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THE TECHNOLOGY AND ECONOMICS OF RECYCLING SCRAP RUBBER

by

S G TONG

ABSTRACT

The purpose of this project is to make a detailed technological and
economic analysis of the current UK situation regarding the use of
scrap rubber in order to identify the most effective processes and
products. The scope of the investigation is restricted to the
re-use of scrap rubber as a primary raw material for rubber product
manufacture.

The thesis emphasises the following aspects : (i) the structure of

the rubber processing industry and the role of the rubber recycling
sectors; (ii) property relationships in rubber compounds

incorporating scrap rubber crumb, with particular attention to
material mechanics; (iii) the estimation of curing agent distribution
in a crumb incorporated rubber vulcanizate; and (iv) the economics of
the cryogenic grinding of scrap rubber tyres.

The property relationships of vulcanizates incorporating recycled
rubber have been studied using several mathematical models : Gent,
simple law of mixtures, Mooney-Rivlin models, and a non-Gaussian model
based on a simplified form of inversed Langevin function. It was found
that; (i) for some compounds the elastic modulus and strength could be
described well by the law of mixtures for composites, (ii) the reduction
in strength caused by the incorporation of crumb decreased with
decreasing particle size but there is little advantage to be gained by
reducing the size below 20 um, (iii) different modes of failure may

be operative, i.e. adhesive and cohesive, according to the strength

of the matrix rubber.

The redistribution of curing agent in our whole tyre crumb-rubber
vulcanizates has been studied using the SEM and EDAX techniques.
Although qualitative and quantitative evidence for the migration of
cure agent from matrix to crumb is given, no evidence was found for
an interfacial layer between the two phases which is depleted of cure
agent. ‘

Little detailed information on the economics of the majority of
commercially operated processes is available. Data has been obtained
for the cryogenic grinding of scrap rubber, a technology which seems

to show potential for commercial exploitation, and a thorough economic
analysis performed. The result showed that, under currently depressed
crumb prices and low demand, the most feasible of the plants considered
is just marginally economically viable. It was found that the most
important cost input to the cryogrinding process is the cost of
cryogenic material (liquid nitrogen) and that the most 1mportant factor which
~governs the economic viability of the process is the price of the rubber
crumb output. Socio-environmental and resource conservation factors
indicate the desirability of Government support.



THE TECHNOLOGY AND ECONOMICS OF RECYCLING SCRAP RUBBER

by

S G TONG

SUMMARY
The purpose of this project is to make a detailed technological and

economic analysis of the current situation regarding the use of scrap
rubber in order to identify the most effective recycling processes
and products. This work has taken a multi-disciplinary approach to the
investigation of this highly relevant subject. Although particular
emphasis has been given to the UK situation, a survey covering
European and North American firms involved in this activity has been

made,

The scope of the investigation is restricted to the re-use of scrap
rubber as a primary raw material for product manufacture. This
eliminates a number of rubber recycling options such as incineration
and pyrolysis, and all the scrap rubber disposal procedures of which
landfilling, traffic barriers and fish reefs are some examples,

The thesis emphasises the following aspects : (i) the structure of

the rubber processing industry and the role of the rubber recycling
sectors; (ii) property relationships in rubber compounds incorporating
scrap rubber crumb, with particular attention to material mechanics;
(iii) the estimation of cure agent distribution in a recycled rubber
crumb incorporated rubber vulcanizate; and (iv) the economics of the
cryogenic grinding of scrap rubber tyres.

The property relationships of rubber vulcanizates incorporating
recycled rubber have been studied using data generated by our own
experimental work, and the limited published data. The mathematical
models used for this study were: (i) Gent model for relationship
between the tensile strength and the effective particle size of the
recycled rubber crumb, the tear energies and the initial moduli; (ii)
the simple law of mixtures models for the relationship between elastic
and strength properties of the vulcanizates and that of the recycled
rubber and the matrix rubber compound, and the volume fraction of the
incorporated recycled rubber; and (iii) the Mooney-Rivlin model and
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a non-Gaussian model based on the Inverse Langevin Function for
studying the stress~strain behaviburs of theée vulcanizates. Several
important mechanisms governing the property‘relationships'bf these
vulcanizates have been identified. The most important of which is the
migration of curativés from the base rubber matrix into the wvulcanized
recycled rubber crumb particles. o

The redistribution of sulphur curing agent for our whole tyre crumb-
rubber vulcanizates has been studied using the SEM and EDAX techniques.
Qualitative and Quantitative evidence has been obtained for this
behaviour. Factors affecting the migration of sulphur have been
identified, however further in-depth investigation is highly desirable
in quantifying the influence of these factors.

Little detailed information on the economics of the majority of
commercially operated processes is available. In this work data has
been 6btained for the cryogenic grinding of scrép rubber, a technology
which seems to show potential for commercial exploitation, and a
thorough economic analysis performed. The analysis consisted of
conventional Discounted Cash Flow techniques of NPV and IRR, short and
long term break-even analysis, and an investment simulation for the
project. The simulation model offers a better representation of the
real situation through the use of probability distribution to describe
the variables involved. The results of the analyses showed that, under
currently depressed rubber crumb prices and low demand, the most
feasible of the four plant combinations'considered is just marginally
’economically'viable. However, the socio~environmental and resource
conservation factors point towards the desirability of Government
intervention.



ACKNOWLEDGEMENT

The author wish to express his heartiest thanks to the Director of
Studies, Dr N C Hilyard and Supervisors, Mr K Harrison and

Mr R W Quincey, and Dr D S Painter of PATSCENTRE INTERNATIONAL,
Roysfon for their advice and assistance. The multi-disciplinary
nature of this study inevitably required the cooperation and
assistance of several Departments in the Polytechnic, and a number
of industrial concerns, to whom thanks must be recorded, especially
Dr J Young, Dr B Lewis, Mrs G Sidda and R Goldthorpe for their
help and advice on the SEM and SEM specimen preparation; R Hines,
‘L Purdy, J Fletcher and all the staff of the Inter-Library-Loan
section of Pond Street Library for their seemingly endless patient
-in obtaining the numerous papers and literature requested; staff of
the Computer Services Department for their advice on building the
investment similation model; Mr S Clements of BOC Ltd,, Mr M E Asim
of Newell Dunford Engineering Ltd., KEK , Air Products Ltd.,
Swintex Ltd. and Mona.rch'Remoﬁld for their kind assistance in
compiling the cost data for the cryogenic grinding process and
recycled rubber prices. Gratitude must be registered for

Dr D A Davies and the staff of the Applied Physics Department
especially Mr M Furniss, K Jaffray, A Hughes and S Whittingham for
their encouragement and assistance. The author is also indebted to
the Sheffield Local Bducation Authority for financing the Research
Assistantship. Special thanks must go to Alice Tong for typing
this thesis.

-V



CHAPTER 1

CHAPTER 2
2.1
2.2

2.3

2.4

CHAPTER 3
3.1

3.2

CHAPTER &4
4,1

4.2

CONTENTS

ABSTRACT
SUMMARY

ACKNOWLEDGEMENTS

CONTENTS

INTRODUCTION

ANALYSIS OF THE RUBBER INDUSTRY AND MARKET
Structure of Rubber Industry in UK
Sources, Forms and Supply of Rubber

b) Supply and Consumption
¢) Stock

Rubber Consumption by Product ‘
Historical Review of Rubber, Petroleum and Energy Costs
§a§ Rubber Prices

§a§ Sources and Forms

b) Recycled Rubber Prices
c) Petroleum and Energy Costs

SCRAP RUBBER ARISING IN THE UK
Historical Review of the Scrap Rubber Industry

éag Forms and Sources
b) Rubber Recycling Processes

Statement and Analysis of Current Situation Regarding Scrap

Rubber Arising

a) The Uncured Scrap
b) Cured Scrap

RUBBER RECYCLING PROCESSES : TECHNOLOGICAL CONSIDERATIONS

Process Ava.lla'b:.llty
A. Commercla.lly Available Processes

a) Conventional Reclamation Processes
b) Size Reduction Processes .
c) Other

B. Commercially Unavailable Processes

23.; "Size Reduction Processes
Pyrolysis

Forms of Input and Output
A. General Considerations
B. Inputs
C. Outputs

-Vie

10

18
22

28
28

31

35
35
36

ol

I EFE



CHAPTER 5

5.1
502

5.3

5.4

5.5
CHAPTER 6

6.1
6.2
6.3

6.4
6.5

CHAPTER 7
7.1
7.2
7.3

PHYSICAL PROPERTIES OF VULCANIZATES INCORPORATING RECYCLED
RUBBER |

General Considerations

Previous Work

éag Elastic Properties
b Strength Properties
g Effect of recycled rubber crumb pa.rt:.cle size
(1i) Efféct of vulcanization system
(iii) Effect of volume fraction of recycled rubber flller

‘(¢) Tear Resistance

(i) Effect of hardness of recycled rubber filler
(ii) Effect of amount of recycled rubber filler

Experimental

a) Compound Formula.tions and Material Manufacture
b) Test Procedure

Results and Discussion
Introduction

a
b) Elastic Properties
c) Strength Properties
- (d) Stress=Strain Behaviour and the Mechanics of
' Rubber-Rubber Composites
Conclusion

STUDIES OF CURATIVE DISTRIBUTION IN SULPHUR CURED COMPOUNDS
INCORPORATING PARTICULATE SCRAP RUBBER
General Considerations

Previous Work
Experimental Procedure

’éag Specimen Preparation
b)  SEM Operating Conditions

Results and Discussion
Conclusion

RUBBER RECYCLING PROCESSES : ECONOMIC CONSIDERATIONS
General Considerations

Development Costs
Process Economics : Cost Factors Involved .
A. Capital Costs '

a) Capital equipment and installation costs
b) Working Capital
¢) Land and Building Costs

B. Operating Costs

éag' Variable Costs
{b) Fixed Costs

C. Pricing of Recycled Rubber

-vii-

65
65
69

78

9l

100

100
102

103
103
103
109
116
128

131
131
132
133

135
136

140
156
158
158
159
160
160

164

166



D. Other Costs 168
a) Tax

b) Inflation

c) Interest Charges

7.4  Process Economics : Economic Analysis ‘ 170

A. Analytical Techniques Employed 170

a) Net Present Value (NPV)

b) Internal Rate of Return (IRR)

c) Breakeven and Sensitivity Analysis
d) Investment Simulation

B. Results and Discussion ' 172

a) NPV and IRR .
b) Breakeven and Sensitivity Analysis
c) Investment Simulation
C. Summary of the Implications of the Economic Analysis 184
7.5 Market Potential for Recycled Rubber Manufactured using
New Technologies 191
7.6 Compound Cost-Property Relationship of Rubber Vulcanizates
Incorporating Recycled Rubber 193
CHAPTER 8 CONCLUSION AND FURTHER RESEARCH OPPORTUNITY 204
8.1 Rubber Supply Situation 204
8.2 Rubber Reycling Procedures 205

a; Forms of Input and Output of Recycling Processes
éb Economic Analysis
(i) Scrap tyre cost
(ii) Price of recycled rubber
(iii) Cost of liquid nitrogen
(iv) Labour, fixed and capital costs

8.3 Physical Properties of Recycled Rubber Incorporated Rubber

Vulcanizates 212
éa; Curing Agent Migration 212
b) Volume Fraction and Particle Size of Incorporated

Rubber Crumb 213
(03 Coupling between Particles and Filler 216
(@) Stress-Strain Relationship 217
REFERENCES AND BIBLIOGRAPHY 220
APPENDICES

A. Survey of Rubber Recycling Facilities in Eurfope and North America.
B. Details of Commercially Available Rubber Recycling Pricesses.

C. Mechanics of Rubbery Materials,

D. Mechanics of Composites.

E. Experimental Procedure and Results of WIC-SBR and WTC-NR composites.
F. Brief Description of Scanning Electron Microscopy.

-viii-



continue APPENDICES

G. Detail Cost Data for ND, KEK-BOC Process.
H. Investment Appraisal Techniques.
I. Investment Simulation.

PUBLICATION

Influence of the Cure System on the Properties of Vulcanizates
Incorporating Particulate Scrap Rubber, Plastics and Rubber Institute

Annual National Conference on Crosslinking and Network Formation in
Polymers, London, October 1982.

- X



CHAPTER 1  INTRODUCTION

There has been renewed interest in the recycling of crude oil related
materials since the advent of the oil price crisis in 1973. These
conservation efforts have concentrated on the reduction of overall
material inputs and on energy usage. The processing of all rubbers
requires a high energy input and synthetic rubbers are derived from a
crude oil input. Hence from the conservationists® point of view,
recycling of scrap rubber is desirable because of the potential
savings in fossil fuel inputs.

Environmental factors also point to the need for recycling this material
because the non-biodegradable nature of scrap rubber makes it unsuitable
for normal waste disposal procedures such as landfilling, and may cause
environmental pollution through improper dumping.

The magnitude of the scrap rubber related problem may be quantified
through the amount of scrap rubber discarded each year. Although detail
figures are not available, the total amount of scrap rubber and the
quantities of discarded rubber articles can be estimated through the
rubber consumption and rubber products sales figures. This has been
done in Chapter Two. A more accurate estimate for the quantities of
scrap vehicle tyres can be obtained from published data on the tyre
replacement market sales figure and the number of vehicles scrapped
each year (58). By this method of estimation, in the UK some 20 million
scrap car and van tyres would have been turned into scrap in 1979, 30%
of these scrap tyres were estimated to have been recycled through -
retreading (45), there were some 13 million scrap tyres left that
required prbper disposal, and posed an environmental pollution threat.
It also provided the rubber recycling industry with an abundant and
readily available supply of raw material input. This has been pursued
further in Chapter Three.

There have been several recent investigations into the recycling of
scrap tyres. The seriousness of the scrap tyre problem is indicated
by the setting up of a parliamentary commission for the sole purpose
of studying the reclamation and reuse of these scrap tyres.(58). This
study makes interesting reading and contains a large amount of
information and data. However the economics of the recycling processes
and technical data on the products of the rubber recycling industry
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are not considered. Consequently the usefulness of this document to a
party interested in recycling rubber is limited.

A number of options for the reuse of scrap rubber exist (60). These
include landfilling, energy recovery through incineration, raw material
recovery by pyrolysis, reclamation and comminution. The alternative
options available for a particular reclaimed rubber producer, in a
situation of declining demand and high cost of manufacture, is the
subject of study by Norman (45). Although there are some advantages of
associating an investigation with a particular recycled rubber company,
this study tended to be rather narrow in its approach, confining itself
almost exclusively with the activities of one company. The usefulness
of the study is also limited by the lack (or exclusion) of economic
data and analysis. The important technical investigation on the physical
properties of recycled rubber incorporated rubber compounds was not
included also. The understanding of these physical properties is
important in establishing new markets for the recycled rubber and
establishing confidence among rubber processors in the use of higher
proportion of recycled rubber,

The American investigations (62, 69) may form a good basis for the
investigation of available rubber recycling technologies, especially
for scrap rubber tyres. However, the economic data and analysis were
largely presented in a non-compatible market and currency system.

The advent of the 1973 oil price crisis had caused energy prices to
increase sharply, which had in turn increased the production cost of
rubber reclaimers, Subsequently, with soft demand, resulting from the
economic recession of the seventies, many recycled rubber manufacturers
employing the conventional high energy input rubber reclaiming process
had been forced out of business, This situation was not unique to the
UK, but, as the survey of rubber recycling facilities in Burope and
America (see Appendix A) indicated, the situation was much the same in
Burope and North America. At present (1982) there is only one rubber
recycler in the UK.

The scope of the present investigation is restricted to the reuse of
scrap rubber as a primary raw material for product manufacture, During
the course of the investigation into the rubber recycling industry, it
became clear that appropriate recycling process technology already
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exists and that the major difficulties are related to the process
economics, and the properties and economics of rubber compounds
incorporating recycled rubber. Little detailed information on the
economics of the majority of commercially operated processes is
available. In this work, data has been obtained for the cryogenic
grinding of scrap rubber, a technology which seems to have some potential
for commercial exploitation, and a thorough economic analysis performed.
The analytic methods include traditional Net Present Value (NPV) /
Internal Rate of Return (IRR) appraisal, break-even and sensitivity
analysis using specially developed expressions to determine the long
term break-~even conditions, and an investment simulation model based

on the NPV of the investment and where the single point variables

were replaced by variable probability distributions that represent a
more realistic situation., The methods and results of the analysis

are presented in Chapter Seven,

Few systematic scientific investigations into the properties of rubber
compounds incorporating recycled rubber have been reported. In this
project investigation has been carried out using 40 mesh whole tyre
rubber crumb as the recycled rubber incorporated into SBR (a general

~ purpose synthetic rubber) and NR (natural rubber) based compounds. An
attempt has been made to analyse the small amount of published data
together with results from our investigation in terms of the theory of
composites eg. Kerner, Gent and Simple Law of Mixtures models, and to
establish models which could be used to predict the physical properties
of the compounds. These models are needed to establish equations which
can be used to analysé unit material cost of vulcanizates incorporating
scrap rubber crumb manufacture according to a particular compound
specification. An example of this approach is given in Chapter Seven,
which includes material property considerations and effect of sulphur
curing agent migration. The analysis carried out using Gent model
indicates that strength property is related to the effective particle

diameter, d of the rubber crumb, and it is not necessary to grind

eff
the scrap rubber to a diameter of less than 20 pm (see Chapter Five).
This has a significant industrial importance in that, although it is
desirable to obtain crumb of small particle sizes, comminuting the crumb

below 20 um does not offer additional property enhancement.

The mechanisms governing the physical properties of these recycled
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rubber incorporated rubber vulcanizates are also the subject of the
investigation. The stress-strain relationships of these rubber composites
have been used for this investigation, and analyses using the
Mooney=Rivlin and Inverse Langevin material models, which has not been
done previously, has led to the identification of the possible mechanisms
of failure for these composite materials. The Mooney constants, G1 and C2
are also considered. These are detailed in Chapter Five. One critical
factor dictating physical properties is the migration of curatives

which has been studied using Energy Dispersive Analysis of X-ray (EDAX)
technique, the results of which are given in Chapter Six. There was

insufficient time for further investigation on other influencing factors.

The implications and results of the economic analysis and material
property investigations are discussed in Chapter Eight. It is recognized
that the material property investigations carried out in this work have
not resolved the problem of material property modelling., However they
have resulted in a better understanding of the mechanics involved and

indicate areas of future researsh.

This work has taken a multi-disciplinary approach to the investigation
of a highly relevant subject, both from the economic and technological
points of view. Since it will be of interest to readers having a wide
range of backgrounds, use is made of Appendices to explain briefly the
basic principles of the topics considered and the analytic techniques
employed.

The thesis emphasises the following aspects : (i) the structure of the
rubber processing industry and the role of the recycling sectors ;
(i1) property relationships in compounds incorporating scrap rubber
crumb, with particular attention to material mechanics ; (iii) the
estimation of cure agent distribution (since this has a profound
influence on the physical properties of the compound) ; and (iv) the

economics of the cryogenic comminution of scrap rubber.



2.1

CHAPTER 2  ANALYSIS OF THE RUBBER INDUSTRY AND MARKET

Structure of Rubber Industry in UK

Figure 2.1 shows schematically the structure of the UK rubber industry.
The industry may be divided into four main sectors, namely the raw
material supply sector, the rubber processing sector, the rubber
recycling sector and the market/consumer sector. The recycling sector

is small compared with the others.

The raw material supply sector essentially consists of seven synthetic
rubber producers, synthetic rubber and natural rubber importers, and
rubber compounding ingredient suppliers. A small amount of reclaimed
rubber is also importéd, mainly from the Eastern European Bloc, For
example in 1980, home production of synthetic rubber was 212, 400 tonnes.
An additional 134,400 tonnes of synthetic rubber was imported. However,
109,200 tonnes were exported, thus resulting in a net synthetic rubber
supply in 1979 of 238,800 tonnes. In the same year, 126,000 tonnes of
natural rubber and 2,400 tonnes of reclaimed rubber were also imported. .
The supply of rubbers is dealt with in more detail in the Section 2.2,

The rubber processing sector consists of several hundreds of establish-
ments 2 companies, and employs over 100,000 employees. In 1979, this
sector had 689 establishments and had a workforce of 107,822(144), It
can be divided into two main group: (i) the large companies with 1000
or more employees; and (ii) small/medium size companies with less than
1000 employees. The largeAcompanies comprise of mainly the major tyre
manufacturers, such as Dunlop, Goodyear, Pirelli, Avon, Firestone and
Michelin, and the large rubber processors such as BTR, Apart from
tyres of all descriptions, conveyor beltings, industrial and domestic
hoses, and general moulded, extruded and calendered rubber products are
the main output. In 1979, this group consisted of 3.3% of the total
establishments (23 in number), employed 52.4% of the total workforce
and generated about 58% of the gross output+._

The small/medium size companies produce a wide diversity of moulded or
extruded general rubber goods, mechanical and engineering rubber
products such as oil seals, Tyre retreading is also a major activity.
The majority of these companies employ less than 100 employees. In
1979, these small companies accounted for 78.1% of the total number of
establishments, but employed only about 9.4% of the total workforce,
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and generated slightly less than 8% of the gross outpuf+. The medium
size companies (each employed between 100 to 1000 employees) comprised
of about 19% of the total establishments, employed about 38% of total
workforce in the rubber processing sector and were responsible for
about 34% of the gross outpu£+.

The rubber recycling sector is shovn in more detail in Figure 2.2, The
flows of inputs and outputs, apart from rubber for recycling or

recycled rubber, are not shown for the rubber processing companies.
Refering to Figure 2.2, it is seen that three types of rubber recycling
facilities can be identified:

(1) In-house recycling. This is mostly carried out by the small/medium
size companies where the factory scrap (vulcanized and unvulcanizes)

is masticated and reincorporated into its parent compounds. The quantity
is usually small, and compounds recycled are usually based on more
expensive specialty rubbers such as silicone and fluorocarbon rubbers.

(ii) Recycling facility which is a subsidiary or part of a large company.
The facility is to ensure the parent company a secure and steady supply
of raw material, United Reclaim Ltd. was one such operation (ceased
operation in 1981), Excess output from such facility is often sold on.
the open ﬁarket. The other two operations of this type are the Uniroyal
Ltd and G, Hughes Ltd,

(iii) Independent recycling facilities, These are usually independent
companies, producing recycled rubber, usually rubber crumb, as their
main product. At presént, this type of rubber recycler is not very
successful. None of the facilities (two in total) is currently in
operation. ’

In addition to these three types of rubber recycling facility, the tyre
retreading companies also produce tyre tread buffings and rubber crumb
as a by-product. These can be used as a recycled rubber or as a material
input into some rubber recycling processes.

The market for recycled rubber is one of the areas where further
investigative is needed.

+
(Teross output includes total sales, work done, work in pr
ogress and
goods on hand for sale,) ' ' FRo8T
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Refering back to Figure 2.1, the market/consumer sector is dealt with
in more detail in section 2.3. It should be noted that the main rubber
product, tyres, has been facing a declining market -~ resulting from

high petrol cost, less new car sales and longer lasting tyres
(radials).



2.2 Sources, Forms and Supply of Rubber

(a) Sources and Forms

Rubbers can be classified into two general ways, namely Tree Rubbers
and Synthetic Rubbers. These two broad categoriés can again be divided
into groups according either to their origins or to their chemical
nature. Tree rubbers tend to be named by their origins whilst
synthetic rubbers are usually named after their chemical constituents.

Natural Rubber, known botanically as Hevea Braziliensis, is probably
the most well-known tree rubber. It is also possibly the earliest
rubber known to Europeans. Natural Rubber is by no means the only
naturally occurring rubber; in fact a great many trees and shrubs also
produce rubber. The Guayule rubber obtained from a type of Mexican
shrub, Gutta Percha and Balata are some of the examples,

With the exception of Natural Rubber, tree rubbers‘have not been
cultivated, produced and used in any significant quantity. Quality-wise,
the Natural Rubber is far superior to the other tree rubbers which
usually have a high resin content. Natural Rubber has managed to
maintain its competitive edge through a carefully planned research and
development scheme, Guayule rubber is under serious study (167), and
commercial exploitation is expected in the light of limited petroleum
resources and rising crude oil prices. Other tree rubbers are also
exploited, such as the rubber-bearing dandelion of Russia and the
Jelutong tree of the Malay Peninsula.

Natural rubber was originally supplied in the form of ribbed smoked
sheets of about 5 mm thickness, containing high percentage of impurities
such as dirt. Nowadays, natural rubber can'be;obtained in a wide variety
of forms such as bales, sheets, pellets and powder. Technically
specified natural rubbers which have controlled viscosities and dirt
contents such as SMR CV 50 (Standard Malaysian Rubber with a maximum

of 0,03% by weight of dirt and a Mooney viscosity of 50 ts)is

gaining popularity among the rubber processors..Oil extended and

carbon black master batches of natural rubber are also available,

With successful pyrolysis of natural rubber, the base unit of natural
rubber was identified. This had led to the invention and development
of the synthetic rubbers. The large-scale production of the early
synthetic rubbers was closely associated with the Second World War.

- 10 -



Prior to the World Var, almost all the rubber used was natural rubber.
With the advent of war, natural rubber supply from Brazil and the Far
East was cut off due to difficulty in transportation. Mass transport
for the armed forces requires increasing amounts of rubber tyres and
therefore demand for rubber increased. This desperate Situation led
4o the expansion of the deveiopment and production of the BUNA-S
rubber in Germany, while on the other side of the Atlantic Ocean the
United States of America was building more GR-S rubber plants to cope
with the increased demand. The reclaimed rubber industry also flourished.
Both the BUNA-S and GR-S rubberd are copolymers of styrene and
butadiene, polymerised under different catalysts and conditions.

' Styrene-Butadiene copolymers, or perhaps more widely known as Styrene-
Butadiene Rubbers (SBR), is only one member of the synthetic rubber
group. However, SBR is by far the largest tonnage consumed of general
purpose synthetic rubber., The SBR poses a competitive threat to Natural
Rubber in general purpose applications., Price stability has been an
advantage of SBR over NR, The availability of SBR in various grades,
and grades according to customers' requirements such as oil-extended
and carbon black master-batches, makes SBR more attractive and
competitive.

Apart from SBR, there are a great number of other specialised synthetic
rubbers. These specialised synthetic rubbers are usually produced
according to service requirements., Polychloroprene, or better known as
Neoprene, and nitrile rubbers are general purpose oil resistant rubbers.
For extreme temperatures of applications, silicone and fluoro-carbonated
rubbers are being developed. These tailormade rubbers can be obtained

in many grades according to the service conditions. The quantities of
specialised rubbers used are comparatively small and their costs are
high (see for example Figure 2.5).

Currently, there are seven synthetic rubber producers in the UK, having
a total output capacity of 530,000 tonnes (per year), and producing a
wide range of synthetic rubbers and lattices such as SBR, Nitrile,
Polychloroprene, Butyl and Chlorobutyl, Polubutadiene and EPDM- (a
copolymer of ethylene and propylene) (166). SBR has the highest capacity
of 55% of the total. The home supply of synthetic rubber, as illustrated
in Section 2.1 above, consists of home production and imports with
exports deducted. The imports are mainly specialty rubbers such as

- 1] -



fluorocarbon and silicone rubbers. The SBR can be obtained in a wide
range of grades and may be in the form of bales, slabs, pellets or
powder. Premixed master batches are particularly popular with silicone
rubbers.

(o) Supply and Consumption
The home supply, consumption and stock of rubbers are monitored monthly

by Business Monitor (144), PMi91, and Rubber Statistical Bulletin (164).
The quarter's performance of the rubber processing industry is summarised
in a Business Monitor quarterly publication (PQ 491). An annual census
(PA 491) is also published. The figures given by Business Monitor and
Rubber Statistical Bulletin were slightly different due possibly to the
exclusion or inclusion of some sources. The discrepency was about 3 to
5%, For the purpose of consistency, the figures quoted by Business
Monitor are used, It is more comprehensive and reliable,

Table 2.1, 2.2 and 2.3 summarise respectively the rubber supply,
consumption and stock to the UK as compiled by the Business Monitor.

Figure 2.3 shows graphically the supply and consumption (demand) trends
of natural, synthetic and reclaimed rubbers in the UK market.

The rubber supply figures include the import figures but the export
figures were deducted. Therefore, an increase in net home (UK) supply
can arise froms

(2) an increase in home production;

(b) an increase in import;
and (c) a decrease in export,
or a combination of the three, For a closer analysis of each of these
on the net home supply of rubber, detailed figures of home productions,
imports and exports must be taken into account. These detailed figures
can be obtained from the monthly issues of the refereces (144, 164)
cited above. .

With reference to Figure 2.3, the supply of synthetic rubber shows a
general increasing trend until late 1970's, A closer examination of the
statistics suggests that this increasing supply trend is due to
increasing home production, increasing imports coupled with a roughly
constant, if not a small fluctuating export figure, Between 1979 and
1980, the synthetic rubber supply fell dramatically to 1969 1ével of

- 12 -
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about 240,000 tonnes. This was due to an almost 25% reduction in home

production and a decreased import.

It is interesting to see that there was no apparent time lag in
fulfilling the fluctuating consumption (demand). This might indicate
that the synthetic rubber plants were operating below their optimum
capacity. The consumption of synthetic rubber in the UK in recent years
was in the region of 250,000 tonnes, and the synthetic rubber plants
were operating in the region of 45-50% capacity.

The impact of the oil crisis of the early 1970's shows in the graphs.
The recovery ffom this crisis is clearly shown over the 1975-76 period
with home supply of synthetic rubber reaching a peak of 324,000 tonnes,
while consumption increased frbm the low 222,000 tonnes in 1975 to
259,000 tonnes in 1976.

The increasing trend of synthetic rubber supply and consumption could
be at the expense of its natural counterpart. Both the supply and
consumption figures for natural rubber show a falling trend. The
consumption of natural rubber declined at a steady rate over the period
from the late 1960's to 1980, averaging at about 3,400 tonnes per year.
The supply figures fluctuated more vigorously, especially during the
mid 70's. The volatility of natural rubber price could have caused such
behaviour. Again the supply was very sensitive to demand, responding to
it without any apparent time lag. The UK import of natural rubber had
fallen by one third from the 1969 level of 198,000 tonnes to 126,000
tonnes in 1980,

Reclaimed rubber has a very gloomy outlook. The supply of reclaimed
rubber has been falling at a rate of roughly 1000 tonnes per year over
the period covered, In 1980, the net home supply of reclaimed rubber was
10,8QOrtonnes. With the recent closure of one of the two reclaimed
rubber plants in UK, it is doubtful if the supply could stay at this
level, The consumption of reclaimed rubber has also been falling in
line with supply. It did not show any sign of recovery after a slower
rate of decline during the period 1973 to 1976. Note that this period
coincides with the advent of the oil price crisis. The selling price
of reclaimed rubber compared with that of virgin rubbers (see Section
2.4), and the imparted inferior physical properties when using

-17 -



reclaimed rubber (see Chapter 5 and Appendix D), may have contributed
to the declining reclaimed rubber market.

() Stock

Figure 2.4 shows the stocks of natural, synthetic and reclaimed rubbers
graphically. It can be seen that synthetic rubber built up a large
quantity of stock towards the end of the 1960's, It then slowly drifited
down to a level of about 670,000 tonneé throughout the 1970's, but
dropped drastically to about 530,000 tonnes in 1980,

The stock trend of natural rubber in the UK is more irregular, This is
probably because natural rubber is bought (or imﬁorted) from overseas
markets rather than produced at home in capital intensive plants,
where fluctuation in output is highly undesirable. The stock increased
fairly rapidly over the end of the 1960's and early 1970's, reaching
358,000 tonnes in 1971, It then decréased to a low level of 276,000
tonnes in 1974 before increased to a peak of about 374,400 tonnes in
1976. From then the stock figures fell quite rapidly to the lowest
level of about 257,000 tonnes in 1980.

It should be noted that the stock of synthetic rubber was about two
times as much as that of natural rubber over the period covered.

Reclaimed rubber stock was very low compared with synthetic and natural
rubbers, in the region of 30,000 to 40,000 tonnes., It fluctuated up
and down, but showed a general decreasing trend.

2.3 Rubber Consumption by Product
The detail consumption figures of rubber by product are not easily

available from published statistics., However, the trends of the
consumption of rubber by various rubber products can justifiably be
estimated by the sale trends of these rubber products. The sales of
rubber products by UK manufacturers are monitored by the quarterly
issues of the Business Monitor (144), PQ 491, The sales figures for

the main rubber products, for example, tyres, tubes,'hose and tubing,
belting and sheeting, are extracted from Business Monitor and tabulated
in Table 2.4

Tyre and tyre products (eg. tubes and tyre repair patchings) consumed
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about 45% of the total rubber consumption (164), of which about 60%

is synthetic. However, as the cross-plied tyres are gradually replaced
by the radial-plied tyres, more natural rubber would have to be used
(for technical considerations). The move from cross-plied tyres to
radial-plied tyres is clearly seen from the data (see Table 2.4). The
sales of cross-plied tyres fell from about 13.5 million units in 1971
to a more 2.1 million in 1980, whilst radial=-plied tyre sales have

more than doubled over the same period. A sales figure for radial-plied
tyres of about 22.5 million units was recorded in 1980. In spite of the
falling sales of cross-pliéd tyres due to the move to radials, the
total number of passenger car and van tyres sold has shown a general
trend which is in agreement with that of rubber consumption figures

(as shown in Figure 2.3), fluctuating with it. The commercial vehicle
tyres, however, have not shown this continuous trend. After increasing
during the period 1971-76, the sales have more recently shown a
decrease, reaching a lowest level of slightly more than 3.4 million
units in 1980, This may be due to the effect of decreasing demand for
these tyres in the home market because of a decline in the production
of commercial vehicles and in the replacement market. The fact that
the average weight of a truck tyre is about six times that of an average
passenger car/van tyre, amplified the effect of the relatively small
reduction in the sales of commercial vehicle tyres. For instance, over
the 1979-80 period, there was a drop in the sales of COmmerciél vehicle
tyres of about 300,000 units. This is equivalent to a reduction of
sales of some 1,800,000 units of passenger caxr/van tyres in terms of
the weight of rubber consumed. The same argument can be applied to the
sales of tractor tyres which would carry a bigger amplifying factor.
The sales of tractor tyres were quite constant through the 1970's but
shows a drastic reduction towards the end of the 1970°'s,

To sum up the observation made regarding the consumption of rubber by
the tyre industry, the increase in rubber consumption resulting from
increasing sales of radiale-plied tyres may have been offset by the
decrease in rubber consumption resulting from declining sales of cross-
plied tyres, commercial vehicle tyres and tractor tyres. Such offset

in consumption is confirmed by the decreasing trend of rubber
consumption shown in Figure 2,3. The effect of higher petrol cost may
be one possible cause of a lower rate of new car séles and less mileage
travelled, therefore less tyres were consumed or replaced, The increase
in average service life of a tyre as a result of the popularity of high



mileage radial-plied tyres, is another major cause of the decrease in

tyre sales.

The situation concerning the tyre retreading industry was much the

same, Sales of retreaded car and van tyres fell from about 7.5 million
wits in 1971 to the recent average of about 4.8 million units. This
average sales figure seemed to have held for several years, from 1975
until 1978. A large drop in sales to about 3.3 million units is observed
over the 1978-79 period, breaking the steady trend. In the commercial
vehicle tyre retreads, a slight recovery in sales performance is

observed in 1978, after a continuous slow drop in sales since 1973.

Again a drastic sales reduction is observed towards the end of the 1970's.

Tyre tubes have not been able to hold up their sales. This is mainly
due to the increasing popularity of tubeless tyres especially the
tubeless radials., In the belting sector, conveyor and elevator belting

~ showed a wild fluctuation of the amplitude of about 3,000 tonnes, while
motorcar fan belts sales had been declining. Hbse and tubing made wholly
from rubber enjoyed increasing sales,

The general outlook for the rubber product manufacturing industries in
the UK, judging from the sales figures is bleak if the trend observed
above continue or demand stabilises at its current level. Consequently,
it may be assumed that the consumption of rubber in the UK is not likely
to increase over the coming years, more probably the decreasing trend
will persist.

2.4 Historical Review of Rubber, Petroleum and Energy Costs
(2) Rubber Prices (164, 165)

Figure 2.5 shows the price movements of natural and synthetic rubbers
over the 1970's, Prices for two grades of SBR (general purpose) and
two specialty rubbers (butyl and nitrile) are showm together with that
for natural rubber (RSS 1 London spot price).

It can be seen that the synthetic rubbers followed a similar increasing
trend. After a relatively moderate increase through the early 70's,

the synthetic rubber prices showed a sudden rise in 1973, then followed
by a slightly less rapid increase through to 1980, This sudden rise in
price coincides with the crude oil price crisis of 1973 as shown in
Figure 2.6, In fact, the price trend of synthetic rubbers followed
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quite closely to the general trend of crude oil prices over the period
studied. This is because as cride oil price increases, it brings up

the price of synthetic oil, and consequently the prices of synthetic
0il based products such as synthetic rubbers and carbon black ( a
vital ingredient for rubber compounding). It should also be noted that
0il resistant nitrile rubber (cold polymerisation with medium acrylo-
nitrile content of about 30%) costs about twice as much as the general

purpose SBR.

‘The natural rubber prices’were less stable, It fluctuated more vigorously.
After decreasing to a low price level of about £150 per tonne in 1972,
lower than SBR 1500/2, natural rubber price shot up to £315 per tonne

in 1973, more than doubled its 1972 price level. It then passed through
the £330 mark (in 1974) before settling down to a lower price of £302

in 1975. In 1975, the natural rubber price was the lowest among the
rubbers studied, about £35 per tonne lower than the oil extended grade

of SBR (SBR 1712), Natural rubber price then took a sharp upturn and
increased to the similar levels as SBR 1500/2 in the late 70's.

Whereas synthetic rubber price trends can be quite confidently predicted
from the price of movement of the crude oil natural rubber price is less
predictable as the factors influencing its price are more complex, It
may depend on the yield of the rubber trees of that particular year,
‘which in turn depends on several elements such as the climatic
- conditions,

One of the purposes of the natural rubber buffer stock held by the USA
is to dampen the wild fluctuations in natural rubber price. Whether it
has succeeded in doing so is debatable, In addition, price will be in-
fluenced by the sterling exchange rate and the transport costs, both
of which will tend to have adverse effect on natural rubber price.

(b) Recycled Rubber Prices (122)
The price movements of recycled rubbers through the 1970's are presented

in Figure 2.7. Price trend of recycled rubber crumb for the near future
is discussed in Section 7.3. |

The prices for all three recycled rubbers i.e. whole tyre reclaim, 30
mesh and 40 mesh rubber crumb, showed a consistent increase throughout
the period considered. The effect of the oil price crisis showed more
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profoundly with reclaimed rubber than with rubber crumb., The sudden

up surge in oil price in 1973 had pushed up the energy costs, especially
electricity (see Figufe 2.6). Being a high energy consuming industry,
especially in the reclaimed rubber sector, rubber recybling manufactu:ers
faced a sudden increase in the cost of process energy input. This added
energy cost had passed on to the consumer through the recycled rubber

price,

Most conventional rubber recycling processes such as the Reclaimator
and Digester (see Appendix B for a more detail description of the
processes) rely heavily on electrical power as their energy input, In
fact the Reclaimator process relies solely on electricity. (Energy
requires to crack, separate and grind the input whole tyres, and to
supply the heat for devulcanization). Hence, increase in energy costs
would directly affect the cost of recycled rubber production, and its

selling price,

It can be seen that rubber crumb price increased by about 3% times
over the period studied, and whole tyre reclaim price had increased
by 25 times during the same period.

(c) Petroleum and Energy Costs
Figure 2.6 shows the price movements of the energy and fuel used by

UK industry. The crude oil prices are also included.

The effects of energy costs in relation to rubber and recycled rubber
prices have been discussed in (a) and (b) above, Summarising briefly
it can be stated that an increase in energy costs, especially crude
0il, will have an adverse effect on the rubber and recycled rubber
prices.
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CHAPTER 3 SCRAP RUBBER ARISING IN THE UK

3.1 Historical Review of the Scrap Rubber Industry
(a) Forms and Sources k
In the early days of rubber recycling, the main sources of scrap rubber
were rubber boots and shoes, fire hoses, bicycle tyres, solid truck
tyres, ma.ttirig, shoe soles and heels, horse shoe pad and airbrake hose,
as these were the earliest rubber products, As the automabile industry
hegan to grow, tyfes and tubes gradually became the main sources of
scrap rubber hydrocarbon. These early tyres and tubes were graded
mostly by their colour and tread design, which were identifiable by
their manufacturers. Some commonly used classifications were Guaranteed,
Nobby Tread, Red Top Tyres and off Whites (46). At this time, carbon
black had not been used as a reinforcing filler, and white silicates
were presunbly used in place, therefore the tyres and tu_bes were of
interesting colours and could be identified in this way.

The sorting situation was quite simple and straight forward as the one
and only rubber available to the market at that time was natural rubber.
A skilled labourer of that time required only to recognise the
manufacturer by the colour and tread pattern of the scrap rubber and
tyres. Today, with the introduction of specialty rubbers, each of

vwhich has several grades, the task of sorting the scrap rubber becomes
an elaborate exercise , (However, the criteria for sorting, especially
scrap tyres, are different, based mainly on the type of reinforcement
in the scrap tyres eg. textile, and steel reinforced tyres).

A consequence of automobile tyres and tubes being the main sources of
scrap rubber for the rubber reclaimers was that the task of collecting
scrap tyres and tubes by rubber dealers/merchants was slowly taken over
by the tyre dealers/merchants. The tyre merchants purchased tyres from
tyre manufacturers, both perfects and rejects, or' they might buy scrap
tyres from tyre dealers, After sorting out the retreadable carcasses
(a term used to describe tyre casings) from the scrap tyres, the
remainder of the tyres, together with the rejects from the tyre
manufacturers were sold to rubber reclaimers at a very moderate price.
This is because these tyres were actually a by-product of their main
business. Splitters who produced rubber link mats, automobile body
shim, and similar products from scrap tyres, were the competitors for
scrap tyres. However, as the automobile population increased rapidly,
there was no shortage of supply of scrap tyres.
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The scrap tyre dealers/merchants and rubber reclaimers contributed
positively towards ensuring an adeQuate rubber supply during the last
World War, especially in the United States of America. After the supply
routes of natural rubber were cut off, and due to the lack of synthetic
rubber production capability, the supply of rubber became acute. The
USA reacted with the setting up of a rubber reserve coupled with a
scrap rubber collection drive. This drive was extremely successful and
1,200,000 tons was collected with the help of the rubber and tyre
merchants, and was sorted and converted by the rubber reclaimers to

reclaimed rubber.

The Second World War demonstrated the vulnerability supply of natural
rubber and the need for synthetic rubber development. After the War,
both America and Britian exPanded their synthetic rubber, especially
‘the Styrene-Butadiene Copolymers (better known in America as GR-S or
Government Rubber - Styrene) production facilities. The American
Government also set up a natural rubber buffer stock for strategic
purposes., The advent of the development of various types and grades of
synthetic rubber posed a challenge to the tyre merchants and rubber
reclaimers alike, New techniques of reclaiming synthetic rubbers were
invented which solved the problem of the rubber reclaimers., However,

\

the sorting out of the scrap tyres remained a problem.

The introduction of specialty synthetic rubbers such as Polychloroprene
(CR), Butyl, Nitrile (NBR), Silicone and Fluorocarbon rubbers made the
reclaimed rubber situation more complicated. This complication, coupled
with the lack of suitable technology, increasing energy costs (the
rubber recycling processes have high energy input requirements), and

the high transport and labourcosts, led to the rubber reclaimers® loss

of interest in these relatively small quantities of specialised rubbers.
Tyres and tubes, being most readily available and having a well organised
chain of collection scheme became the main input of the rubber recycling
industry.

(b) Rubber Recycling Processes

Patents for new rubber recycling processes have appeared regularly in

the patent literature (a list of recycled rubber related patents is

included in the Reference and Bibliography section, 74 through 116).

This has probably been a natural response tb the challenge imposed by

the increasing sophistication of rubber products and the urge to refine
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~ the end-products of the rubber recycling processes.

A comprehensive survey of the patented processes from the beginning of
the rubber industry in the mid-nineteenth century through to 1955 was
carried out by Winkelmann and Ball (70). They made a list of the
chronological highlights of the reclaimed rubber related events as
recbrded in published literature. The search performed was very thorough,
covering all aspects of scrap rubber from the sources of information,
recycling processes to the evaluation of the reclaimed rubber.

Several of the present-day patent claims have been evolved from earlier
obsolete patents, with considerable refinement in technique, improvement
in instrumentation, higher degree of éontrollability and higher
efficiency. For example, a 'High Frequency Heating Process’ which was
granted a French patent in 1947, described a process in which the scrap
rubber is placed between two metal plate electrodes connected to the
terminals of a high frequency generator. In 1951, another French patent
was issued on an essentially similar but slightly improved process.

With the advancement in science, technology and engineering, the high
frequency generator is replaced by a microwave generator and a process
utilising microwave to reclaim rubber was patented by Goodyear Tire and
Rubber Company recently (84). The United States patent US 4 049 588
(1977) (109) and US &4 046 834 (1977) (108) issued to Gould Incorporation
is a similar case, except that the process concerned is the 'Plasticisation
Process’.

With the exceptions of a few of the more recent innovations/inventions
such as the cryogenic rubber grinding process (see for example References
77, 86, 90, 95, 107 and 116), most of the recycling processes in
commercial usage today were invented in the early half of the twentieth
century; the most recent of which is the 'Reclaimator Process®'. The
first patent was granted in 1953 (128, see also 129). The Reclaimator
Process is still being used commercially. The other popular recycling
process, the Alkali Process, was patented by A.H. Marks in 1899, A
variation of the famous patented process which was described as
'probably the most important reclaiming patent even issued' (70) is
still in use in Britain.

Many more patents for scrap recycling processes have since been granted.
The process which aroused the most recent interest is the cryogenic



rubber grinding process (see examples given in Appendix B). Cryogenic
grinding is not a new invention but the adaptation of such a process
to pulverise scrap rubber to fine mesh rubber crumb is certainly new
to the rubber recycling industry.

Cryogenic grinding is not the only size reduction process patented
recently., Gould Incorporated have patented a secondary mechanical
grinding process which involves grinding the coarse mesh scrap rubber
while incorporating certain amounts of plasticisers with a tight nip
mill (see Appendix B). A recent Australian size reduction process (2)
uses a paticular solvent mixture to swell the vulcanized scrap rubber
‘before removing the swollen rubber matrix from its reinforcing

- components., The rubber is the ground to fine mesh rubber particles .

vhile in the swollen state. The solvent mixture is removed by evapora=
tion and recovered_(see Section 4,1B for more detail on this process).

Vith the advent of a frequent, large rises in the cost of petroleum oil
and the fact that it is a limited and unrenewable raw material source,
rubber recycling should become a more advantageous and beneficial
proposition. It is likely that more recycling processes will be
developed.

Statement_and Analysis of Current Situation Regarding Scrap Rubber
Arising

There are basically two forms of scrap rubber presently available,
namely the uncured scrap and the cured scrap. The main difference is
that uncured scrap rubber consists mainly of uncured or partially
cured (the term'scorched' is often used by the rubber technologist)
rubber mixes or articles whereas the cured scrap comprises discarded

" or used rubber products (eg. scrap tyres), factory scrap and rejected

rubber articles from the rubber processing factories,

(a) The Uncured Scrap can be divided into three groups. The first
group can be considered as the top grade which consists mainly of
out-of-specification rubber compound mixes, scorched or partially
vulcanized stocks, contaminated and redundant mixes. This grade does
not usually contain any reinforcing components such as fabric and
steel, and are used to manufacture rubber products réquiring Jower
physical properties.
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The second grade arises mainly from out-of-specification rubber products
prior to the vulcanization process. Hence it usually contains reinforcing
components, This grade of uncured scrap rubber has been used to
manufacture a variety of rubber products which require low physical
properties for example rubber traffic cones, dustbin lids and mud

flaps.

Soiled, contaminated or off-graded virgin synthetic rubber stocks from
the rubber producers constitute the third group. Again these are used
to manufacture rubber products in less crucial applications.

With the advancement in analytical chemistry where a compound can be
identified easily and rapidly, coupled with better quality control and
stock management forced by the more expensive raw rubbers and compounding
ingredients, uncured scrap rubber has become a rare item., The major
source of scrap rubber is therefore the cured scrap rubber,

(b) Cured Scrap can be classified into two categories, namely the
factory scrap and the discarded or used rubber products. Rejected
articles, moulding flashes, transfer moulding pads and injection moulding
runners are common sources of cured scrap arising from a 'factory floor.
Leaving rejects and spoilage aside, a 10% to 15% by weight of wastage
through moulding flashes, transfer pads etc. is considered acceptable
in the rubber processing industry. This percentage for an injection
moulded product is an astonishing figure of about 30%. Recycling of
this scrap would be financially attractive especially when an expensive
specialty rubber is used. This has been done to a small extend but the
common fear which is responsible for these specialised materials not
being recycled into products lies in the very high technical specifi-
cations that are often associated with these si)ecialised rubber
containing products such as seals for the aircraft industry, and in the
belief that the recycled scrap would cause the produét to fail during
service. The high cost of the recycling machinery (see Chapter 5 for
some typical figures) further discourages the potential user from
setting up an in-house recycling facility.

The other type of cured’ scrap comes from the discarded or used rubber

products, Rubber shoes, conveyor beltings, hoses, tubings, tyres and

tubes are some of the hundreds of articles made from rubber or contain

a large proportion of rubber. The volume of rubber in the products is
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not usually reduced significantly during their service life, hence
these discarded rubber articles form a huge source of more rubber.
These can be broadly categbrised into tyre and tyre products, and
non-tyre products.

(i) Tyre and tyre products: The tyre industry consumed about 45% by
weight of all the rubber supply in the UK, Although a wide diversity of
rubber-based products from rubber glue to giant earthmover tyres is
manufactured by the tyre industry, the main product and the product
which consumed the most rubber is tyres and its related products such
as tubes and tyre repair kits. It was estimated (from the tyre sales
figures of the original equipment and replacement markets) that some
20 million worn car/van tyres were turned into scrap each year in the
UK (58). An estimate of 200 million worn tyres is discarded each year
in the USA (62). Elsewhere in the developed world, the situation is
similar. The worn tyres can be collected through the presently well
established chain of tyre dealers and distributors who provide the
major source of raw material for the rubber recycling industry.

The importance of worn tyres as a source of rubber and the environmental
and pollution problems arising from them were subjects of several
studies (for example Reference 53, 55, 59, 60, 65 and 127). In the UK,

a Parliamentary Commission was appointed to study the recl amation and
re-use of these worn tyres (58). In The USA, two research investigations
(62, 69) were carried out to study the problems arising from their

high 'stockpile' of discarded worn tyres.

Sérap worn tyres are looked upon as the main source of scrap rubber by
most of the present scrap rubber recycling processes., Taking cryogenic
grinding for example, special patented apparatus has been designed to
handle a whole worn tyre (see for example References 76, 107, 111 and
106). Other processes, such as pyrolysis, also have similar capability.
Where the recycling process is unable to handle whole tyres, there are
many tyre comminutors or shfedders available to reduce the physical
size of the whole tyres. Many of these shredders, cutters or comminutors
are the subjects of patent claims (see for example References 93, 98
and 101). There are also hammer mills and special (grinders which are
able to grind the whole tyres into coarse particles (see for example
References 86 and 95).
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Another cured scrap rubber source related to worn tyres is the tread
buffings and peelings (see Section 4.2B for discussion and quantitative
estimate), which provide a very convenient form of starting material
for most rubber recycling processes.,

ii) Non-Tyre Products: The remainder of the rubber finds its way into
an even wider variety of rubber products. Conveyors, beltings, hoses,
tubings, household appliances such as washing=-up gloves, garden hoses,
automobile parts such as oil seals, stationery such as rubber bands,
mechanical products such as damp-proof course, anti-vibration mountings
and bridge~bearings, and a great many more products which exploit the
unique material properties of rubber. However, such a wide diversity
of products is not of much help as far as recycling scrap rubber is
concerned., Firstly, the problem of collecting and separating the
discarded rubber articles from the rest of the refuse is not an easy
task. Secondly, the large number of different types of rubber used make
the sorting out and classification of the discarded rubber products
into their appropriate types an almost impossible task. Lastly, but
certainly not least, the economics of separating these rubber products
from the high quantity of other refuse is not at all attractive. All
in all, it seems that these miscellaneous rubber products are not a
likely source of recycleable rubber hydrocarbon.
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CHAPTER 4 RUBBER RECYCLING PROCESSES: TECHNOLOGICAL CONSIDERATIONS

4,1 Process Availability _
Conceptually, the technology for the recycling of scrap rubber, in
particular scrap vehicle tyres, can be considered to be matured, as
evident from the volume of scientific and technological literature
published. The wide diversity of methods and the different routes each
scientist/technologist has chosen, indicatevthat recycling of such a
chemically complex material as scrap vulcanised rubber may follow .
several routes, thus yielding a wide range of products. As discussed
previously, emphasis will be givenvto processes classified as Conventional
Reclamation Processes and Size Reduction Processes. Other processes
which have received considerable attentions will also be included.

An attempt has been made to distinguish between a technological concept
and a ?hysically available process., A technological concept is defined,
for the sole purpose of this study, as a theoretically feasible process
which can be draughted on paper and drawing board, and perhaps proven
by small scale pilot plant operation, but yet to be exploited commercia=-
1ly. Patents are a rich source of information for such processes ( A
list of recycled rubber related patents are included in the references
and bibliography section). These technologically feasible processes are
_described as Commercially Unavailable Processes., ‘

Contrary to the Commercially Unavailable Processes, the Commercially
Available Processes can be purchased without resort to research and
development. Many of these processes have evolved from the former class
of processes, and are often protected by patent claims. The major

 difference between the two classes is that Commercially Available
Processes are or potentially economically viable., The presently
operating processes are therefore classified under the Commercially
Available Processes,

The versatility, maintainability and wear-deterioration characteristics
of each process will be discussed in as far as obtainable data and
information allow. Ability to handle a wide variety of types and forms
of input, the output types and forms that can be produced, and.the
optimum operating capacity range are refered to as versatility.
Maintainability is defined as the requirement and ease with which
maintenance can be carried out. Durability against wear-and tear and
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deterioration, and life expectancy of the machinery are the subjects

of wear-deterioration.

Although it is possible to classify the processes in a general way, it
mist be noted that recycling facilities based on the same process
principles are not necessarily identical. Each plant has unique features.

l,1A Commercially Available Processes
The processes are again classified under three categories; namely
Conventional Reclamation. Size Reduction and Other Processes. The
processes falling within each category employ similar technology. Details
of the téchnology of the processes reviewed below are given in Appendix B.

a) Conventional Reclamation Processes

This category of process has evolved from the processes described in
Section 3.1 (b) which have been in operation since the early days of
the rubber recycling industry in the 1940s and 1950s. Modifications
and improvements have been made to the original processes with the .
advancement in science and technology; and with the changing economic
circumstances. The '0il price crisis®' of the early seventies and the

overcapacity of the virgin rubber manufacturers, resulting

in very competitive virgin rubber prices, falling demand for reclaimed
rubber and several other factors have forced a large number of recycled
rubber manufacturers out of business., The primary victims are the high
energy input processes. This has been confirmed by our survey of
recycled rubber manufacturers in Europe and North America (see Appendix
A), InAthe United Kingdom, there is only one reclaimed rubber producer,
who has been operating for some time,

These processes are classified under Commercially Available Processes
simply because they are in commercial operation.

(1) The Digester Process

This process is currently still in used in both the USA and the UK, The
operator of this pfocess in the UK is Uniroyal Chemicals. A modified
form of Digester_is used., Modificatiohs were made primarily to improve
Productivity, lower the energy requirement and improve product quality.
The input to the Digester is essentially the same as a Reclaimator i.e.
metal-free fine rubber crumb. Cracking, separating and grinding are
vital production steps. The need for constant maintenance, the
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unfavourable wear and deterioration characteristies, and the relatively
high ehergy consumption of these production steps can be vital to the
viability of this process.

The outﬁut from the Digester process is reclaimed rubber. Due to the
batch production nature of the process, only one production capacity
is optimum, which is the optimum capacity of the Digester. The
inability to process in a continuous manner may constitute another
weak point of the Digester process., '

(ii) The Reclaimator Process

A Reclaimator provides the solution to some of the short comings of

the earlier processes such as the Digester, or the Heater or Pan processes.
The pressure required is supplied by the screw of the Reclaimator while
the reclaiming heat is generated by mechanical working and friction
betweem the scrap rubber crumb, the rotating screw and the stationary
barrel. The major advantages are that Reclaimator operates continuously,
and it is essentially a dry process. It thus eliminates the need for

‘high energy consuming driers.

The input vulcanized scrap rubber has to be finely ground, about 30
mesh, metal and fabric free. The cracking separating and grinding are
therefore inevitable, incurring additional operating'and.energy costs.
The Reclaimator itself, like the Digester, is a large consumer of
energy. Refining the output'into a consistent product not only
requiring an additional production stage, but also consuming a large
amount of energy.

The output from the Reclaimator is more versatile than the Digester
process, it can be in the form of bales, slabs or pellets. A change in
output rate can theoretically be achieved with comparable ease by
altering the screw speed of the Reclaimator, the reclaiming temperature
and the type of chemical reclaiming agents used. Optimum levels of
production can hence be obtained, giving Reclaimator a further degree
of versatility.

B) Size Reduction Processes

Size reduction is referred to here as the formation of fine rubber powder
or crumb. Conventionally, rubber crumb can be obtained by mechanically
grinding pieces of vulcanized scrap rubber with grinding mills. The
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reclaimed rubber producers use these fine rubber crumb as their input.
In order to distinguish between crumb production as an input preparatory
step and as a saleable output production process, emphasis is given here
only to size reduction processes producing saleable output. However, it
should be pointed out that at the present time the majority of rubber
crumb is derived from mechanical grinding., The main drawbacks of
conventional mechanical grinding is its $nability to achieve particle
size smaller than about 40 mesh in sufficiently large quantities, and
without creating undue heat degradation of the rubber particles. A
typical mechanical grinding process is described in the cracking,
separating and grinding steps of the Conventional Reclamation Processes

in Appendix B,

The following size reduction processes are reported to be commercially
available.

(1) Cryogenic Grinding - The Air Products Process
This Air Products process is based on United States of America Patent
Ik 025 990, It is essentially a system of cracking, separating and

grinding whole tyres into fine rubber crumb, steel and fabric material.

Like ail cryogenic grindihg processes, it is based on the principle of
cryogénic embrittlement of rubbers. Efficient usage of cryogenic media,
generally liquid nitrogen, is therefore of primary importance. The Air
Products process employs cryogenic grinding in two stages, first to
liberate the reinforcing components from shredded tyre pieces, then
grinding the metal and fabric free rubber to desirablé sizes, It is also
important to have an efficient fabric and metal separation system so as

to avoid '"bottlenecks" in the process and increase productivity.

The input to the process is whole tyres, both steel and fabric reinforced
types. Output takes the form of fine rubber particles, the size of which
can be easily altered by the size of the final screen. Information
regarding maintain-ability, wear and deterioration characteristics are
not available, however, considerable wear in the tyre shredder and
grinders will be anticipated.

George H. Hughes of Birmingham, and Winson BV of Holland are reported
to use this process or a version of it.
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(ii) Cryogenic Grinding - ithe Bellaire Hydraulics Process
The process is based on Vernon Richardson's US Patent 3 718 284, Two

units of scrap tyre recycling facility based on this process have been
reported to be in operation in USA,

The input whole tyres of steel or fabric ‘types are frozen in two stages;
then precooling by liquid nitrogen sprays followed by a liquid nitrogen
bath. A roller crusher and a grinder are used to pulverise the embrittled
tyre while a belt magnet removes the ferrons components continuously.

The output crumb is less than 6,35 mm in size, containing most, if not
all, of the fabric present in the input tyres. High metal contamination
may be anticipated.

(1ii) Cryogenic Grinding - The Hazemag Process

This process is developed by Hazemag Dr E Andreas KG of Germany, and

is based on a patented hammer mill (US Patent 3 997 121) and a 'Novorotor'
mill of the company's design.

Both steel and fabric tyres can be processed, Whole tyre input is cooled
to embrittlement by liquid nitrogen sprays, pulverised in the hammer
mill, separated in a classifying sieve, ground in the Novorotor mill
with the excess liquid/ gaseous nitrogen from the fi'eezing tunnel, and
the output rubber crumb of less than 1 mm size is collected in a cyclone.

(iv) Cryogenic Grinding - The BOC-KEK Process

This process is jointly developed by BOC and KEK, The freezer/conveyor
is designed by BOC, while KEK is responsible for the grinding and
sifting devices,

The input to this process is metal and fabric free, 6 mm rubber granules.
The granules are frozen in the freezer/ conveyor while being conveyed to
the suction feed apparatus. The embrittled granules are mixed‘ with a
predetermined proportion of air, and then feed to the pinned disk mill
which subsequently grinds the granules into fine particles, The fine
prarticles are sieved with a centrifugal sifter into two fractions; the
main- output of fines with size about 400 um, and the oversize, Wearing
of pins in the mill may be expected, A

(v) Cryogrind & Chemical - The Trellfax Process
This process is developed by Trellebors AB of Sweden. A plant on this
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process is reported to be in operation is Surahammaer, Sweden_License
for this process may be obtained from Trelleborg AB.

The process is divided into two stages. The first stage is in effect,
cryogenic grinding, while the second involves chemical reclamation of
the cryogenically ground rubber crumb. Two types of output are produced,
fine rubber crumb from the first stage and Trelleborg Cold Reclaim (TCR)
from the second.,

In the first stage, shredded whole tyre input of both steel and fabric

. constructions is cryogenically pulverised in a hammer mill, followed

by a series of separators which remove non-rubber components. Fine and
coarse fractions are obtained by screening. The fine fraction is fed
straight into the screens, while the coarse fraction is ground in a
toothed disk mill before passing through the screening step. These
grinding, separating and screening operations are repeated with grinding
carries out cryogenically. The output of this stage can be sold as fine
rubber crumb (about 40 mesh).

In the second stage of the Trellfax process, the fine crumb is blended
with peptisers and plasticisers in a powder mixer. The chemical reagents
devulcanize the surface of the rubber particles. This is claimed to
enhance physical properties of the rubber compounds incorporating this
reclaim., The output from the process is the Trelleborg Cold Reclaim
(TCR) which is in powder form, The TCR reclaim may also be rolled into
sheets or slabs,

(vi) Swell & Grind - The Gould Process

This Gould process follows a distintly different route from the other
size reduction processes. The patented (US Patent 4 046 834 and

L 049 588) process uses the swell weakening property of vulcanized
rubber. Gould Inc. of Ohio,.USA is reported to have installed a 1500
tonnes per year plant operating this technique.

The input rubber crumb of 40 mesh, metal and fabric free, is allowed to
imbibe as much of a water miscible solvent as possible., This is followed
by grinding the solvent weakened vulcanised rubber network into very
fine particles. Water is added during or after the grinding to remove
the solvent. Finely ground rubber particles are obtained by separating
the liquid phase and drying the solid phase. Solvent may be recovered
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from the liquid phase. The process is claimed to yield rubber crumb
output with 90% particles of less than 20 nm,

c) Other

(1) Microwave - The Goodyear Process
This patented (UK Patent Application 2 028 835 A) process utilises the

nmicrowave technology. Goodyear has used this process to recycle factory
scrap rubber from its hose and belting plant in Lincoln (Nebraska, USA).

The metal and fabric free scrap rubber input is granulated to sizes of
about 9.5 mm, and then exposed it to a controlled dosage of microwave
energy which causes chemical bonds in the vulcanozed rubber network to
breakdown, Devulcanization is carried out continuously. The devulcanized

scrap rubber is refined and plied into slabs.

The main limitation of the process is that it can only devulcanize

scrap rubbers which are polar or contain a polar additive.

L4.1B Commercially Unavailable Processes

The majority of these processes may be classified as size reduction

and pyrolysis-solution processes.

a) Size Reduction Processes

(1) Swell & Grind - The Dobozy Process !22

This process involves removing of bead wires from the tyre and shredding
it into large pieces, After submerging these pieces in a chemical bath
for several hours, causing them to swell and soften, they are reduced
to crumb. Fabric and metal reinforcements can be easily separated by
simply shaking the chemical softened tyre pieces. The chemical is
recovered and the crumb returns to its rubbery state., The process has
been patented in Australia. ‘

(ii) Activated Crumb - The Dunlop Process (80)

This patented process (UK Patent 1554 858) (80) involves heating the
surface of scrap vulcanized article, such as tyres, at a high temperature
of about 2500°C for a short time, of about 0,1 second, rasping off the
heat treated surface and granulating it into fine particles. The patent
covers both the method and the apparatus for carrying out this process.

Development work is still in progress. Figure 4.1 shows the surface of
an activated crumb particle.
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b) Pyrolysis ~ Solution Processes

These processes are based on the chemical destruction of the vulcanized
rubber ﬁetwork. The degree of destruction dictates the product or

" products yielded., Incineration processes'without material recovery are

not included.

(1) Tyrolysis = The Waggen.Sprigg Laboratory Process (32, 33, 34)

This is a pyrolysis process designed and developed by the Warren Spring
Iaboratory of the Department of Industry, specifically for processing
scrap rubber tyres. Shredded tyres are fed into the top of a verticle
reactor, as they drop to the bottom, they are heated directly with hot
combustion gasses at a controlled temperature. The hydrocarbon components
of the tyre decompose into o0il and gas, while carbon black and other

non-organic additives are converted into char. The char and residue,
mainly steel reinforcement, are removed from the bottom of the reactor
through a lock hopper system. A yield of about 50% oil, 40% char black
and 10% gas is reported.

(i11) Destructive Distillation - The US Bureau of Mines Process

Developed jointly by US Bureau of Mines and Firestone Tire and Rubber
Company (35, 42, 53, 60, 62), the destructive distillation process for
pyrolysing scrap tyres can be operated in batch or continuous manner,

In a batch-type process, feedstock of whole or shredded tyres are fed

into a retort and heated to a desirable temperature. The organic
components decompose into gas and 0il. The oil is collected in a series

of air-cool traps,'water-cooled condensers and electrostatic precipitators.
The gases are passed through a series of scrubbers which remove ammonia,
carbon dioxide and hydrogen sulphide.

On a batch operation, the process yields an average of 40-50% char black,
20 - 50% oil and 5 - 20% gas, while a continuous operation yields 30 -
50% and 10 - 20% of the respective products.

(1ii) Tosco II - The Goodyear Process (36, 40, 90)

. This process is based on the oil shale cracking process deﬁeloped by
Tosco Corporation (USA). Preheated shredded scrap tyres are fed into an
inclined pyrolytic drum with heated ceramic balls. The shredded tyre
pieces are mixed thoroughly with the hot ceramic balls and conductive
heat transfer between the balls and the shredded tyre causes retorting
to occur within a short residence time. The pyrolytic products flow
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into a cyclone separator where.suspended solids and ceramic balls are
separated from the gases., The char solid is again separated from the
ceramic balls, and is cooled. It then passes through a magnetic ]
separator and a screen to remove metal and fibre-glass components. The
ceramic balls are returned to the ball heater to be heated and reused.

The gases and vapours flow from the top of the cyclone into a fractionation
system where they cool to produce various liquid oil fraction, and
uncondensed gas. The gas may be used to reheat the ceramic balls.
Additional heat energy is recovered from the hot flue gases from the

ball heater by using it to preheat the shredded tyre pieces.

A 15-ton per day pilot plant is reported to be in operation (36).

(iv) Fluidised Sand Bed - The Kaminsky - Sinn Process (37, 41)

The excellent heatltrénsfer property of a fluidised bed is explored in
this pyrolysis technique. The fluidised medium is silica sand in this
German process, while carbon black has been used in Japan., Whole tyres
are fed, through a gas-tight charging system, into the vertical
fluidised bed reactor. The preheated pyrolysis gas, also acts as
fluidising gas, enters the reactor from the bottom and leaves'through
a cyclone carrying with it the pyrolytic products of gas, oil and char
black, steel cords and other reinforcing components of the pyrolysed
tyres are removed by a special tiltable grate. Char black is precipitated
in the cyclone. The oil is condensed in a series of cooling system and
an electrostatic precipitator. The gas fraction is used to heat the
pyrolytic gas. A pilot plant has been reported to be in operation (37).

(v) Depolymerised Scrap Rubber (DSR) Process (59, 104)

The DSR process is developed by Firestone Tire and Rubber Company (USA)
(104). Shredded scrap rubber tyres are heated with an aromatic rubber
processing oil in an autoclave reactor at about 275°C for between 12 to
24 hours. Dissolution of the rubber hydrocarbon takes place. The
processing oil acts as a solvent as well as the heat transfer agent. As

the depolymerisation reaction proceeds, the product DSR also acts as a
solvent and heat transfer agent, thus more scrap rubber can be added. By
continuous addition, the composition of the DSR asymptotically approaches
100% rubber hydrocarbon. The textile reinforcement of the tyre is

melted, dissolved or dispersed in the DSR, The undissolved reinforce-
ment components of the tyres, such as glass-fabric and steel,
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are removed by screening the light oil diluted DSR. Carbon black and
other inorganic fillers are left as a dispersion in the DSR. The carbon
black can be isolated by solvent extraction.

L,2 Forms of Input and Output

4,2A General Considerations
As described in Section 3.2, the most abundant source of scrap rubber
is , and will continue to be in the form of scrap vehicle tyres, in
particular steel belted tyres. Consequently, processes which at present
are not capable of handling steel-belted tyre input may find it
increasingly difficult to secure a steady supply of raw material input.

A process, from the standpoint of input and output forms, can be
considered as a'primary, a secondary or a complete process. A primary
process is one which accepts the most crude input i.e. scrap whole tyres,
and produces an output which cannot be used for rubBer compounding. A
secondary process accepts the output from a primary process and converts
it into a product acceptable for incorporation into rubber compounds.,
A complete process includes both. In this respect, the Digester,
Reclaimator, Air Products, Hazemag and the Trellfax processes are
complete processes., The Bellaire Hydraulics process which generates

> 6 mm crumb output is considered a primary process, whilst BOC-KEK,
Gould and the microwave processes are secondary. Tyre retreading which
produces tread buffings, in this context, may be regarded as a primary
process. In as far as recycling of scrap rubber into rubber products

is concerned, a process is desirable to be a complete one, thus
dispensing the need to rely on the supply of a particular form of input.
Taking the example of tread buffings, which can be used as an input for
several processes, it is known that the supply of tread buffings is
particularly susceptible to demand fluctuation, a sudden surge in
demand will create a shortage in its supply. Upgrading of a process
can be achieved. A primary process such as the Bellaire Hydraulics
process, can be upgraded to a complete one by combining it with a
secondary process such as the BOC-KEK process. Similarly, upgrading of
a secondary process can be achieved by combination with a primary.

Table 4,1 summarises the forms of input and output for the Commercially
Available processes, The forms of inputs are described in more detail
in Section 4.2 B and the outputs in Section 4.2C, Little data is
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Table 4.1

Summary of Input and Output for the Commercially

Available Processes

INPUT OUIPUT
PROCESS
FORM COMMENT FORM COMMENT
CONVENTTIONAL RECLAMATION PROCESSES
Digester Whole Tyres: |Require to reduce (Reclaimed | Can be easily
steel* & to 6-10 mm Rubber in | accepted by con-
fabric particles and Slabs & ventional
constructions|metal-free. Bales processing
equipment.
Reclaimator Whole Tyres: |Require to reduce |[Reclaimed | Can be easily
fabric to 30-40 mesh Rubber in | accepted by con-
construction | crumb, metal & Pellets, ventional
fabric-free. Slabs & processing
Bales equipment as well
as powder mixing
equipment .
SIZE REDUCTION PROCESSES
Cryogrinding—| Whole Tyres: |Shred, embrittle |Crumb of Crumb size
Air Products | steel & and pulverise. desirable | depends on final
fabric size screen size.
constructions
Cryogrinding- | Whole Tyres: |BEmbrittle as Crumb of Containing high
Bellaire steel & whole tyres, > 6.35 mm | proportions of
Hydraulics fabric pulverise, fabric and metal
constructions| separate and contaminations.
grind.
Cryogrinding- | Whole Tyres: |Embrittle as whole|Crumb of
Hazemag steel & tyres, pulverise, | 1 mm
fabric separate and grind
constructions
Cryogrinding- | Crumb, metal |Cracking, separa- |Crumb of
BOC-KEK & fabric tion and initial |~ 400 um.
free, 6 mm grinding stages
not- included in
the process.

*It is doubtful if a high proportion of steel-belted tyres can be accepted
by the conventional mechanical separation stages of the Digester process.
A figure of 5 to 10% is said to be optimum (123).
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INPUT OUTPUT
PROCESS
FORM COMMENT FORM COMMENT
Cryogrinding | Whole Tyres: [Crack, embrittle "| (i) Crumb |2 output types
& Chemical - | steel & pulverise, of v 40 can be obtained.
Trellfax fabric separate and mesh
constructions| grind.
TCR requires (ii) TCR TCR reclaim
30-40 mesh Reclaim can be accepted
crumb, metal & in powder | by both conven-
fabric free. or slabs. | tional and
powder processing
equipment.
Swell & Crumb of This makes it a | Crumb of
Grind - 30-40 mesh, |secondary process.|90% <
Gould metal & Imbibe solvent 20 um
fabric free |to swell, grind,
solvent removal
and dry.
OTHFER PROCESSES
Microwave-~ Granule of Only polar or Devulcani- | Can be accepted
Goodyear N 9 mm, polar-additive sed rubber | by conventional
metal and containing scrap |in slabs processing
fabric rubber can be and sheets.| equipment.
free processed.
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available concerning the physicochemical properties of the products of
these processes. Some of the relevant information contained in the

literature is included in Section 4.2 C.

4,2B Inputs
(i) Hhole Scrap tyre
This is the most abundant and easily obtainable source of scrap rubber,
An estimate of about 20 million scrap tyres are discarded each year
in UK,

The tyre rubber compound consists of at least 3 types of rubber, such
as natural rubber, SBR (styrene-butadiene rubber) and butyl rubber.
‘They are contained in more than 5 rubber compound recipes, such as the
tread, side-wall, inner-lining, apex strip and chafer strip compounds.
Fach of the compound has its special characteristics. Segregation of
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