR hydro-
carbon backbone without perturbing the C=C
structure. These observations therefore sup-
port the proposed structure of zinc sulpho-
nated natural rubber ionomer (Scheme 1).

Thermal investigations

The DSC and DMTA thermograms of the zinc
sulphonated natural rubber show two Tgsin
comparison with the single Tg for the uncured
NR. Thelow temperature transition Tgl may
be due to the soft rubbery phase. The second
transition may result from the relaxation of
the presumably hard regions of ionic clusters.
The values of tan d, storage modulus, and loss
modulus of the modified natural rubber obtai-
ned from the dynamic mechanica thermal
investigation reveal the characteristics of an
ionomer.

Physical properties

The values in the table 1 explain the increa-
sing effect of zinc sulphonate groups on the
physical properties of NR. The 24.6 ZnS-NR
shows atensile strength of 13 MPa. The elon-
gation at break of the ionomer samples
decreased when the level of sulphonation in-
creased, where as the tear resistance increased
with sulphonation. The tear resistance of an
elastomer is ameasure of crack propagation.
The higher abrasion resistance shown by the
ZnS-NR samples with higher sulphonate
levels could be attributed to the strength of
the matrix. The hardness of ZnS-NR increa-
sed as the level of sulphonation increased.
The higher hardness may due to the higher
content of ionic aggregates.

Reprocessability studies

The reprocessability of theionic NR has been
studied by masticating the molded samples
in the Brabender Plasticorder PL - 3S for 5
minutes at arotor speed of 60 rpm at 120°C.
The sample is molded in an electrically hea-
ted hydraulic press for 5 minutes at 120°C,
under a pressure of 10 MPa. The process of
mastication and molding is repeated up to
three times. The stress-strain properties of the
molded specimen after each cycle are deter-
mined. The stress-strain properties of the
ZnS-NR remained almost constant even after
repeated cycles of mixing and molding. This
shows that ZnS-NR behaves as a thermo-
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, JS i Properties Samples*

A I 1 2 3 4
L meq/100g rubber 104 156 202 246
©U8 9}, ’ Tensile Strength (MPa) 6.4 75 86 130
M Elongation at Break (%) 207 181 103 74
Tear Strength (N/mm) 37 46 59 86

Scheme 1. The proposed Hardness (Shore A) 86 89 91 93
structure of ZnS-NR ionomer. Abrasion Loss (cm3/hr)  0.676 0.646 0.612 0.528

* Four samples of ZnS-NR having sulphonate concentrations

Table 1. Physical properties of ZnSNR at 25°C.

plastic elastomer and it can be reprocessed at
120°C by mechanical recycling without dete-
rioration of its physical properties.

Influence of fillers

The effect of particulate fillers such as HAF
black, silica, zinc stearate and short fiber
fillers such as nylon, and glass on the proper-
ties ZnS-NR ionomer has been investigated
using DSC, DMTA, FTIR studies, physical
property measurements, SEM analysis, and
this before and after the reprocessability
studies. Both DMTA and DSC support the
retention of the ionomer properties for the
carbon black filled compound. DMTA plot
showed that both the Tgl and Tg2 are retai-
ned even in the silica filled ionomers. The
vaue of the thermal transitions suggested that
silica reinforces the backbone chain and
weakens the ionic associations. The room
temperature storage modulus for the silica
filled ionomer shows the highest value of all
selected fillers. The short fibers of nylon as
well as glass have been found to be inter-
acting with both the matrix-phase and the
cluster-phase. Zinc stearate acts as an ionic
domain plasticizer. Physical properties of the
filled systems show improvement over the
neat ionomer. Both particulate fillers such as
HAF black, silica, zinc stearate and short
fibers such as nylon and glass, reinforce the
ionomers based on natural rubber. FTIR re-
sults give support to these observations

Electrical properties of the NR
ionomer at microwave frequencies
The microwave probing of the dielectric pro-
perties such as complex dielectric permitti-
vity, dielectric loss factor, a.c. conductivity,
and microwave heating coefficient of the
ionomers based on natural rubber at room
temperature under the S-band (2-3 GHz)
frequencies of the microwave region have
been measured using the cavity perturbation
technique. The measurement of the dielectric
properties of the ionic NR at 24 GHz fre-
guencies at room temperature shows that the
complex permittivity and the relative com-
plex conductivity increase with increase in

W

the ionic concentration. It has been found
that the incorporation of 24.6 meq zinc sul-
fonate groups in to the base polymer in-
creasesitso” from 1.65x 10-12 S/cm to 3.2 %
104 Slcm.

Compatibilisation of SBR/NBR blend
using NR ionomer

The effect of NR ionomer as a compati-
bilizer in SBR/NBR blend system has been
studied with reference to their cure characte-
ristics, thermal and dynamic mechanical beha-
vior, infrared spectroscopy, physical proper-
ties and through morphological observations.
As expected for most immiscible polymer
blends, the mechanical properties of binary
blends of SBR and NBR are very poor.
However, addition of zinc sulphonated natural
rubber ionomers increases the tensile proper-
ties of the blends. Dynamic mechanical results
predict the possibility of existence of an iono-
mer as an interphase between the components
of the blends and produce a partial miscibility
between SBR-NBR. The FTIR and the mor-
phological studies give support to this conten-
tion. It may be concluded that the novel
ionomers based on natural rubber are useful
as compatibilizers for obtaining technologi-
cally compatible blends from the immiscible
SBR and NBR polymers.

Properties of NR ionomers

NR ionomers may open up new vistas of
manifold applicationsin the field of the rubber
industry. Properties of the NR ionomers may
vary with the amount of the ionic group and
type of metal cation. lonomers containing
zinc cation have good impact strength, high
tear strength, good paint adhesion and lower
moi sture absorption. However the interchain
ionic cross-linking may contribute to excel-
lent abrasion resistance, puncture resistance
and impact resistance as well as low tempe-
rature toughness. Moreover NR ionomers
have good optical clarity. Like most commer-
cid grades of ionomersthat comply with FDA
regulations for food contact and food packa-
ging, NR ionomers may be useful in the
industry asfilms.
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They may be useful as bulk materials, in golf
ball covers, bumper guards, side molding
strips and shoe parts. The sulfonated systems
may be useful as adhesives. Another area of
interest includes components of toners in
electro photography, in magnetic recording
media, and as floor polishes. The direct coa-
ting of ionomers on to glass objects reduces
the danger of breakage. One of the most
important applications of ionomers may be as
membranes exhibiting superpermsel ectivity.
The solubility of ionic NR in a mixture of
solvents of interest in the paint industry may
render it an enviable role in that area, which
has so far been conquered by only synthetic
rubbers. Microwave response of NR ionomer
composites may lead to the large-scale con-
sumption of NR as shielders and components
in microwave devices. The new face of NR
ionomers as compatibilising agents in immis-
cible polymer blends may cause tremendous
impact in the industry in the days to come.

Conclusion

The following conclusions are drawn:

Zinc salt of sulphonated natural rubber could
be prepared by reacting natural rubber with
acetyl sulphate followed by neutralisation of
the precursor acid with zinc acetate.

FTIR spectra show evidence for the forma-
tion of sulphonated natural rubber.

FTNMR spectra confirm the formation of
ionic groups, giving credence to the FTIR
spectra.

The modified NR has a tensile strength com-
parable with that of vulcanised unfilled NR.
DMTA results show that incorporation of
zinc sulphonate groups into the natural rubber
gives a new material with two thermal
transitions, Tgl and Tg2.

The ZnS-NR may be reprocessed at about
120°C without sacrificing much of its physi-
cal properties.

Both particulate fillers such as HAF black,
silica, zinc stearate, and short fibers such as
nylon and glass, reinforce the ionomers based
on natural rubber.

The incorporation of 24.6 meq zinc sulfonate
groups into the base polymer increasesits ¢
from 1.65x 10-12 S/cm to 3.2x 10-4 S/cm.
Novel ionomers based on natural rubber may
be useful as a compatibilizer for obtaining
technologically compatible blends from the
otherwise immiscible SBR and NBR poly-
mers.

NR ionomer is considered as an alternative
to thermoplastic elastomer and vulcanized
rubber.

*) Faculty of Research and Postgraduate
Department of Chemistry, Sacred Heart College
Thevara, Kerala, India



Properties of highly grafted Polystyrene-modified NR

Azanam S. Hashim*, Ong, S. K.* and Nguyen Van Tho**

Introduction

Modifications of natural rubber (NR) by graft
polymerisation using vinyl monomers (e.g.
styrene and methyl methacrylate) in the pre-
sence of initiators and crosslinkers have been
reported.1-> Modification of NR via in situ
polymerisation of styrene and methyl meth-
acrylate in high ammonia natura rubber
(HANR) latex could be carried out up to 30%
degree of modification with a degree of che-
mical bonding (grafting) in the region of
10%.6-8 The modified NR's showed better
modulus and tensile strength than the unmodi-
fied version. Recently, a comparative study
of styrene polymerisation in deproteinized
natural rubber (DPNR) latex and HANR latex
has been reported.® The degree of modifica-
tion was 25% by weight of styrene and the
polymerisation in DPNR latex could attain a
high styrene to polystyrene conversion of
97% without adding surfactant. However, for
the same polymerisation in HANR latex, the
addition of surfactant was necessary to main-
tain the same reaction time of 10 hours and
the degree of conversion attained was only
67%. Thislow conversion might be dueto the
presence of protein/lipid layer in HANR latex,
whichisvirtually absent in DPNR latex. The
degree of chemical bonding estimated from
the resultant polystyrene-modified natural

Rubber PS
(%) (weight %)

SNR 75.7 243
Chemically bonded PS - 19.2 (79.1%)*

Chemically unbonded PS - 5.1 (20.9%)*
*Valuesin bracket are % of total PS

Table 1. Degree of conversion, amount of
chemical bonded PS and unbonded PS of
AR

Recipe, phr
SNR 100 - -
SBR - 100 -
NR - - 100
Zinc oxide 5.0 5.0 5.0
Stearic acid 20 20 2.0
IPPD 2.0 2.0 2.0
MBTS 15 15 15
Sulphur 15 15 15

Table 2. Recipe for compounding of gum
vulcanizates.

rubber (SNR) was about 80% and 24.4% for
the DPNR and HANR systems, respectively.
In this study the cure characteristics and
some technological properties of gum and
carbon black-filled SNR will be presented.
The evaluation of the properties of this highly
grafted PS-modified rubber was carried out
in comparison with NR and SBR. NR is con-
sidered as the parent rubber so the effect of
the modification could be observed. SBR is
a styrene-based rubber; therefore, it is of sig-
nificance interest to compare both rubbers.

Experimental

Materials

Highly Deproteinized Natural Rubber (HDP-
NR) latex was supplied by Sumirubber In-
dustries (Malaysia) Sdn. Bhd. All chemicals
used were of standard laboratory grade.
Styrene monomer was purchased from Al-
drich Chemical Company, Inc., USA and was
purified using inhibitor remover-prepacked
columns. The initiator, ammonium peroxy
disulfate (N2HgOgSp) was purchased from
Fluka Chemical Company. Curatives used for
vulcanisation were zinc oxide, stearic acid,
N-isopropy!-N-phenyl-p-phenylendiamine
(IPPD), dibenzothiazol disulfide (MBTS) and
sulfur. Carbon black type HAF N330 was
used asfiller. NR and SBR used were SMR L
and SBR 1502, respectively.

Polymerisation and processing

SNR was prepared and characterised accor-
ding to the methods previously reported using
Recipe 1.9 Based on the observed styrene to
PS conversion of 96.7%, the amount of che-
mically bonded and unbonded PS was deter-

Recipe of single Recipe of

rubber, phr blends, phr
SNR 100 - - 50 -
SBR - 100 - 50 50
NR - - 100 - B0

Zinc oxide 50 50 50 50 50
Stearic acid 20 20 20 20 20

IPPD 20 20 20 20 20
MBTS 15 15 15 15 15
Sulphur 15 15 15 15 15
Carbon black 30.0 30.0 30.0 50.0 50.0
Dutrex 737 - - - 25 25

Table 3. Recipe for compounding for carbon

w black filled rubber vulcanizates.
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Figure 1: Mooney-Rivlin plots of NR, SBR
and NR gum vul cani zates.

mined. The results are shown in Table 1.
Mastication and compounding were carried
out on atwo-roll mill by employing a semi-
efficient sulphur vulcanisation (semi-EV)
system using the formulation shown in
Table 2 and Table 3 for gum and carbon
black-filled vul canizates, respectively.

Testing

The cure characteristics were measured with
a Monsanto Rheometer MDR2000. In this
study, the torque was represented as Q. Ten-
someter 10 was used to measure the tensile
properties (modulus at 100% and 300% elon-
gation (M100 and M300), tensile strength
(TS), and elongation at break (EB) and tear
strength according to ASTM D638 and ISO
34 type 3, respectively. For the compression
set test, samples used were specimen with
disc shape of 12.5 +0.5 mm in thickness
according to ASTM D395 Method B.

The compression set, C, expressed as a per-
centage of the original deflection, was calcu-
lated asfollows:

C (%) =[(to—t1)/(to —tn)] x 100

where: to: original thickness of specimen, t1:
final thickness of specimen and tn: thickness
of the spacer used

The Wallace Dunlop Tripsometer was used to
measure the resilience of the rubber vulca-
nizates according to BS 903, Part A8. The
resilience, R, was calculated as follows:

W R (%) =100 x (1 —cos 6,) / (1 —cos 6,)



where: 0;: the initial angle of displacement
(45°) and 8,: the angle of rebound.

A Wallace abrasion tester was used to deter-
mine the abrasion loss of the rubber vulcani-
zates according to BS 903 Part A9. Aging
test was done according to ASTM D573 and
retention in properties was calculated as
follows:

Retention (%) = [(Ma— Mp)/ Mp] x 100
where M and Mp are the properties after
and before aging, respectively.

Fatigue life of the rubber vulcanizates was
determined using a Monsanto Fatigue-to-
Failure Tester using BS type E dumbbell
samples. The fatigue life in cycles was cal-
culated as J S average, which was determi-
ned from the highest four values using the
formula:

JSaverage=0.5A +0.3B + 0.1 (C +D)
where A, B, C, D are cycles to failure with
A>B>C>D.

The stress and strain of uniaxial extended
cross-linked rubber isrelated by:
F*=F/Ao(a—02)=2Cy +2C, a1

where aisthe extension ratio, C; and C, are
constants, Ao is the undeformed cross-section
area, F/A isthe nominal stress and F* isthe
reduced stress.

The physical cross-link density is given by:
Yphy = 2C1/RT

where R isgas constant and T is absol ute tem-
perature (°K) and RT = 2.48 Jmol at 25°C.

The reinforcing efficiency of the vulcanizates
isgiven by:10

Reinforcing efficiency = (Mf —Mg)/Mg
where Ms and Mg is the M 100 of filled and
gum vulcanizates, respectively.

The dispersion of filler, L in the rubber com-
pound is expressed by:11

L =nr—My

where: hr = Qminf /Qming, Qmins: the mi-
nimum torque of the filled vulcanizates,
Qmin,g: the minimum torque of the gum vul-
canizates, Qmaxf: the maximum torque of
the filled vulcanized, Qmax,g: the maximum
torque of the gum vulcanizates

Results and discussion

Cure characteristics, tensile and tear
properties of gum vulcanizates

The cure characteristics of SNR, SBR and NR
are shown in Table 4. It is known that, using
the same sulfur curing system, the curing
process of SBR is slower than that of NR.12
Thisis evident by its longer scorch and cure
time. The presence of double bonds and
allylic hydrogen play an important role in the
curing process. The concentrations of double
bonds and allylic hydrogen of SNR are lower

W
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Cure characteristics SNR SBR NR
Scorch time (min) 98 245 66
tgg (min) 162 490 110

Omax—Qmin (dN.m) 465 585 5.07

Table 4. Cure characteristic of gum
vul canizates of SNR, SBR and NR.

Tensile and tear SNR SBR NR
properties

M100 (MPa) 09 07 06
M300 (MPa) 28 12 13

TS(MPa) 185 1.7 197
EB (%) 780 470 1070

Tear strength (kgf/cm)  23.1 82 352
Table 5. Tensile and tear properties of SNR,
BR and NR gum vul cani zates.

Rubbers SNR SBR NR

Yphy X 104 (mol/cm3)  1.63 0.7 125

Table 6. Physical cross-link density of gum
vul canizates of SNR, SBR and NR.

Cure characteristics SNR SBR NR
Scorch time (min) 4.3 81 33
tgg (Min) 12 44 115

Qmax—Qmin(dN.m) 7.4 107 85

Table 7. Cure characteristic of carbon black
filled vulcanizates of SNR, SBR and NR.

than in NR due to the grafting. Therefore, as
expected scorch time and cure time of SNR
are in between those of NR and SBR where
SNR scorch time and cure time are closer to
NR. Generally for gum vulcanizates like NR
and SBR, Qmax — Qmin Value represents the
cross-link density or the shear rigidity. This
value is usualy consistent with the M100.
However, this does not apply to SNR because
the melting of PS portion during rheometer
testing affects the flow behavior. Thus, it is
observed that SNR has a relatively lower
value of Qmax — Qmin. However, during ten-
sile tests (at room temperature), the rigid PS
portion imparts reinforcement, resulting in
stiffer material. Table 5 shows the tensile
and tear properties of the gum vulcanizates.
As observed, SNR has higher M100 than
both NR and SBR. The expected reduction
in elastic properties of SNR compared to the
unmodified rubber is displayed by its lower
EB and tear strength. These properties,

however, are still better than those of SBR. W

rubber 28 - 4th quarter 2002

Cross-link density

Figure 1 shows the Mooney-Rivlin plots of
SNR, SBR and NR gum vulcanizates up to
625%. As normally practiced, Mooney-Rivlin
plots are obtained at a slower cross-head
speed of the tensometer which was 20 mm/
min in the present study. Because of the
slower cross-head speed, al three rubbers
have higher Ebs. C, was obtained by extra-
polating the linear portion of the curve to the
vertical axis. Table 6 shows yyp,, of the three
rubbers. The presence of the upturn in the
Mooney-Rivlin plots, i.e. the deviation from
a dtraight line, indicates elastomeric non-
linearity. Thisis usually attributed to strain-
induced crystallisation and/or chain entangle-
ment. SNR has a similar upturn like NR
although it is less pronounced, which means
that modified rubber still demonstrates sig-
nificant elastomeric non-linearity behavior.
SBR, a non-crystallizing rubber, does not
display any upturn. It is observed that the
Yphy Of SNR is higher that those of SBR and
NR although the TS of SNR is comparable
with that of NR. Stiffness imparted by the
PS portion during testing at room tempera-
ture may also contribute to the value of Cy,
and hence, the value of the Y.

Reinforcement of carbon black filled

vul canizates

Table 7 shows the cure characteristics of
carbon black-filled SNR, SBR and NR vulca-
nizates. It is known that, reinforcing filler
like carbon black can improve scorch time,
cure time and mechanical properties of the
filled vulcanizates. By comparing the cure
characteristics of the gum vulcanizates
(Table 4) and the filled vulcanizates (Table
7), the latter show shorter scorch time and
cure time. Carbon black contains some che-
mical groups, which can accelerate cross-
linking reaction. As the rubber compound
was heated, slow decomposition of accelera-
tor takes place. Therole of carbon black isto
markedly accelerate the decomposition of
accelerator (MBTS), by promoting the for-
mation of hydrogen sulfide, which will react
rapidly with MBTS to accelerate curing.12-17

Table 8 shows some properties of SNR, SBR
and NR filled vulcanizates. Due to the rein-
forcement by carbon black, the modulus, TS
and tear strength of the three rubbers increa-
sed. Differencesin these properties among the
filled vul canizates can be explained from the
relative reinforcing efficiency. High reinfor-
cing efficiency means high rubber-rubber
interaction, which is influenced by the degree
of filler dispersion, L. Better filler dispersion
provides more surface area for rubber-filler
interaction. Lower value of L, means better



Mechanical SNR SBR NR
properties

M 100 (MPa) 32 13 12
M 300 (MPa) 114 46 42
TS (MPa) 206 227 244
EB (%) 520 810 875

Tear strength (kgf/cm) 84.3  29.4 109.6
Compressionset (%) 242 151 74

Resilience (%) 43 57 63
Abrasion 054 097 107
(cm3/1000rvs)

Table 8. Properties of carbon black filled
vul canizates of SNR, SBR and NR.

dispersion of filler in the rubber vul canizate.
Table 9 shows the values of reinforcing
efficiency and L. Relatively, the reinforcing
efficiency of carbon black in SNR is the
highest. Thus, it has higher modulus and
lower EB than the two rubbers. L value of
SNR is the lowest, so it can be concluded
that the dispersion of carbon black in SNRis
better than in SBR and NR. The stiffness,
which can be represented by M 100, depends
on cross-link density and reinforcing efficien-
¢y, which depends on the rubber-filler inter-
action. It was reported that at high carbon
black loading, as in the present study, the
rubber-filler interaction overshadows the net-
work structures and the tensile properties
become independent of vulcanisation system
and are governed by filler concentration.18, 19
This explanation is consistent with the high
reinforcing efficiency and low L value of
SNR. Although SNR is much stiffer than
SBR, their TSs can be considered compara-
ble. As expected, the tear strength of SNR is
closer to that of NR and much higher than
that of SBR. SNR has an abrasion resistance
that is approximately two times better than
those of the other two rubbers. Abrasion
property is independent of the network struc-
ture but depends more on filler-rubber inter-
action13, 20-22 and this observation is consis-
tent with the reinforcing efficiency data. The
presence of PS makes SNR less elagtic.
Therefore, as observed, its compression set
and resilience are poorer than those of NR
and SBR. This might be due to the high
amount of PS in SNR. It is interesting to
investigate the tan 6 behavior of SNR, which
is expected to be higher than that of NR in
the rubbery region, by dynamic mechanical
analysis.

Ageing properties and fatigue life

Fatigue life and ageing properties of the
filled vulcanizates are presented in Table 10.
The fatigue life of filled SNR was twice

14

Filled vulcanizates SNR SBR NR
Reinforcing efficiency 255 087 1.0
L 016 022 0.21

Table 9. Reinforcing efficiency and value of L
of SNR, SBR and NR filled vul cani zates.

higher than that of filled SBR and NR.
Fatigue life of NR and SBR has been
observed to mainly depend on crystallisation
of rubber and the nature of cross-links pre-
sence.23 This is consistently observed in the
present study where the fatigue life of NR is
higher than SBR due to the ability of NR to
orientate its chain during a strain cycleand a
higher proportion of polysulfidic bonds,
which can better rearrange during strain
cycling. As for SNR, which has the highest
cross-link density, it is postulated that a
higher proportion of polysulfidic crosslinks
results in the best fatigue life. It is known
that EB and M100 depend mostly on the
degree of cross-linking. A higher degree of
cross-linking will increase the stiffness
M 100, and as it increases EB will decrease.
The deterioration in EB and improvement in
M100 as observed in Table 10 implies that
the cross-link density increases with aging.
This is due to the conversion of the poly-
sulfidic bonds into di- or monosulfidic bonds.
SNR shows poorer M 100 retention than SBR
and NR but its TS retention is much better
than that of NR while their EB retention is
comparable.

Conclusion
It was observed that for both gum and filled
vulcanizates, the scorch time and cure time
of SNR were between of those of NR and
SBR but closer to the former. The cross-link
density of SNR was found to be the highest
but the material till displays significant
elastomeric non-linearity behavior. SNR
showed better properties in terms of stiff-
ness, abrasion, fatigue and carbon black dis-
persion compared to NR and SBR while TS
and overall ageing properties are considered
comparable. Because of the PS portion, SNR
looses some of the elastic propertieslike EB,
compression set and resilience. Overdl, it can
be concluded that, after some optimisation,
SNR has potential applications as a rubber.
* School of Material and Mineral Resources
Engineering, University Sains Malaysia
(UsM), Penang, Malaysia.
** Rubber Research Institute of Viet Nam,
Ho Chi Minh City, Viet Nam
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SNR SBR NR

Fatiguelife

JiSav. 186 68 83
(cycles) 380 850 650
Ageing properties

(at 70°C for 7 days)

M 100, % retained +46.7 +35.3 +34.7
TS, % retained +33 38 +19.6
EB, % retained —-152 220 -148

Table 10. Fatigue life and aging properties
of filled SNR, SBRand NR.
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Global warming and NR production

Kevin P. Jones*

The effect known as “global warming” will,
according to some models, be especially
severe within tropical regions, where all
natural rubber is grown. The effect extends
far beyond increasing temperatures, and it is
expected that the global climate will become
more prone to high winds, heavy rainfal,
and in some areas drought and high tempe-
ratures. Many observers consider that these
changes are now taking place. The most nota-
ble evidence was the last (1998) extremely
severe El Nifio. In South East Asiathishad a
measurable effect upon natural rubber out-
put. Other signs include the severe flooding,
which is taking place throughout Europe,
and the severe drought in much of Africa
As will be shown, most of the climatic fac-
tors are not favourable to the cultivation of
Hevea brasiliensis, although warming may
eventually permit a northward extension of
cultivation beyond the present limits. Further-
more, it is probable that the climatic devasta-
tion wrought in many markets will eventu-
ally dampen the overall demand for elasto-
mers.

Vijayakumar et all identify the following
climatic conditions necessary for the opti-
mum growth of rubber trees: (1) rainfall of
2,000 mm or more, evenly distributed without
any marked dry season and with 125 to 150
rainy days per annum; (2) maximum tempe-
ratures of between 29° and 34°C, and minima
of about 20°C, with a monthly mean of 25°
to 28°C; (3) high atmospheric humidity, in
the order of 80% with moderate wind; and
(4) bright sunshine amounting to about
2,000 h per annum at the rate of 6 h per day
throughout al months. These conditions
merely reflect those found in Heved's origi-
nal habitat experienced within the Amazon
Basin. Although, the primary topic is war-
ming it is pertinent to observe that the tree
has been remarkably resistant to low tem-
peratures, and may be more adaptable than
the desiderata may suggest.

Wind damage is a well-known serious pro-
blem in rubber cultivation. Frequent gales can
cause considerable damage to plantations
through the snapping of branches and
trunks, and even uprooting. Less obviously,
wind damage to young leaves may greatly
curtail growth and yields. Morphological
and anatomical deformations are usually
associated with high wind velocities. In
addition to the mechanical effects, cold and

dry winds affect physiological processes. r"j

One of the notable features of treesin windy
locations is the deformation of their cano-
pies to produce asymmetric structures in
which the branches appear to be swept to the
leeward side: such trees are less stable and
the condition may inhibit harvesting and the
application of fungicides, etc. Windbreaks
are widely used in China to protect rubber
trees in highly wind-prone areas. Wind
resistant species, such as Eucalyptus, form
the basis of the breaks. Due to global
warming such breaks may be required on a
greater scale in future, and will increase the
cost of cultivation and reduce the area
available for rubber trees. The effects of
damage during the early stages of growth
may persist for the whole life cycle of the
tree and lead to continuously reduced
productivity, and less value for the timber at
the close of latex production.

Excess rainfall is currently a problem in
some areas where it significantly reduces
yields by washing latex from the tapping
area. The effect can be greatly mitigated by
the use of rainguards as is performed in Sri
Lanka, but extremely heavy rain is bound to
diminish the returns from tapping. Flooding
is an associated problem of heavy rainfall
(or ingress by the sea) as it may lead to leaf
loss and in extreme cases the death of trees.
In heavy soils, excess rainfall may lead to
problems with waterlogging. Heavy rainfall
aso causes nutrient loss by run off and
leaching. Soil erosion is another problem,
athough this can be mitigated by cover
plants.

Studies of outbreaks of the fungal disease
caused by Corynespora cassiicola appear to
indicate that cultivation within areas which
experience pronounced dry periods are less
susceptible to disease. Similarly, in most of
South America, but especially in Brazil, it is
only possible to cultivate? Heveabrasiliensis
in areas where there is a pronounced dry
season to control South American leaf blight
(SALB), caused by the fungus Microcyclus
ulei. In both cases the fungus is controlled
by the onset of seasonal droughts, although
there is a cost in the loss of rubber yield
during the prolonged dry season. This would
appear to be one of the few potential benefits
of global warming, but as thisis acquired at
the expense of decreased climatic predicta-
bility this is probably a dubious advantage.
Indeed shifting the areas of rubber culti-
vation to avoid disease may become more
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hazardous due to the uncertain nature of
future climatic patterns.

The diurnal pattern of rain also has amarked
influence on crop harvesting. Rainfall in the
early hours of the day or just before the
normal time of tapping makes the bark wet
and untappable. Such a condition may ne-
cessitate late tapping and will be reflected in
a pronounced decrease in the total volume of
latex, but may result in increased dry rubber
content through evaporation. In an idea
ecosystem the rain would not fall during
mornings when the trees are being tapped:
this condition prevails on the Pacific coast of
Guatemalaand greatly assists in maintaining
rubber yields in spite of the presence of
SALB. Obviously, such microclimatic fac-
tors are very liable to be disturbed through
warming.

Thereisastrong correlation between rainfall
deficit and cumulative crop loss. At low soil
moisture levels, the rate and duration of latex
flow, as well asyield, are reduced, but indi-
vidual clones vary in their tolerance to
moisture stress. Around 15% growth inhibi-
tion is recorded in areas of Thailand, which
have a marked dry season of six months. At
Dapchari, in the subhumid tropics of India,
irrigated plants of clone RRIl 105 showed
greater growth than rain-fed plants: the for-
mer took about six years to mature whereas
the rain-fed plants took more than 10 years.
The adoption of moisture conservation tech-
niques, such as maintaining silt pits and
mulching, ease the problems of initial esta-
blishment, retarded growth and low yield to
some extent in arid areas.

Temperature is one of the key environmental
factors which influences plant growth, Hevea
brasiliensis, being adapted to a moderate
temperature range, is affected by extremesin
temperatures. High temperature conditions
result in higher rates of evapo-transpiration,
leading to severe soil moisture stress in the
absence of rainfall. High temperatures, that
is above 37°C, coupled with soil moisture
stress, result in leaf injury and drying of the
leaf margins. Therma injury coupled with
water deficit leads to incressed tree loss.
Drying of leaf margins due to the combined
effect of drought and high temperature can
be completely prevented by providing ade-
quate irrigation, or by contact shading the
leaves with a suspension of china clay via
spraying. Such techniques are relatively ex-



pensive and may be difficult to adopt within
the present economic constraints. Industrial
crops, such as rubber, survive within a harsh
economic environment. By their nature trees
are less adaptable than faster growing plant
species. Within this context landscape gar-
deners are already expressing fears about the
loss of trees within the landscape through
climatic change. This may appear trivia in
comparison with the loss of livelihoods
through the same global process. Neverthe-
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less, it does illustrate the difficulty which
faces all tree cultivators in the face of un-
controlled environmental change, and rein-
forces the argument that global warming
cannot be dismissed for purely local eco-
nomic advantage, as has been done by the
current US Administration. It isdoubly ironic
that a healthy global tree population is one
essential element in curbing this global
malady: the other is greatly reducing CO2
emissions, which if taken to realistic levels

would certainly curb the future market for
all elastomers.
*) Former Secretary IRRDB
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Substitution between natural and synthetic

: which way?

Kees Burger and Hidde P. Smit*

About availability and strategies

1. Introduction

Thetopic

Will oil become scarce and expensive? And
will this make synthetic rubber scarce and/or
expensive? And, if so, will this boost de-
mand for natural rubber? This might very
well be arealistic scenario, ascenario to con-
sider serioudly. But will supply be available
to fulfil this additional demand? In this paper
this question is discussed in some detail. We
take the year 2030 as the horizon. Because
many things may happen, and should
happen, which could not be investigated in
sufficient detail, the conclusions for natural
rubber may be somewhat preliminary, but
nevertheless of significant importance. The
authors are most grateful to the secretariat of
the International Rubber Study Group for
providing the vast majority of all data used
in the analysis.

The model

This article describes projections and policy

simulations as derived from mathematical

economic and econometric models. The model

as developed by Burger and Smit consists of:

- the analysis of natural rubber production
capacity;

- the analysis of total rubber demand;

Figure 2.1. Vehiclesin use, world total 1970-2030.

- the model describing reactions of demand,
supply and prices to each other.

Burger and Smit (1997) give details of the
model system with equations by country or
region.

Thisarticle

For this analysis rubber demand is split in
- demand for tyres and tyre products, and,
- demand for general rubber goods.

The basis for rubber demand projections in
the tyre sector is developments in use and
production of vehicles (section 2), leading to
projections of demand for tyres (section 2)
and, subsequently, demand for rubber in the
tyre sector (section 3). Also in section 3
demand for rubber for general rubber goods
is presented. An analysis and projections of
demand for natural rubber are shown in
section 4. Afterwards supply of natural rubber
is analysed and projections are presented
(section 5). This is confronted in section 6
with prospective demand, leading to the
conclusion that more supply of natural
rubber would be needed to satisfy likely
demand. In section 7 the influence of alarge
replanting program is assessed and demand
and supply are confronted again in section 8.

Conclusions and recommendations are pre-
sented in section 9.

2. Vehicles and tyres

Using projections of GDP, developed within

the model, and applying the detailed models,

projections by country or region are derived,

among others for the following series:

- passenger cars in use and commercia
vehiclesin use,

- production of passenger cars and produc-
tion of commercial vehicles,

- production of tyres for passenger cars and
for commercial vehicles.

Vehiclesin use

The number of vehicles in use will continue
to grow, athough there is some tendency
towards levelling off. The total number of
passenger carsin useis projected to increase
from about 580 million in 2000 to 860 million
by the year 2030 (Figure 2.1). The average
annual rate of growth will decline, reflecting
mainly a slackening of demand in devel oped
countries: in many countries saturation is
approaching. In addition, many countries
with relatively high economic growth in the
current decade e.g. China do not have room
for a large number of passenger cars. The
world total number of commercial vehicles

Figure 2.2. Production of vehicles, world total 1970-2030.
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in use will rise from 183 million in 2000 to
290 million in 2030. However, asin the case
of passenger cars, growth will be substan-
tially lower than before, again because of
saturation in devel oped countries. Relatively
high growth is expected in devel oping coun-
tries where transportation of goodsis crucia
for development.

Production of vehicles

Production and new registration of passen-
ger cars run paralel: large stocks are not
sustainable and if demand increases there
will aways be a supplier. This applies to
commercial vehicles as well. The determi-
ning factor therefore is demand, represented
by new registrations. New registration of
passenger cars and commercia vehicles
consists of two components: replacement of
discarded vehicles and extension of the
vehicle park, the number of vehiclesin use.
Replacement of discarded passenger cars is
influenced by two main factors: age of the
passenger car park and developments in the
economy. World production of passenger
cars is projected to increase from about 41
million in 2000 to some 50 million around
2030 (Figure 2.2). Patterns differ from one
country to the other. Output of commercial
vehicles is forecast to increase to around 23
million in 2030 from around 17 million in
2000 with some ups and downs.

Tyres

Passenger car tyres are mainly produced in
Europe and North America. However, not
much growth is expected both in passenger
car and passenger car tyre production in
these regions, as growth is shifting to Asia
In Asia, however, no growth is foreseen in
Japan for the same reason as in Europe and
North America: a shift to developing coun-
tries. On aworld scale production of passen-
ger car tyres is projected to grow by 1.0
percent per annum from around 850 million
in 2000 to 1160 millionin 2030 (Figure 2.3).
The story for the commercial vehicle sideis
quite different. The main producer of com-
mercial vehicles is North America, taking a

Figure 2.3. Production of tyres, world total 1970-2030.
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share of about 50%. However, this includes
aconsiderable number of |eisure vehicles, not
requiring a lot of replacement tyres. Many
commercial vehicles are equipped with
(reinforced) passenger car tyres. Relatively
many truly commercial vehicle tyres are
therefore required in developing countries,
leading to the fact that most commercial
vehicle tyre production takes place in develo-
ping Asia, about 40%. World commercial ve-
hicle tyre production is expected to increase
by 2.1 percent per year from 310 million in
2000 to about 495 million in 2010.

Because of replacement demand for passen-
ger car tyres, which is not influenced by the
state of the economy, and which takes over
75% of total passenger car tyre production,
hardly any cyclical pattern isforeseen in pro-
duction of passenger car tyres. Thereis aweak
cyclein the production of commercia vehicle
tyres, because usage of trucks and therefore
the need for replacement tyres is determined
by economic activity. In addition, a somewhat
larger shareis required for new commercials
than was the case for passenger cars.

3. Consumption of rubber

Projections of demand for all elastomers were
made for countries or groups of countries.
The analysisis based on the model using the
projections of GDP and the demand for tyres
and tyre products.

The tyres and tyre products sector

From tyres it is basicaly a small step to
rubber consumption: multiply each tyre pro-
duced by its rubber weight. Estimated weights
differ between countries and change over
time. Projections for consumption in the tyre
sector are shown in Figure 3.1. In line with
the above projections of tyre production, the
major growth region is Asia, other than
Japan. Europe is growing as well, but thisis
mainly in Central and Eastern Europe. North
America and Japan are steady. Finadly there
is some growth in Latin Americaand Africa.
Total consumption in tyre sector is expected
to reach about 13.5 million tonnes by 2030.

million tonnes
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The general rubber goods sector

In the general rubber goods sector again
there is a strong increase in Asia outside
Japan. The dipped good sector, especially for
natural rubber isamajor contributor. Europe
went down to 50% after the collapse of the
Sovet Union. It is now recovering steadily.
All other regions are steady. While synthetic
rubber was used in a large number of end-
uses, it lost quite a number of end-uses to
other synthetic materials e.g. by thermoplastic
elastomers especialy in automotive parts.
Total consumption will be around 14.0 mil-
lion tonnesin 2030.

Total rubber consumption

World total elastomer demand (natura plus
synthetic rubber) is projected to increase from
18.2 million tonnes in 2000 to some 27.5
million tonnes in 2030.

4. Consumption of natural rubber

How much natural rubber will be required in
the future to take its share in total rubber
consumption? There are two major conside-
rations: technology and price. Technological
requirements will differ from one product to
the other and from one region to the other.
Shares for the sector ‘tyres and tyre products
and for the sector ‘general rubber goods' as
well asfor the aggregate are shown in Figure
4.1. The tyre sector has shown a constant
increase: the shift to radia tyres, more
commercial vehicles tyres, more production
in developing Asiawith its supply of natural
rubber, less in the former Soviet Union with
its bias towards synthetic rubber. However,
this development is almost complete and the
shareislevelling off towards 50%. The move
in the general rubber goods sector towards
more specia synthetic rubbers and thermo-
plastic elastomersis at least partly compen-
sated by demand for dipped goods made
from natural rubber. Here again, the country
where the good is produced is of importance.
Because there has not been any scarcity of
either type of rubber, the current share should
be attractive for the future. Applying this
approach, projections of natural rubber can

Figure 3.1. Consumption of rubber, world total 1970-2030.
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Figure 4.1. Share of NRin rubber consumption, world 1970-2000.
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be derived. The results are shown in Figures
4.2 and 4.3. Demand for natural rubber would
thus increase from 7.0 million tonnes in 2000
to around 10.8 million tonnes in 2030.

5. Production capacity of natural rubber

Theanalysis

Rubber trees can reach the age of 60 years or
more, but will normally not last more than
30 years. Trees can be tapped after about 6
years, after which the yield normally increa-
ses, reaching its maximum when the trees are
approximately 10-12 years old. Astrees grow
older, yields normally decline. Also, there has
been an improvement in the quality of trees:
recently developed treesyield better than, for
example, trees developed in the 1950s. The
supply of natural rubber, therefore, depends
not only on the area planted, but also on the
age-composition and year of planting. All
these aspects are included in the analysis for

Figure 4.3. Consumption of natural rubber, constant share, world total.
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the eight major producing countries. The
methodology for the analysis, the vintage
approach, is summarised in Burger and Smit
(1997). The concept ‘normal production’ is
used in stead of production capacity: produc-
tion under normal circumstances, just depen-
ding on the composition of the area, yield
curves and technical progress, thus excluding

weather, price influences and the like.

Normal production of natural rubber

The results for major countries are presented
in Figures 5.1 and 5.2. The largest producer
is Thailand. Its massive planting programme
in the 1970s and1980s needs replanting after
25 year, thus creating the waves in produc-
tion. The assumptions on future planting are
on the high side, so production is more likely
to be lower than higher. The opposite istrue
for Indonesia where only a modest increase
is foreseen. Malaysia started decreasing pro-
duction in the 1980s. Labour availability is

million tonnes
30

1985

1990

the limiting factor. In the second league India
isthe major producer, but land is a constraint.
The same appliesto China. Vietnam certainly
has potential.

The other producing countriesin Asiainclude
Sri Lanka, the Philippines, Cambodia, Myan-
mar, Papua New Guinea and Bangladesh.
Together they arelikely to increase production
to about 0.4 million. The African producing
countries are Liberia, Nigeria, Ivory Coast,
Cameroon, Ghana, Zaire and Gabon. There
is enough land, but labour availability and
political stability are a threat to increase in
production. In Latin America, besides Brazil
and Mexico, Guatemala is the upcoming
producer.

The resulting projections for the world as a
whole are given in Figure 5.4. In the second
half of the current decade normal production
islikely to decline dlightly from a maximum
of 7.5 million tonnes. If al works out well
normal production islikely to increase again

Figure 5.1. Normal production of natural rubber, 1970-2030.
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Figure 5.4. Normal production of natural rubber, 1970-2030.
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starting in 2015, reaching a maximum of
around 8.4 million tonnes around 2025.

6. Confronting production

and consumption

Having derived how much natural rubber is
likely to be produced (section 5), one can
compare this with the projections of consump-
tion based on the assumption of a constant
share of natural rubber in consumption of the
two end-use sectors (section 4). Thisis done
graphically in Figure 6.1. The gap is clear.
Starting from 2005 there will be a serious
shortage forcing prices to go up. This may

Figure 7.1. New planting in Thailand,
1970-2020.
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Figure 7.2. Sharereplanting in Thailand,
1970-2020.
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Figure 7.3. Area replanted in Thailand,
1970-2020.
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lead to more supply through more tapping and
it may lead to less growth in consumption,
because of substitution of natural rubber by
synthetic rubber, thus decreasing the share of
natural rubber.

The question then is: is it possible to further
increase normal production, through additio-
nal planting and replanting. Thisis the subject
of the following section.

7. Influence of a large planting program
This section reviews as a desk study how
much new planting and replanting would be
feasible and what would be the effect on pro-

Figure 7.4. Total area in Thailand,
1970-2020.
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Figure 7.5. Natural rubber production
in Thailand, 1965-2020.
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Figure 7.6. New planting in eight countries,
1970-2020.
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duction. Starting year is 2003. We have con-
centrated on the eight major countriesin Asia
on which we have areliable model. Details are
given for Thailand. Summary results are pre-
sented for the other countries. The time ho-
rizon is 2020, as our current models do not
allow us to extend this analysis till 2030.
The base scenario is what was presented the
section regarding normal production. The
alternative islabeled as ‘ scenario’.

Thailand
In Thailand enough land is availablein parti-
cular in the North East to increase new plan-

Figure 7.7. Area replanted in eight countries,
1970-2020.
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Figure 7.8. Total area in eight countries,
1970-2020.
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Figure 7.9. Natural rubber production
in eight countries, 1970-2020.
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Figure 8.1. Normal production of natural rubber, 1970-2030.
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Figure 8.2. Normal production and consumption of NR, constant share.
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ting. Under the new scenario the level of new
planting is considerably higher, as can be seen
in Figure 7.1. Area data are all in Tha rai,
which is0.16 ha. In addition, the share of re-
planting is now put at 95% as against 80%
under the base scenario (Figure 7.2). These
two factors result in higher levels of replan-
ted area as well as total area under rubber.
The effect is that production will increase to
levels of around 3 million tonnes in 2020
(Figure 7.5).

Theresults of a large planting program

for eight major countries

Below the aggregate results of large planting
programs are shown for the eight magjor Asian
NR producers, including Thailand, Indonesia,
Malaysia, India, Sri Lanka, China, Vietham
and the Philippines. Together they supply
more than 90% of world supply. In some
cases there is plenty of scope for increasein
area and production, in other cases the limit
is dready close. The results will be clear
from the graphsin Figures 7.6 to 7.9.

8. The effect of this large scale
planting program on the world balance

World supply

The above analysis was done for eight coun-
tries up to the year 2020, because the current
version of the model did not alow for a
longer projection period. Thisisjust a matter
of software and not of principle. With some
arithmetic the picture for the world until
2030 could be developed: Figure 8.1.

The confrontation with demand

This confrontation is shown in Figure 8.2:
projections of consumption under the con-
stant share approach, and the two sets of
projections of normal production. The new
scenario for production is at level with
consumption from around 2020 onwards and
follows it nicely. However, between 2005
and 2020 agap remains.

2015 2020 2025 2030 1970 1975 1980 1985

9. Conclusions and recommendations

Conclusions

From the analysis in this article it is clear
that current planting and production policies
lead to a situation where it ismost likely that
there will be a very tight market or even a
shortage of natural rubber starting in 2005 or
possibly even earlier. However, this article
started with the question: can natural rubber
take over from synthetic rubber if there would
be a shortage of synthetic rubber? At current
planting policies, only high natural rubber
prices, substitution of natural rubber by syn-
thetic rubber and a higher tapping intensity
will lead to elimination of the shortage of
natural rubber. This is not a situation where
natural rubber would be able to take over
from synthetic rubber in certain end-uses.
The assessment of the influence of a large
planting program leads to the conclusion that
such a program would help out from 2020
onwards, in the sense that availability of
natural rubber would then be enough for its
current market share. In such a situation
many questions need to be answered. What
will happen between 2005 and 2020 in terms
of substitution and market shares? How can
such a large-scale planting programme be
agreed upon and implemented?

This heavy planting scenario therefore comes
closeto asituation where natural rubber could
substitute synthetic rubber if both prices
would be high because of scarcity of synthe-
tic rubber. If synthetic rubber would be really
scarce, then even more planting efforts would
be required.

Recommendations

The current article is based on a desk study,
using a version of the Burger and Smit mo-
del, which was completed in 1996. Updates
were made to keep the model alive, but for
the above analysis looking very much at the
long term, it is necessary to discuss several
aspects more in detail with experts in the
field. On the demand side this relates in
particular to future tyre usage, including
their weight and composition, and to future
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general rubber good applications (possibly)
using natural rubber.

On the supply side, some of the country mo-
dels need to be scrutinized on the spot. The
production trends developed in this article
will not be far off, but may benefit from
more fine-tuning. And, finally, there will be
a need for a mgjor internationa effort, to
convince producers and their governments
that alarge scale planting programme would
be most rewarding for future income from
natural rubber.

*) Economic and Social Institute,
Free University, Amsterdam
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