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Preface

The safe disposal and reuse of industrial and postconsumer rubber wastes
are serious challenges to environmental safety and public health. Rubber
wastes are chemically crosslinked rubbers and are among the most difficult
materials to recycle, since they will not dissolve or melt. Generally, recycling
of rubber can be achieved by the following techniques:

¢ Size reduction and production of powders
* Devulcanization and reclaiming

* Recovery of chemicals and energy

This book highlights the problems involved with recycling vulcanized
rubbers and presents probable solutions. Each chapter has been written by
experts in a particular area; the present status of and future outlook for each
area are discussed.

An issue to keep in mind is the strong resistance from industrial users to
the use of crumb rubber materials (CRMs) from scrap tires. Their concern is
that quality cannot be met on a consistent basis. Such hurdles and mindsets
can be overcome if the tire-derived materials can be consistently demon-
strated to be viable raw material components in the final compound for high-
end applications, mainly new tire manufacture.

In the first chapter, Michael Rouse explains the strategy, practices, and
philosophy required to provide high-quality raw materials derived from
scrap tires.

The tire is designed to last and is probably one of the best engineered
products developed by man. Although it is nearly indestructible to normal
mechanical fracturing mechanisms, if the tire could be broken down into its
separate components of fiber, steel, and rubber, it could be made into a very
viable compounding ingredient for new tire manufacture. This subject is
discussed by Michael Rouse in the second chapter. Rouse explains the appli-
cation areas of CRMs and describes the methods used to produce high-grade
CRMs for today’s markets.

The third chapter, by Wilma K. Dierkes, deals with the grinding technol-
ogies: cutting and shearing, and grinding by impact. Applications for
untreated, particulated rubber; surface treatment of the rubber powder; and
application areas of the surface-treated rubber powder are included. Surface
treatment includes chemical activation, physical activation, mechanical acti-
vation, and microbial treatment.

An unconventional polymer recycling technology involves mechanochem-
ical processing. A polymer is subjected to simultaneous actions of compres-
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sion and shear, resulting in both size reduction and changes in polymer
structure. In the fourth chapter, Klementina Khait describes tire rubber recy-
cling by the mechanochemical processing technology, also called solid-state
shear pulverization (S°P), which utilizes a modified single- or twin-screw
extruder. The product of this process is powder of controlled particle size,
unique elongated shape, and well-developed surface. Among its areas of
application, recycled tire rubber powder could be used in large amounts to
replace virgin rubber.

In the fifth chapter, Richard J. Farris, Drew E. Williams, and Amiya R.
Tripathy explain the technique of high-pressure, high-temperature sintering
for recycling chemically crosslinked rubber. The rubbers are first ground into
a powder via cryogenic grinding, then sintered back together under high
pressure and temperature. The authors describe the effects of polymer struc-
ture, molding temperature, and organic acid additives on the sintering mech-
anisms.

Ceni Jacob and S.K. De discuss utilization of powdered rubber waste in
rubber compounds in the sixth chapter. The results of investigations on fine
rubber powders obtained by the abrading technique show that, in rubber
compounds such as EPDM, the rubber powder concentration can be as high
as 300 phr without adversely affecting the properties of the final rubber
vulcanizates. Moreover, incorporation of fine rubber powders increases the
smoothness of the extrudate surface during processing and improves the
final properties.

The seventh chapter, by D. Mangaraj, deals with composites of ground
rubber with both thermoplastics and thermosets, with special reference to
compatibilization, surface modification, and functionalization of ground
rubber. Production of thermoplastic vulcanizates (TPVs) using waste rubber
and thermoplastics is also included in this chapter, and the future potential
for recycling waste rubber by blending it with waste plastics is discussed.

In the eighth chapter, D. Raghavan explains the strategies for reuse of
rubber tires, with special emphasis on the use of tire particles as replacement
aggregates for low-strength concrete material. It is believed that the under-
standing of interface chemistry between rubber and cement is fundamental
to improved performance of rubber-filled cementitious systems.

Ultrasonic devulcanization of used tires and waste rubbers is presented in
the ninth chapter by AL Isayev and Sayata Ghose. The chapter provides an
up-to-date account of ultrasonic devulcanization of rubbers, including the
developmental history of the technology and currently available ultrasonic
devulcanization reactors. The chapter also deals with degradation mecha-
nisms of the rubber network by ultrasonic waves, and various properties of
blends of devulcanized and virgin rubbers.

The tenth chapter by Marvin Myhre deals with the nonultrasonic devul-
canization processes, with special reference to different chemicals, mecha-
nisms of devulcanization, and equipment used in the devulcanization
process. Application of biotechnology in achieving devulcanization is also
discussed. Finally, the results of reclaiming and devulcanization processes
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are explained, and the property values obtained upon recuring the material
are shown.

In the eleventh chapter, C. Roy and his colleagues describe the develop-
ment of the vacuum pyrolysis process and the characterization and end uses
of the pyrolytic carbon black and oil. Data on the process feasibility and
suitability of the pyrolysis products for different applications are also pre-
sented in the chapter.

The last chapter, by Tjaart P. Venter, covers the markets for scrap tires and
recycled rubber. According to the author, “Do not first produce a product
and then go and look for a market. Start with a market.”

The editors are thankful to CRC Press/Taylor & Francis Group for under-
taking the project and cooperating with the authors of the chapters at all
stages of preparation.

Last but not least, the editors would like to acknowledge the financial
support from the following organizations: the All India Council of Technical
Education for providing support to S.K. De; the Illinois Department of Eco-
nomic Opportunities (formerly the Department of Energy and Recycling) for
providing support to K. Khait; and the DMI Division of the National Science
Foundation for providing support to Avraam I. Isayev.

S.K. De

AL Isayev
K. Khait
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1.1 Abstract

The processing or reduction of whole tires into useful particle sizes has been
a challenge to the recycler since Charles Goodyear first discovered vulcani-
zation. This chapter discusses the development of converting tires into a
useful particle form, for reuse in many applications. Materials made from
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tires are called tire-derived materials (TDMs) and include a higher refined
portion, crumb rubber materials (CRMs), which can be reused in the man-
ufacture of tire compounds and for many other applications.

The tire is probably one of the best-engineered, longest-lasting products
developed by man. It is designed for performance, aesthetics and comfort,
control, and safety. Scrap tires are a valuable and viable national resource;
the challenge today is to find the best way to utilize them in a wide range
of applications.

1.2 Background

The tire is nearly indestructible to normal mechanical fracturing mecha-
nisms. However, if the tire can be broken down into its separate major
components — fiber, steel, and rubber — it can be made into very viable
compounding ingredients for new tires. This rubber material or TDM can
also be used in manufactured products, as an asphalt modifier for enhancing
plastics, and for energy conversion and soil amendments. The TDM can be
made into many gradations of crumb rubber material, or CRM. With the use
of CRM, the potential for a wider variety of applications becomes even more
viable. These higher and better uses include industrial, commercial, govern-
mental, agricultural, and sports applications. Depending on the final particle
size and gradation of the CRM derived from TDM using a particular tire
type, the CRM can be an excellent raw material for many other applications.
TDM can be used as a supplemental fuel, with or without the inherent wire
reinforcements, or for civil engineering applications in road construction.
In general, CRM cannot be produced in a one-step process, such as punch-
ing a casing to make a part for a child’s swing or a punched part for a muffler
hanger, and cannot be used as one-step shredding for civil engineering
applications. The production of CRM requires a number of key processing
steps. This chapter discusses the methods and methodology to produce high-
grade CRMs for today’s markets. The production of TDM and CRM for
specific uses encompasses many options and variables. The availability and
cost of appropriate equipment, plus the expertise needed to operate the
equipment for desired end products, present a challenge for the processor.
Only the highlights can be covered in this chapter. It is hoped that the ideas
presented herein can be a guide to initiate or improve the successful devel-
opment of TDM in a safe and environmentally sound manner.!
Approximately 290 million tires? are produced and 23 million passenger,
truck /bus, and off-the-road tires retreaded annually in the U. S.3 Eventually,
the tires reach the end of their useful life and are introduced into the scrap
tire stream. This production value represents what is entering our environ-
ment.* Today, less than 10% of the tires removed from vehicles are recovered
for recapping or resale as used tires. The remainder of this scrap tire stream
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is increasingly finding new markets or higher economic value other than
disposal. To recycle means to put or pass through a cycle again, as for further
treatment or different application. Recycling is the major focus of processing
to convert TDM to its highest use.

The use of TDM as a fuel is not a form of recycling, but rather, a method
of disposal. What is intended is for the processor to take advantage of the
tires” inherent properties and develop unique markets for the processor’s
efforts. However, if the production of tire-derived fuels leads eventually to
higher and better uses of the scrap tire ingredients, then this stepped
approach is a major move in the right direction of utilizing the scrap tire to
its fullest potential.

Tires are an oil derivative; its components of construction, such as the steel
and cord fibers, depend on energy for production. With the world price of
crude oils continually escalating, the value of TDM will only increase. This
price escalation will spur on the necessary processing developments to uti-
lize the scrap tire to its maximum value.

The polymer composition of a tire makes it very unique and valuable for
other applications. However, scrap tires from a landfill have no economic
value and present health, safety, environmental, and handling problems.
Tires do not biochemically degrade sufficiently when buried. They may
resurface in landfills, providing an excellent breeding ground for vermin
and mosquitoes. The exception to this case is tire monofills that have been
properly operated for future recovery of whole tires or some shredded form
of them.

The purpose of this chapter is to discuss various alternatives to disposal
of waste tires, so they can become a resource. Worn tires can be sold as “used
tires” or recapped for continued use as tires, but eventually tires lose their
total recyclability and must find another use. It is true that a small portion
of the scrap tires entering the environment can find a recyclability life (use
over many more applications without loss of integrity of the tire rubber
compound or its components). Eventually, the useful life as a tire will end,
but the rubber polymers can be successfully recovered and used again in a
new tire compound as a filler or extender. Tire compound applications do
require very stringent CRM quality requirements if CRM is to be used for
this purpose. Worn tires can be used as artificial reefs, highway crash barri-
ers, bank reinforcements, children’s swings, and industrial and commercial
parts to luggage items, just to mention a few uses. Whole or shredded tires
can be burned directly (pyrolyzed) or gasified for energy recovery. If oil or
carbon char is produced from tires as a building block of a new raw material
ingredient, it could be argued that this activity is recycling, although the
major composition of the tire has been altered due to depolymerization.

The focus herein is the reduction or commutation techniques for reducing
whole tires of all types into a tire-derived material form, TDM. This includes
the manufacture of tire-derived fuel (TDF). TDM can be further refined into
CRM. CRM is not used in TDF due to cost restrictions. An equivalent cost
competitiveness of CRM can be made to a basic fossil fuel such as gas, oil,
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or coal to wood wastes; refuse-derived fuels (RDF); and other energy
sources. To illustrate this point, assume that No. 5 fuel-grade oil is selling
for $30 (US) per barrel and is being used in a multi-fuel furnace for power
generation at the same conversion efficiency. This would equate to $148 (US)
per ton or roughly 7.4 cents per pound if a minus 2-inch wire free TDF was
used. If the equivalent fuel price for both fuels were used, this would leave
no room for return on investment to the energy user additional metering
equipment and initial testing by the time the CRM was produced and
shipped to the energy user. The economics under these conditions is not
viable. Therefore, if a 30% discount price for TDF was used or $103 (US) per
ton compared to oil, this may be a starting point for the energy user to
consider using TDF as a supplemental fuel to justify the costs of testing,
metering equipment installation, TDF handling, and the possibility of new
monitoring controls for stack emissions.

Table 1.1 compares the various fuel values of TDF and TCF to other fuels
on an “as received” basis. Normally, a range of high and low value range
reflects fuel values. Care should be taken to identify the particular fuel value
being used. This table can assist in obtaining a quick idea of a particular
fuel’s equivalent value.

Figure 1.1, showing the tire flow diagram, depicts the life or ecosystem of
the tire from its initial manufacture, to its useful life as a tire, to the capture
of its qualities for other uses when it is removed from the transport mode.
This figure does not detail the many opportunities that are available today,
but is intended as an overview to the endless possibilities for the scrap tire
after its useful life. TDM has only come into real existence and acceptance
within the last 20 years. Some of the branching opportunities noted under
the TDM section of Figure 1.1 illustrate many new interrelationships and the
potential for TDM if the scrap tire can be processed into useful products
before going to landfills or being removed or diverted from these sites. New
market uses have become economically viable only due to TDM processors’
market efforts and developments, and their ability to overcome negative
perceptions and replace them with positive acceptance of these new materials.

1.3 The Tire

The tire is designed to last and has evolved over the past 16 decades. If we
were to design and build a tire today, the tire compounder would find this
to be a Herculean task. Figure 1.2, indicating tire functions, depicts the
complex set of forces that act on a tire and that must be considered in its
design and construction. Esthetics and comfort comprise one component
that is expanding to minimize noise migration. The lateral direction means
cornering and center of gravity control as it is tied to the automobile’s
performance and safety. The tire designer is constantly challenged to design
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TABLE 1.1

Comparison of Various Fuels on an “As Received” Basis!

Fuel Grade

Gas Natural

Oil No. 6 Fuel Oil “Bunker C”
TDF Tire-Derived-Fuel

TCF Tire-Chip-Fuel

Coke Petroleum

Coal Lignite

Coal Subbituminous

Coal Bituminous

Wood Wet Wood (50% Moisture) — Hog Fuel

Average Heat Value

1,000 BTU/Std. Cubic Foot

151,000 BTU/Gal (42 Gal/Bbl.)

15,500 BTU/Lb.
14,200 BTU/Lb.
13,700 BTU/Lb.

7,665 BTU/Lb.

10,500 BTU/Lb.
12.750 BTU/Lb.

4.375 BTU/Lb.

Gas (01 TDF TCF Coke Subbitum. Bitum. Lignite Wood
$/mm BTU $/Bbl $/Ton $/Ton $/Ton $/Ton $/Ton $/Ton  $/Ton
0.75 4.76 23.25 21.30 20.55 15.75 19.13 11.50 6.56
0.90 5.71 27.90 25.56 24.66 18.90 22.95 13.80 6.56
1.05 6.66 32.55 29.82 28.77 22.05 26.78 16.10 9.19
1.20 7.61 37.20 34.08 32.88 25.20 30.60 18.40 10.50
1.35 8.56 41.85 38.34 36.99 28.35 3443 20.70 11.81
1.50 9.51 46.50 42.60 41.10 31.50 38.25 23.00 13.13
1.65 10.46 51.15 46.86 45.21 34.65 42.08 25.29 14.44
1.80 11.42 55.80 51.12  49.32 37.80 45.90 27.59 15.75
1.95 23.37 60.45 55.38 53.43 40.95 49.73 29.89 17.06
2.10 13.32 65.10 59.64 57.54 44.10 53.55 32.19 18.38
2.25 14.27 69.75 63.90 61.65 47.25 57.38 34.49 19.69
2.40 15.22 74.40 68.16 65.76 50.40 61.20 36.79 21.00
2.55 16.17 79.05 72.42 69.87 53.55 65.03 39.09 22.31
2.70 17.12 83.70 76.68 73.98 56.70 68.85 4139  23.63
2.85 18.07 88.35 80.94 78.09 59.85 72.68 4369 2494
3.00 19.03 93.00 85.20 82.20 63.00 76.50 4599  26.25
3.15 19.98 97.65 89.46 86.31 66.15 80.33 4829 2756
3.30 20.93  102.30 93.72 90.42 69.30 84.15 50.59  28.88
3.45 21.88 106.95 97.98 94.53 72.45 87.98 52.89 30.19
3.60 22.83 111.60 102.24 98.64 75.60 91.80 55.19  31.50
3.75 2378 116.25 10650 102.75 78.75 95.63 57.49 21.81
3.90 2473 12090 110.76 106.86 81.90 99.45 59.79 34.13
4.05 25.69 125,55 115.02 110.97 85.05 103.28 62.09 35.44
4.20 26.64 130.20 119.28 115.08 88.20 107.10 64.39 36.75
4.35 2759 134.85 12354 119.19 91.35 110.93 66.69 38.06
4.50 28.54 139.50 127.80 123.30 94.50 114.75 68.99  39.38
4.65 2949 14415 132.06 127.41 97.65 118.58 71.28 40.69
4.80 3044 148.80 136.32 131.52 100.80 122.40 73.58 42.00
4.95 31.39 15346 140.58 135.63 103.95 126.23 75.88  43.31
5.10 32.34 158.10 144.84 139.74 107.10 130.05 78.18 44.63
5.25 33.30 163.75 149.10 143.85 110.25 133.88 80.48 45.94
5.50 34.88 170.50 156.20 150.70 115.50 140.25 8432  48.13
5.65 35.83 175.15 160.46 154.81 118.65 144.08 86.61 49.44
5.80 36.78 179.80 164.72 158.92 131.80 147.90 88.91 50.75
5.95 37.73 18445 16898 163.03 124.95 151.73 91.21 52.06
6.10 38.69 189.10 17324 167.14 128.10 155.55 93.51 53.38
6.25 39.64 19375 17750 171.25 131.25 159.38 95.81 54.69
6.40 40.59 19840 181.76 175.36 134.40 163.20 98.11 56.00
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TABLE 1.1 (Continued)

Comparison of Various Fuels on an “As Received” Basis!

Gas Oil TDF TCF Coke Subbitum. Bitum. Lignite Wood
$/mm BTU $/Bbl $/Ton $/Ton  $/Ton $/Ton $/Ton $/Ton $/Ton
6.55 4154 203.05 186.02 179.47 137.55 167.03 100.41 57.31
6.70 4249 207.70 190.28 183.58 140.70 170.85 102.71 58.63
6.85 4344 21235 19454 187.69 143.85 174.68 105.01 59.94
7.00 4439 217.00 198.80 191.80 147.00 178.50 107.31 61.25
7.15 4536 221.65 203.06 19591 150.15 182.33  109.61 62.56
7.30 46.30 226.30 207.32 200.02 153.30 186.15 111.91 63.88
7.45 4725 23095 211.58 204.13 156.45 189.98 114.21 65.19
7.60 4820 23560 215.84 208.24 159.60 193.80  116.51 66.50
New Tires
Increase
In Tire Stock
Consumers i Retreaders
+ A
Consumers Used Tires
+ * Retreaders
Worn Tires »| Dealers > &
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FIGURE 1.1

Eco Life tire flow diagram. (Courtesy of Star Trends, Inc., Sunriver, OR.)!
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a tire that will perform well when major complex, dynamic forces are
involved in forward movement (such as stopping) and that will provide
optimal safety in all kinds of weather and pavement conditions. Therefore,
due to the many complex polymers and other ingredients being used in the
design of tires and compounded into the tire components, the use of recycled
tire rubber back into new tire compounds will be very limited.

The tire itself has evolved into a very complex mixture of polymers, tex-
tiles, and exotic steel components. This is illustrated in Figure 1.3, which
depicts tire construction. This figure reflects the many intricate parts that go
into the makeup of today’s modern tire. In today’s world, the tire manufac-
turer must design a tire to meet any kind of eventuality. So, tires have to
meet all season parameters and conditions to ensure that they meet their
intended design and performance requirements.

>~ Vertical Direction
(Esthetics and Comfort)

Lateral Direction
(Vehicle Control)

Forward Direction
(Performance)
~

FIGURE 1.2
Tire functions.’

Spiral Overlay Tread

Steel Belts

Liner b

Run-flat Inserts
Bead Apex

Sidewall
Ply

FIGURE 1.3
Tire construction.®
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FIGURE 1.4
Cross-section of manufacturing of high-performance tires.>

Figure 1.4 represents how tire manufacturing has evolved into a very
complex process. Today’s scrap tire processor must know the manufacturing
process and the general construction of the tire itself to understand the
challenge of disassembling a tire back into smaller components, such as
CRM, or to understand thermal digestion by pyrolysis, gasification, or some
other chemical or thermal-chemical process or newly evolving technology.
Since passenger tires represent a significant majority of the tires in units, it
is an interesting fact that the total weight of truck tires is nearly equal to all
the passenger units in total production or OEM (original equipment manu-
facturer) weight. This is a very important fact since the rubber composition
of passenger tires differs from that of truck tires and off-the-road (OTR) tires.
These differences in rubber composition and modes of tire construction can
have a dramatic influence on the processing and final application of the
intended use of the TDM or CRM in other products or when used back into
the manufacture of tires.>

It is said that Henry Ford developed today’s automobile assembly line
by observing what took place in a hog-slaughtering house. He only reversed
the process by assembling the necessary components in the correct ratios
and set the stage for today’s modern car assembly manufacturing line. By
observing how a tire is built, its major components, and composition weight
ratios in the major broad range of tires, the tire processor can begin to
determine what is needed to produce the desired TDM or CRM more
effectively. The tire will keep evolving as the automobile responds to new
levels of performance. The advent of the electric car and new vehicles with
a combination of electrical and mechanical conversions systems will have
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a dramatic effect on the tire’s composition and type, the overall life of the
tire on the vehicle, and the tire’s future. The overall mix of tires entering
the environment and the volume of tires produced will also be affected.
Paying close attention to new-car products and their corresponding effect
on tire developments, manufacturing, and acceptance in the marketplace is
very important.

1.4 Other Sources of Tire-Shredding Components
and Systems

The journey to designing, constructing, modernizing, expanding, and oper-
ating a tire-derived facility can be greatly enhanced by preliminary investi-
gations into what is available in the marketplace or researching past
published information. This section lists some of the resources on what is
available, to facilitate a better understanding of how the TDM facility could
be improved. This necessary fact-finding will help to avoid obstacles and
will provide new insights into innovative ideas. Thomas Edison often noted
that his success came from studying the successful practices of other oper-
ations and then making adaptations. The many new uses for TDM are
continually evolving; this evolution relates directly to machine technology.
Some of the many available references concerning starting or improving a
TDM operation are described in this section.

TDM manufacturing is a process of manufacturing specific end products,
especially on a large scale. It is an industry that employs mechanical power
and machinery to manufacture products for one or several of the end uses
that are now well established for TDM or CRM. A processor incorporates
the manufacturing aspect and performs the many functions central to the
TDM plant. The scrap tire professional must view himself as a processor and
manufacturer, and act accordingly. The principles and guidelines developed
in other manufacturing and processing industries can be very applicable to
today’s TDM operation.

The following sections are intended to be a source of references for making
improvements to existing operations or for developing an investigation of
new TDM plants. Use of these resources should help prevent major errors
or oversights in future developments.

1.4.1 Publications

Trade journals, books, papers, and advertisements are excellent sources of
written information. With today’s World Wide Web, surfing the Internet is
an excellent method to keep abreast of new developments in the scrap-tire-
processing field. Scrap Tire News, published by Recycling Research Institute,
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Leesburg, Virginia, is an example of a monthly trade journal dedicated exclu-
sively to keeping abreast of all new developments in scrap tire processing,
equipment, and processors, and also market developments for whole tire,
TDM, and CRM. It includes related updates in governmental regulations. The
Scrap Tire Management Council, Washington D.C., is another excellent source
of up-to-date information and publications. The Tire Industry Association,
located in Reston, Virginia, and Louisville, Kentucky, is an active association
with worldwide membership. It is dedicated to recovering worn tires and
seeing them back to their highest and best use in a safe and economical
manner via recapping or other practices such as bead-to-bead restoration.
Members of these organizations have a real interest in finding the highest
and best use for tires, or disposing of them in the proper manner. On a broader
recycling base, Resource Recycling, Portland, Oregon, and Waste News publi-
cations contain articles that affect tires in the total waste-recycling streams.®

Mary Sikora of Scrap Tire News and her annual publication of The Scrap
Tire & Rubber Users Directory set the real standard for professionalism and
literary accountability. She has published numerous publications, conducted
numerous seminars, conducted investigations, and has traveled to nearly
every tire processing facility in North America and Europe. She has been
instrumental in setting the standard in the scrap tire processing industry.
Through her publications, reliable information concerning this industry has
been set and achieved. She has met with leaders in governmental agencies,
departments of transportation, educational institutions, tire processors and
collectors, and end users of TDM products. Her attention to details and
getting the real facts is reflected in her reporting and has helped make the
scrap tire industry the profession it has become today.

1.4.2 Patents

Many of the scrap tire processes, equipment, products, and specific uses of
individual TDM and CRM materials are discussed and illustrated in listings
of the U.S. Patent and Trademark Office. Therefore, the investigator should
make a careful search of the patent literature for a specific field of interest
before considering the adaptation of any process described.

This resource is a wonderful way to learn about technology and an invalu-
able reference on know-how. An online search of the U.S. Patent and Trade-
mark Office can produce significant information about what has been
developed and which patents are pending or have been issued. By going to
the U.S. Patent Office website and looking for databases: patents granted
and patent application full-text and full-page images, a wealth of information
can be obtained. Quick search, advanced search, and patent number search
options are offered. The website also includes operational notices, database
content, and a help section.

Expired patents are also listed at the government patent website, such as
one issued to Robert L. Thelen and Michael W. Rouse for U. S. Patent Office
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No. 4,373,573 entitled “Apparatus for Shredding Rubber Tires and Other
Wastes” issued in 1993. It granted exclusive right on the optimal utilization
of downsizing the blades in a rotary shearer within the same commutating
unit. As the replaceable blades wore down in the center section of the shred-
der and were sharpened, narrowing their overall width on the sides, they
could now be outwardly extended to the periphery of the internal shredder
chamber on a slightly narrower mounting base and reused a number of times
as they moved to the outside of the shredder’s chamber. In the past, this
downsizing made the blades useless and resulted in added costs to the
processor. This reuse concept was used by Waste Recovery, Inc. for many
years; with its recent patent expiration, it is now being fully commercialized
by a major tire-shredding manufacturer. In many cases, some patents are
issued well before the invented concept becomes commercially accepted or
available for others to use. In other cases, it might be just a matter of time
before the patent will expire, and the idea will become available for everyone
to copy and use without worry of legal infringement. In any case, researching
the patent archives is an invaluable resource and a smart way to keep up
with developments in scrap tire processing in North America and other
locations throughout the world.”

1.4.3 Other Industries

By studying other industries, such as the waste plastic recovery, steel recla-
mation, cable and wire recovery, automotive dismantling, agricultural meth-
ods, and electronics industries, new ideas and other methodologies may be
discovered that could be applicable to the scrap tire processor. Demands for
material recovery, source separation, collection, recycling, handling, and
transportation are some of the many facets that are common to all recycling
operations. Visits to and participation in these organizations can provide
great insight to advantages not yet utilized in the scrap tire process.

1.4.4 Consultants, Brokers, and Equipment Manufacturers

Consultants that have been around the industry for many years are gener-
ally well known and can be an excellent source of information and assis-
tance. It is strongly suggested that you investigate consultants’
backgrounds and references before hiring them to see if they have designed
a TDM facility that has performed or is operating successfully. It is recom-
mended that you visit a consultant’s clients to get a firsthand opinion of
the person or firm’s capability.

For equipment manufacturers, the longer the manufacturer has been in
business, the more reliable the quality of the information and the system
proposed. Many experienced, original equipment manufacturers (OEMs)
who have installed equipment have had hands-on experience with their
systems or have available testing facilities at their manufacturing sites. Scrap
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tire operators and manufacturers welcome visitors who want to see a process
or piece of equipment at their facility, if they do not feel threatened to disclose
trade secrets. Many scrap tire symposiums sponsored by the Tire Industry
Association, Scrap Tire News, Scrap Tire Management Council, U.S. Environ-
mental Protection Agency, or regional governments sponsor visits to local
scrap tire operations. These meetings also have manufacturers’ displays and
usually have on hand key company representatives to answer inquiries.
These meetings or symposia are generally attended by professionals in the
field and are an excellent means to become acquainted with who’s who in
the industry. Another excellent resource is The Scrap Tire & Rubber Users
Directory, published annually by Recycling Research Institute, Leesburg, VA.°

1.5 Size Reduction Relationships

The energy to shred and break down a tire into particles has not had much
theoretical study. Most of the work, however, has been in the mineral-pro-
cessing field. It is generally felt that the energy consumed in reduction of
materials is directly proportional to the new surface area produced, or

volume of particle before

volume of particle after

Rittinger developed a breakage law, as follows:
E=K{1/x;-1/x,} (1.1)

where x is the initial particle size and X, is the final particle size.

On the theory of plastic deformation, the work of Kick, the energy
required for shredding a given quantity of materials is constant for a given
reduction ratio, irrespective the original particle size. Kick’s law may be
written as follows:

E=KIn (/%) (1.2)

where X,/ X, is the reduction ratio.

It has been generally observed that for size reduction processes, the size
changes produced are proportional to the energy expanded per unit weight
of particle, and that the energy required to bring about the same relative
size change is inversely proportional to some function of the initial particle
size, x. The relationship between energy and shredding may be expressed
as follows:
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dE/dx = -K/x» (1.3)

Both Kick’s and Rittinger’s Laws can be derived from this equation into
the following equation:

E =2K{1/00)™ = 1/(x1) "%} (14)
which corresponds to case n = 1.5. However, n can vary over a wide range
to meet a particular size reduction criterion of the material being processed.?

The proportionality constant K is called the work index and is a function
of particle size and mode of shredding. Hukki proposed a generalized equa-
tion for the energy size reduction relationships that is considered to be a
good description of the required energy of particle size reduction:

dE/dx = -K/xf® (1.5)

These equations are applicable to bulk shredding and grinding operations.
Figure 1.5, depicting the relationship between energy input and particle size
in comminution, gives general indication of the relative magnitudes of the
energies required for breaking bulky materials down to smaller sizes.’

The overall energy relationship can be significantly affected by heat and
pressure induced while shredding and chopping. This, in turn, can have a
significant, positive effect on the energy requirements in a tire processing
system. The use of thermal fracture, or decrepitation, has not received a lot
of attention. However, heat application to highly elastic, resilient materials
greatly affects the behavior of the energy required. Heat buildup during
operation can have a very pronounced effect on production; in some cases,
it improves overall grinding efficiency. Too much heat, however, can result
in depolymerization (noticeably fumes) or potential fires. In the case of two-
roll mill grinding and extrusion comminution, the viscoelastic behavior of

FIGURE 1.5
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the tire materials is significantly reduced and particle attraction and abrasion
are greatly facilitated as the materials absorb energy in the form of heating
up. Temperature monitoring of the mill’s performance can be an important
aspect to consistent and improved output of these particular units. In the
case of granulation, monitoring the grinding chamber temperatures can be
very critical in terms of conditions changing within the unit and the unit’s
performance. Too much heat can result in scorching the CRM, mechanical
damage, or even an unexpected combustion of the material being ground.

The introduction of chemicals such as surfactants in the form of a water
spray can help particle reduction in much the same way as liquid cutting
agent additives are added to water stream while metal is being cut to a
specific shape or size by a continuous saw blade.

1.6 Applications

Tires have many properties that can be taken advantage of when the scrap
tire is converted into TDM form. Some of the engineering properties of tire
rubber are listed in Table 1.2.

In general, the scrap tire processor must have a number of application
markets, to survive and be viable. The scrap tire plant can be designed to
produce a variety of TDM sizes and varying contents of wire and fiber into
final desired products. Many applications do not require overprocessing to
satisfy a market need. This means not having to remove all the inherent wire
or tire cords if the desired market does not require it. Therefore, overpro-
cessing only adds to the operational costs and minimizes the economic return
to the processor. It is suggested that a market approach be the leading theme
for any tire-processing scheme. The demise of many crumb rubber facilities
has been due to the belief that by simply building a CRM facility, the markets
will arise out of nowhere. Be sure to develop and secure the market, and

TABLE 1.2
Engineering Properties of Tire Rubber
Property Feature
Black Opaque
Liquid state Low freezing point
Low density Specific gravity 1.12 to 1.15
Water resistant Nonwicking
Low thermal conductivity Thermal barrier
Low electrical conductivity — Insulator
Absorption High absorption of most organic liquids
Rheology Elastic, compliant, and resilient
Enthalpy High heat of combustion and low ash content
Organic Nonbiodegradable
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FIGURE 1.6
Tllustration of a TCF and TDF materials.!

follow the U.S. Navy Seals” advice: Identify the target (market), the weapons
(equipment), and the response (action steps) to accomplish the mission.!

1.6.1 Tire-Derived Materials Applications

Tire-derived fuel can be in the form of tire chips containing the inherent
wire. These are called tire-derived chips (TDC); with the removal of 95% of
the inherent wire, especially the bead wire, they are called TDF. Figure 1.6
is a picture of a minus 3-inch TDF and TCF produced through a Saturn
Granutech Grizzly system. Normally, TCF turns a rust color and does not
show a great deal of fiber. As TCF is converted into TDF, the color stays
black and more fiber becomes apparent. Applications of scrap tires as a fuel
supplement with coal or gas include the production of cement, lime, and
steel in their operating kilns. Normally, production of TDF must provide
smooth and efficient energy conversion for the purchasing energy user and
must have minimal supplemental fuel handling problems, no environmental
problems, and no adverse effect on the final material or the operation being
produced by the end user.

TDF has been known to reduce sulfur emissions from power plants and
improve the overall combustion efficiency. Normally, metering systems are
provided to stoichiometrically add the high-value TDF fuel in combination
with various coal, wood wastes, or refuse-derived fuels (RDFs) in dedi-
cated combustion furnaces or mass incineration units that convert garbage
or household and commercial wastes into energy. Today, facilities that
synthesize alcohol from agricultural wastes are considering use of TDF as
part of the fuel stream for the distillation process. By researching the U.S.
Patent Office archives, you can find U.S. Patent No. 4,806,056, “Fuel Meter-
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FIGURE 1.7
Modular TDF metering unit.

ing Unit.” This patent refers specifically to the design, construction, and
operation of a TDF metering unit for the proper addition of tire fuel in
combination with coal or wet wood wastes to a combination boiler for
process steam generation at a pulp and paper plant. Such a TDF metering
unit is illustrated in Figure 1.7, taken from the provided diagrams in the
patent literature.

These metering units can also be modified for internal use at the tire
processing facility for metering into secondary- or tertiary-stage grinding
processes. The construction and use of these components should be investi-
gated for all possible advantages.

A more basic metering system is the energy conversion of whole tires in
a cement kiln, such as one developed by TNI-Systems of Dayton, OH
(Figure 1.8). Again, the key here is precise control and addition of the tire
to the kiln, so proper combustion occurs while producing a high-quality
cement product.

TDC has a fuel value equivalent of approximately 14,200 Btu per pound
(32,487 kilojoules per kilogram) and about the same heat value for whole
tire combustion. A case example is the addition of tires to the cement kiln
at Medusa Cements’ preheater kiln, located in Clinchfield, GA.

TDE, on the other hand, has an approximate heat value of 15,500 Btu per
pound (35,969 kilojoules per kilogram) due to removal of the wire compo-
nent. The nominal size of TDF is 2 inches (5 centimeters), whereas TDC is
usually 4 inches (10 centimeters). The larger the TDF size, the greater the
content of wire and the less flowability for handling and metering. The larger
sizes take on the configuration of the tire, and the wire reinforcements are
harder to deal with. This, in turn, can have a negative effect on energy
conversion in the combustion unit (Figure 1.9).

Table 1.3 reflects typical chemical characteristics of a minus 90% wire free
TDF compared to an eastern bituminous coal. The comparisons are signifi-
cant in that TDF has significantly less moisture, lower ash, lower sulfur, and
higher volatiles, and less fixed carbon when evaluating the proximate and
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FIGURE 1.8
Whole tire metering unit for a cement kiln application.
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FIGURE 1.9
Tire fuel control panel with weight indicator at the cement plant.

© 2005 by Taylor & Francis Group.



TABLE 1.3

Comparative Chemical Analyses!

Eastern Bituminous  90+% Wire Free
Characteristic Coal TDF

Proximate Analysis (% as received)

Moisture 7.76 0.62
Ash 11.05 4.78
Volatile 34.05 66.64
Fixed Carbon 47.14 27.96
Total 100.00 100.00

Ultimate Analysis (% as received)

Carbon 67.69 83.27
Hydrogen 4.59 7.09
Nitrogen 113 0.24
Sulfur 2.30 1.83
Ash 11.03 4.78
Moisture 7.76 0.62
Oxygen (By Difference) 5.48 217
Total 100.00 100.00

ultimate analysis on an as received fuel basis. These characteristics produce
a higher fuel value in favor of TDE.

The ash content of these two fuels is also critical to the use of TDF when
used in combination with a coal. Many power plants send their fly and
bottom ash to cement plants and other applications. Therefore, this ash by-
product can be greatly affected by a change in the final ash composition or
the sale of these by-products. Consideration must be given to the ash com-
position since many users of the ash have stringent restrictions on any change
in ash composition or fuel mixture changes. Table 1.4 reflects the elemental
metal analysis of an eastern bituminous coal and the same TDEFE. Also, dis-
posal of ash from a power plant has to meet environmental regulations and
the effect of a new alternate or supplemental fuel source must be considered
and approved in many cases. Zinc can easily be removed by an electrostatic
precipitator or bag house but consideration must be given to its disposal in
high concentrations, normally any sanitary landfill. In some cases, the halo-
gens’ (such as chlorine and fluorine) effect on the flue gas zones of the
combustions unit must be factored in on long-term potential corrosion of
the pollution control equipment.'?

Terry Gray of T.A.G. Resource Recovery of Houston, Texas, contributed
Tables 1.3 and 1.4. Mr. Gray is an excellent example of using a knowledgeable
professional in making sure that all aspects of tire use are covered before
embarking on a venture. He has worked with many institutions and gov-
ernment agencies in defining the environmental and ecological parameters
in the handling and proper disposal of tires and tire-derived materials. These
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TABLE 1.4

Comparative Metal Analyses'!

Eastern Bituminous  90+% Wire Free

Characteristic Coal TDF
Aluminum 2.29 <0.01
Barium — non detectable
Cadmium — 0.0006
Calcium 0.36 0.0097
Iron 2.09 0.321
Lead — 0.0065
Magnesium 0.08 <0.01
Manganese — <0.01
Phosphorus 0.07 <0.01
Potassium 0.22 <0.01
Titanium 0.09 <0.01
Silicon 5.30 0.516
Sodium 0.05 <0.01
Strontium — <0.01
Zinc 0.01 1.52
Chloride — 0.149
Fluoride — 0.001

tables represent general expected average values. However, it is advised that
representative samples be obtained from the existing TDM operation and
confirmed by a certified testing laboratory.

Whole tires are certainly used in mass incinerators, dedicated combustion
units, and cement kilns. However, these applications are limited to certain
tire size ranges and generally do not require any special type of preprocess-
ing, only proper metering in combination to fuel requirements.

Recirculating coal fired fluid bed units can be ideal candidates for both
TCF and TDF. With TDF, minimal changes are required to the ash handling
system. When TCF is used, additional equipment is required to remove the
wire, and the wire residue has not found a good market due to contamination
of the other combustion by-products. A modern-day fluid bed combustor is
illustrated in Figure 1.10.

Typical traveling grate boilers with spreader stockers can be dual fired
with supplemental gas or oil in combination with wet hog fuel (bark). The
idea of using TDF in combination with the wet wood waste is to reduce the
usage of fossil fuels and its associated ever-increasing cost. Traveling grate
boilers and their corresponding ash handling systems are sensitive to the
inherent bead wires in TDF since they do not oxidize and become entangled
in the grate system. Therefore, the TDF supplier must maintain a good
quality low percentage of wire content. Figure 1.10 reflects a traveling grate
boiler that could also be fired with various grades of stocker coal. Many
combinations of industrial and utility and understanding of how the com-
bustion unit operates are critical to successful use of TDF. Pulverized coal
boilers (PCB) are very limited as to maximum TDF particle size and amount
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FIGURE 1.10

Modern day fluid bed combustor with TDF or TCF as a supplemental fuel.!

of loose fiber in the TDF itself. Generally, 1/2-inch TDF is the maximum size
since there are no grates at the bottom of the furnace to burn off the larger
TDF chunks. The loose fiber in TDF can carry over into the pollution control
system and be another limiting factor as to the quantity used in conjunction
with coal. Cyclone boilers can burn slightly larger TDF or minus 3/4-inch
and the size is dependent on the size of the boiler cyclones. For traveling
grate units, the heat release on the grates is critical. Too high a percentage
of minus-2-inch TDF can cause the grates to buckle. Considering good pol-
lution control, 10% by weight is the maximum weight percent for traveling
grate and fluid bed boilers and around 3 to 6% by weight addition for
suspension type units. Figure 1.11 is a typical industrial traveling grate boiler
using multi-fuels.

Fluid bed units can use up to 3-inch nominal TDF or TCF depending on
the design and ash handling characteristics of the unit.

TDF or TDC are excellent feedstocks for pyrolysis or gasification units or
other forms of thermal mechanical transformation. Generally, reduction in
TDMs’ nominal size, toward a crumb rubber gradation, is preferable since
better thermal and chemical conversion takes place. However, these pro-
cesses, like other applications, are dependent on the cost of the fuel feed-
stocks delivered to the site.

1.6.2 Civil Engineering Applications

TDM materials are excellent as lightweight aggregate filler for roadbeds,
subgrade thermal insulation, and backfills behind retaining walls. Both TDF
and TDC materials can be used in these applications. The volume use of
TDM in these applications is enormous. The scrap tire processor can generally
find these markets in the community where the operation exists. These are
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FIGURE 1.11
Typical traveling grate-spreader stoker dual fuel fired hob fuel boiler with TDF blend.!

excellent opportunities for new and rehabilitation road and highway projects.
A great deal of information exists concerning TDM use for these applications.
The processor should contact the local city or county highway/road main-
tenance department, the state Department of Transportation (DOT), or the
regional Federal Highway Administration office. Many state universities
work with state DOTs in project developments such as these for enhancing
highway and road life cycles. In many cases, there may be grant money for
joint development projects of this type in the processor’s community.

Figure 1.12 reflects the bundling of truck tires for a crash barrier. Similar
bundling can be used for fish reefs.

Figure 1.13 reflects the sizing of tire chips coming across a disk screen
coming from a tire shredder for a roadbed, and Figure 1.14 shows an embank-
ment civil engineering project and actual spreading of tire chips for a roadbed
application.

1.6.3 Sanitation Applications

There is a growing need to find inexpensive and reliable replacement for
wood chips in public sanitation departments. Wood chips are used as bulking
agents, but the wood easily decomposes and must be replaced. TDMs can
be an excellent substitute because they do not deteriorate and can therefore
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FIGURE 1.12
Truck tires used for crash barriers.!

FIGURE 1.13
Tire chip production across a disk screen.!
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FIGURE 1.14
Tire chips for a roadbed application.!

improve the life cycle in this application. Also, TDMs can be used for drain-
age for sanitation fields. Working with local and state governments and home
builders can open up markets for TDM end use.

1.6.4 Agricultural, Playground, and Decoration Applications

Refining of TDM for these applications is paramount. The inherent wire,
both bead and radial, must be removed for safety reasons. The gradation is
also critical. If the TDM is ground too small, it will easily scatter and will
blow away, or it may stick to other surfaces such as shoes or clothes. Nor-
mally, bias truck, passenger, or OTR tires with the beads removed are excel-
lent feedstock for this application. If radial tires are used, a TDF material
must first be produced. Then the TDM chip must be exposed to a wet
atmosphere for a monitored time period, to reduce or dissolve the remaining
fine radial wires to a powdery form by oxidation. The tire chips for these
applications can also be colored for enhanced aesthetics and décor, for eques-
trian or landscaping applications. Figure 1.15, showing a TDM playground
cover, illustrates the beauty and functionality of tire materials for use in
gardening or for playgrounds.®

TDF has been found to be an excellent soil amendment for certain types
of soils. The pH of the soil — whether it tends to be basic, neutral, or acidic
— should be checked. Since tires contain compounding agents, accelerators,
and other additives, these items can leach out into the soil and over time,
can cause adverse effects to vegetation coming in contact with the soil.
Generally, long-term studies need to be conducted on the particular soils in
question to minimize any product liability risks when using TDF as a soil
amendment for food production. In a number of states, the local university
or college’s agricultural department has conducted soil studies of various
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FIGURE 1.15
Playground material produced by Global Tire Recycling. (Courtesy of Global Tire Recycling,
Wildwood, FL.14)

soil amendments. These studies can be an excellent resource. Processors
should check with their insurance carriers about product liability coverage
in this and other applications where any type of TCM or CRM is being
marketed or sold. Working with the local county extension agent can be a
way to determine the appropriate soil amendment for the location in mind.

The market for colored TDM is growing for landscaping and playgrounds.
This technology is now fairly well understood and established and has
excellent market appeal. The prices for both colored and non-coated TDM
can be equal to or greater than many of the coarse CRM being produced.
These applications do require that the TDM be completely wire free and
generally are in the nominal to minus 1/2-inch size and produced from bias
truck tires and OTR types such as farm implement tires.

In many cases, you will find tires used for holding down traps in agricul-
tural applications, divides for property lines, or marking entrances to a
unique display as shown in Figure 1.16.

1.7 Testing and Quality Assurance

The use of crumb rubber or refined TDC or TDF has the greatest potential
for achieving the highest value for tire-derived materials. Generally, CRM
maximum rubber size is 6 millimeters, but at that size, it is generally called
tire granules and not CRM. Gradations in the 1 to 6 millimeter range are
used for running tracks and cushions below the carpet surface. Below 2
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FIGURE 1.16
Tire shop decoration in New Zealand.!

millimeter or 2000 microns, or 10 mesh in U.S. standard measurements, is
the starting point for CRM. Below 80 mesh (180 microns) is considered to
be fine CRM powder. The finer the TDMs are ground, the more costly they
are, so finely ground TDM requires greater capital resources.

Relative particle size comparisons are illustrated in Figure 1.17, and Table
1.5 is a sieve comparison of various major categories of various TDM

materials.
G- 100 mesh - 149 microns
D: 200 mesh - 73.7 microns
E: 325 mesh - 44.5 microns
F: 400 mash - 38 microns
G: 500 mesh - 20 microns
FIGURE 1.17

Relative particle size comparison.!
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TABLE 1.5

Sieve Comparison Table!

Designation
Major Grade Size Size (inch) or mm Microns
Categories Sieve (Mesh) (millimeters) (1000 x mm) Inches
Fuel Grade Sizes 2" 50.000 50,000 2.000
1-1/2” 37.500 37,500 1.500
1”7 25.000 25,000 1.000
3/4” 19.000 19,000 0.750
5/8” 16.000 16,000 0.625
1.2” 12.500 12,500 0.500
7/16” 10.938 10,938 0.438
3/8” 9.520 9,520 0.375
5/16” 7.930 7,930 0.313
1/4” or 3 6.350 6,350 0.250
Coarse Grade Sizes 3.5 5.660 5,660 0.223
4 4.760 4,760 0.187
5 4.000 4,000 0.157
6 3.360 3,360 0.132
7 2.830 2,830 0.111
8 2.380 2,380 0.094
10 2.000 2,000 0.079
11 1.840 1,840 0.072
12 1.680 1,680 0.066
14 1.410 1,410 0.056
16 1.190 1,190 0.047
18 1.000 1,000 0.039
Fine Grade Sizes 20 0.840 840 0.0331
24 0.736 736 0.0290
30 0.590 590 0.0232
35 0.500 500 0.0197
40 0.420 420 0.0165
45 0.350 350 0.0138
50 0.297 297 0.0117
60 0.250 250 0.0098
70 0.210 210 0.0083
80 0.177 177 0.0070
UltraFine™ Grade 100 0.149 149 0.0059
Sizes 120 0.125 125 0.0049
140 0.105 105 0.0041
150 0.099 99 0.0039
165 0.091 91 0.0036
170 0.088 88 0.0035
200 0.074 74 0.0029
230 0.062 62 0.0024
250 0.058 58 0.0023
270 0.053 53 0.0021
325 0.044 44 0.0017
400 0.037 37 0.0015
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FIGURE 1.18
Testing sieves.!

The standard for measuring CRM sizes is the U.S. Standard Tyler screen.
Mesh is defined as the number of linear openings per inch (the greater the
number of openings across the surface of the screen, the finer the mesh).
Figure 1.18 shows a Standard W.T. Taylor & Company Ro-Tap setup, ready
for testing. ASTM procedures for testing of CRM materials have been
established. The Ro-Tap Method of ASTM D 5603 calls for placing a fixed
amount of CRM on the top screen, using 8-inch screens as illustrated in
Figure 1.18, and running the shaker shown in Figure 1.19 for a fixed period
of time, with the largest opening screen on top progressing to finer screens
down to the pan. After shaking, each pan is weighed and recorded. The
top screen is called the zero screen and the second from the top is called

FIGURE 1.19
Testing unit.
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the designation screen. These two screens presently establish the CRM
designation.! Figure 1.20 represents an illustrative glossary of millimeter
to mesh.

Inch to MM to Mesh
Glossary of Terms

Inch - 1/36th of a yard, 25.4 milimeters

Millimeter -1/1000th of a meter, 0354
inch

Screen - a meshed wire fabric mounted
on a lrame for the purpose of separating
coarser from finer parts

Mesh - the opening between the wires
of a screen

Sieve - the device which includes the
frame and the screen used for separating
coarser from finer parts

Classifier Screen - the screens or sieves
that are mounted in a production peece of
equipment to separate the desired size of
crumb from the ather sizes, and recycle the
overs'Tor the purpese of further size
reduction

Testing Screen or Sieve - a small,
hand held sieve made for testing the

of Mesh S

3 Mesh 4 Mesh

5 Mesh 7 Mash

-~ Aggregates placed
n coarsest sieve

Example '~ Coarsest sisve
of
Sieving
Intermedi
ate sieves
BOURCE: - Finasl sigve
ITRA Scrap Tie and
Rubiber Recycling
Terminalogy = = Pan
Handbook

FIGURE 1.20
Detailed illustration of mesh definition.®
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FIGURE 1.21
Laser diffraction size analyzer laboratory set-up.

Today, even more sophisticated testing units are on the market as the finer
CRM materials are produced for more demanding applications. Figure 1.21
shows a laser diffraction particle size analyzer layout in Rouse Polymeric’s
laboratory. The laser is a device that emits a highly amplified and coherent
radiation of one or more discrete light frequencies. These frequencies can
be used to evaluate each discrete CRM particle. This particular unit by
Beckman Coulter can perform analysis on both dry and wet CRM samples.
Why wet CRM? In the production of fine powders with wet technology, wet
particle analysis saves a great deal of time and effort since the CRM does
not have to be dried. Laser wavelength testing gives very accurate particle
analysis and takes into consideration the configuration of each CRM particle.
Figure 1.22, showing CRM gradation of a —170-mesh CRM produced at
Rouse Polymerics International, is particle data graph output from such a
testing machine.!

The thermogravimetric analyzer (TGA), as shown in Figure 1.23, is an
excellent tool for determining the overall composition of the CRM. TGA
graph of a -170-mesh CRM is shown in Figure 1.24. The TGA can be used
to tell the basic composition of the CRM produced and can reflect the tire
type mix for the natural rubber-to-synthetic ratios as well as the overall ash
content. Ash content can be very important when selling CRM to tire man-
ufacturers.’> High ash content can interfere with tire compounding and be
a negative influence. TGA equipment should be a standard for most CRM
users, who should have this equipment as part of their QA /QC. This equip-
ment can quantify and readily identify the CRM type as being whole tire,
truck/bus, or OTR-type compound. If the CRM processor has any doubts
about what is being shipped, the TGA is an excellent toll for guaranteeing
quality of the produced product. Remember, most tire manufacturers have
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FIGURE 1.22
Laser particle distribution of a —170-mesh CRM.

FIGURE 1.23
Thermogravimetric analyzer (TGA) laboratory set-up.!

a TGA as part of their laboratory apparatus and can easily quantify the CRM
source type.

Moisture testing for all CRM products can be very critical. Standard lab-
oratory ovens and moisture testing machines are available in today’s market.
There are a number of laboratory supply houses, such as Cole-Parmer, with
complete lines of testing supplies from laboratory wares to microscopes.

Testing is vital to the TDM or CRM operation. Testing equipment can also
provide a check on the performance of the plant’s operation and assure the
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FIGURE 1.24
TGA graph of a -170-mesh CRM.!

end user of the CRM or TDM that the plant’s personnel has taken all the
necessary steps to meet the materials’ specification requirements for produc-
ing an excellent CRM. For the more sophisticated CRM operations, obtaining
other certifications such as TS-16949 may be required.

1.8 CRM Plant Demand

Table 1.6, showing crumb mesh size in each crumb market, represents the
market share for different sizes of crumb rubber. The method of determining
the crumb rubber range, or classification into four groups, is the subject of
much discussion. The ASTM procedures noted earlier have made an attempt
to standardize CRM. With the advent of new testing equipment, such as
laser technology, standard CRM designations may give way to precise mea-
sures and be tailor fitted to the end user’s specifications without regard to
the ASTM method, but rather, to the exact gradation produced by the CRM
producer. The required data may include the aspect ratios of average particle
length to diameter of the CRM particles. In some cases, the end user may

TABLE 1.6

Estimated Crumb Rubber Mesh Size and Markets!¢
Group Size Range Demand

Large or coarse (3/8 inch to 1/4 inch) 14%

Mid-range 10- to 30-mesh 52%

Fine 40- to 80-mesh 22%

Superfine 100- to 200-mesh 12%
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TABLE 1.7
CRM Designation!”

Example Percent Maximum %

Nominal ASTM D Retained Retained on

Product 5603 Zero Screen on Zero Designation Designation

Designation Designation mm Screen Screen mm Screen

10 Mesh  Class 10-X 2360 (8 Mesh) 0 2000 (10 Mesh) 5
20 Mesh  Class 20-X 1180 (16 Mesh) 0 850 (20 Mesh) 5
30 Mesh  Class 30-X 850 (20 Mesh) 0 600 (30 Mesh) 10
40 Mesh  Class 40-X 600 (30 Mesh) 0 425 (40 Mesh) 10
50 Mesh  Class 50-X 425 (40 Mesh) 0 30 (50 Mesh) 10
60 Mesh  Class 60-X 300 (50 Mesh) 0 250 (60 Mesh) 10
70 Mesh  Class 70-X 259 (60 Mesh) 0 212 (70 Mesh) 10
80 Mesh  Class 80-X 250 (60 Mesh) 0 180 (80 Mesh) 10
100 Mesh  Class 100-X 180 (80 Mesh) 0 150 (100 Mesh) 10
120 Mesh  Class 120-X 150 (100 Mesh) 0 128 (120 Mesh) 15
140 Mesh ~ Class 140-X 128 (120 Mesh) 0 106 (140 Mesh) 15
170 Mesh ~ Class 170-X 106 (140 Mesh) 0 90 (170 Mesh) 15
200 Mesh  Class 200-X 90 (170 Mesh) 0 75 (200 Mesh) 15

require the CRM producer to use the same test equipment for identical
verification. Table 1.6 represents the generally accepted crumb rubber range
and the estimated market distribution. Table 1.7 reflects the CRM designa-
tion. A value analysis is discussed in the Economics section.

Applications for CRM in any gradation are expanding, from use as an
asphalt modifier or aggregate replacement use as an extender or filler in new
tire construction. CRM applications are in a wide range of markets. CRM is
an excellent material for rubber mats in commercial use, industrial use, and
agricultural use. It is also used as building blocks for enhancing the perfor-
mance of plastics in under-the-hood automobile components. Certain gra-
dations of CRM are used in paints for texturizing and in latex for providing
a frictional surface on boat decks. Blending CRM with asphalts can produce
sprayable membranes for pond liners and seal coats for structure protection.
These are also called surface-applied membranes (SAMs). An understanding
of the potential market will reflect the amount of refinement and control at
the scrap tire processor’s site. The use of TGA and other analytical instru-
ment data can help establish a high degree of confidence or rapport between
the CRM supplier and the end user. One end user could be an asphalt
producer who requires very specific and consistent CRM for modified,
blended asphaltic product that has long-term life guarantees.!”!8

1.9 Support Equipment

The support equipment requirements of a scrap tire processing facility really
reflect the qualities or traits that make up the mental and emotional resources
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FIGURE 1.25
Typical baler.!®

FIGURE 1.26
Tire balers with OTR tire and passenger tires.!20

of the operation. The equipment components discussed in this section may
be necessary in part or whole to the success to the entire operation. The
equipment components discussed herein may be individual items or multi-
ples such as magnets, conveyors, and shredders or yard equipment for bulk
materials handling.

1.9.1 Tire Compaction Units

The use of modern balers can be considered for TDM production for the
right applications. If the baled tires are used for crash barriers or for fish
habitats, one could make the argument that they are also TDMs. Tire baling
can have a significant impact on materials handling in transporting scrap
tires to the processing site. In many cases, the worn tires take up a great deal
of space and loads end up less than what could actually be transported. Tire
compactors can be used to optimize hauling costs and may be justified in
freight savings. Special baler-like units are available for compacting used
tires for transport in trailers or containers without damaging the casing.

Figure 1.25 and Figure 1.26 show, respectively, a typical baler and a tire
baler with an OTR tire. These units can come in all forms and sizes and have
self-tying capability with portability.

Figure 1.27 shows a typical bale of truck bead wire. These bead wire
materials, when cleanly stripped from the tire carcass and dandified, can
have a fairly good scrap iron value. Working with local metal scrap yards
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FIGURE 1.27
Typical truck tire bead bale.!

in a fairly large geographical region can justify reclaiming this tire material
resource.

1.9.2 Packaging

There are many types of packaging available today for the CRM operator.
The most common is the bulk bag, illustrated in Figure 1.28. These bags can
be thrown away or returned, and have an almost unlimited variety of
designs. They come in various sizes, with various mechanical hook-ups to
bottom outlets, and are made of various materials. The exact construction
of these bags varies according to need.

The plastic bag is normally a low-density polyethylene (LDPE) or a Kraft
paper bag type. These two types make up the majority of CRM packaging
in today’s marketplace. Figure 1.29 shows typical 50-pound (22.5-kg) CRM
packaging. Weights can vary from 12.5 to 50 pounds and can also be pur-
chased in different melt ranges, depending on the customer requirements.
A packaging specialist should be contacted for a particular requirement.?

FIGURE 1.28 FIGURE 1.29
Super sack. LDPE or Kraft bag.
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TABLE 1.8
Typical Packing Label Information!

Company name and logo
Plant and/or corporate contact information
Health and safety information ratings
Health
Flammability
Reactivity
Personal protection
Notes: Wear dust mask to prevent lung irritation
Patents pending or issue or licensing certifications

There are a number of products of manual and automated packaging
machines available in the market. Additional equipment such as a self-sealer
is available for the open-top LDPE bags. Valve bags can be designed for
specific customer needs. Labeling machines are also available, to stamp the
correct product code on the bags. The bag supplier can provide labeling in
advance for the CRM company’s name, address, and other key information,
as noted in Table 1.8.

1.9.3 Transportation

Many deliveries of TDM, such as TDF and TCM or coarse grades of TDM
for animal arenas, can be delivered in walking floor trailers. These trailers
can have chain floor drives, belts, bottom dump doors, or hydraulically
driven walking floor bottoms as in the Hallco Live Floor trailer units. A
normal trailer van can be equipped with these floors; a trailer equipped in
this manner would be an excellent way to haul whole tires or could be used
for metering systems. A typical live bottom-walking floor is shown in
Figure 1.30.

Transportation should be an important consideration for TDMs since the
efficient handling of whole tires or processed tires is essential to a smooth
operation. With escalating diesel fuel prices, care must be taken in assuring
the end market user of a fixed long-term delivered price for TDM materials.
An understanding and a clause in the purchase orders for the TDM must
provide flexibility for the changing fuels. Also maximizing the cubic volume
of delivered TDM and lightweight trailers will help hold down costs. The
pulp and paper industry found that walking floor trailers offered a unique
way to use existing enclosed, open-top trailers to move pulp chips. By
installing hydraulically moving slats on the bed floor of a van trailer, the
need for special dumps or front-end loaders to remove the pulp chips (or in
this case, whole tires or TDM) was eliminated. In some cases, these walking
floors are used as metering units for a TDM operation or for adding TDF or
TCF (tire chip fuel normally contains the inherent wire that has not been
removed) as a supplemental fuel to coal or wet wood wastes. Since TDF has
an approximate bulk density of 1,000 pounds per cubic yard (1,683 kg/m?),
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FIGURE 1.30
Ilustration of Hallco self-unloading floor system.??

the full depth loading of most bulk hauling trailers can be met or the max-
imum weights achieved for transportation on the roadway to the TDM client.

Figure 1.31 is a common pneumatic bulk trailer for handling a wide range
of flowable materials. Generally, CRM less than 10-mesh can be transported
by this method. Care needs to be taken to find bulk haulers that have high
cube or large volume tanks so maximum weight can be achieved. The use
of these trailers requires special receiving containers and, generally due to
limited storage capability of the end user for bulk delivered CRM, just-in-

FIGURE 1.31
Pneumatic bulk trailer.!
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FIGURE 1.32
Passenger tires laced into a standard enclosed trailer.!

time scheduling needs to be coordinated. Transportation costs are higher
with these units but packaging requirements are minimized.

Overseas containers also offer effective storage for recoverable casings at a
tire-processing site. These containers can be stacked and easily moved around
the property, and they keep the tires out of sight and protected from the
elements. Also TDM itself can be shipped in these containers. Some overseas
shippers require a plastic bag lining in the container unit. Normally, maxi-
mum weight can be achieved with TDM due to bulk density of the TDM itself.

Whole tire hauling depends heavily on the proper lacing of the tire into
the trailer. Figure 1.32 is a trailer of passenger tires laced. The more uniform
the tire type the better the lacing and greater the volume of tires that can be
loaded into the trailer. Normally, 1,100 to 1,500 passenger tires can be stored
in one trailer. Some tire collectors use a tire compression system that greatly
increases the volume of tires per trailer.

1.9.4 Magnets

One of the greatest concerns for all CRM products is the removal of inherent
steel reinforcing cords, either radial or bead wires, in the tire carcass. Magnets
are key to removing this material after initial shredding or processing,
depending on the equipment used. When an object is surrounded by a
magnetic field and has magnetic properties, either natural or induced, it
attracts iron or steel. Nonferrous materials such as aluminum and copper
cannot be removed by magnets; therefore, linear induction motors, air tables,
or other separation devices need to be used. However, tires do not contain
these contaminants unless they have been contaminated at their original
source. Magnets can be self-cleaning units, as illustrated in Figure 1.33, and
can be permanent or electromagnetic.
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FIGURE 1.33
Permanent and electromagnetic separation setups.

FIGURE 1.34
Action Equipment stainless steel conveyor and magnet system for saleable tire wire recovery.?*

Figure 1.35 is typical of the wire/rubber by-product after magnets capture
it. Some scrap metal processors are willing to take this wire/rubber mix, but
in general they want this material to be further refined and a clean wire
stream obtained.

The processor may have many variations of magnets to remove the lib-
erated wire after leaving the second or third stage grinder, which depends
on the application and location in the process itself. Normally the final
rubber wire blend needs to be refined further to recover all the loose metal
wires. Action Equipment of Newburg, Oregon, offers a vibrating, abrasive
resistant conveyor system with overhead magnets in line to clean up this
rubber/wire blend stream. Other manufactures such as Bi-Metals of Ridge-
field, Connecticut, and Sweed Machinery Inc., Gold Beach, Oregon, offer
alternate systems. The Sweed machine is illustrated in Figure 1.36 for clean-
ing up a wire/rubber mix with a magnetic separator. Greater recovery of
all in-plant TDF plant streams will result in improved economics and min-
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FIGURE 1.35
Wire/rubber mix captured by an overhead self-cleaning magnet without wire recovery
optimization.!

FIGURE 1.36
Sweed Machinery wire rubber separator followed by self-cleaning magnet.?

imum disposal from the operation other than normal debris such as rocks,
paper, and other contaminants.

Rare Earth magnets (very high magnetic fields) are ideal for removal of
fine metal contaminants from very fine CRM powders and are available from
a number of major magnet manufacturers.

Table 1.9 represents a typical analysis of tire wire obtained from a TDF
operation.!

1.9.5 Magnetic Detectors

These units can be very helpful in preventing major damage to a particular
shredder, especially if it is a high-speed impact unit, such as a granulator
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TABLE 1.9
Typical Chemical Tire Wire Analysis (ASTM

E415, ASTM E1024)
Element % by Weight

Carbon 0.90
Silicon 0.22
Manganese 0.60
Sulfur 0.015
Phosphorus 0.011
Copper 0.079
Nickel 0.032
Chromium 0.053
Titanium 0.01*
Vanadium <0.01
Lead <0.01
Niobium <0.01

or high-impact mill. The sensitivity of these units can be set to bias out the
wire in the tire shreds and the belt fasteners. Once the unit detects the
particular sensitivity, an alarm can sound and shut off the belt. Generally,
personal inspection is required to remove the contaminated object and that
causes lost down time. However, the prevention of costly equipment dam-
age may justify the purchase of magnetic detectors and offset the expense
of down time.

1.9.6 Pollution Control, Pneumatic Conveying, and
Conventional Conveyors

Conveyors are the standard and can be either a belt or screw type. Elevations
can vary from horizontal to the vertical position. A typical portable conveyor
is illustrated in Figure 1.37.2° The angle of repose is very important for TDE,
TCEF, or tire parts since they can tend to roll back down the conveyor. Cleats
or some other form of belt conveyor design needs to be considered, along
with belt cleaners and wire becoming embedded into the belt itself. For screw
conveyors, it is critical to make sure abrasive wear is considered and screws
are properly sized for the particular TDM application. However, in most
CRM operations, pneumatic conveying of these materials is used; if this is
the case, it is important to control any particulate emissions. These air col-
lection units come under environmental regulations and therefore must be
considered in the operation of any TDM facility. Figures 1.38 and 1.39 are
typical of a bag house and a cyclone operation.?® Working closely with a
particular vendor that supplies these units is important to ensure that proper
conveying and capture occur. There are many types of pneumatic conveying
systems, and it is considered an art form for a given application. Therefore,
proper selection of a conveyor for a particular application is critical, to ensure
compliance is met while achieving the process parameters of the plant’s
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FIGURE 1.37
Typical portable conveyor.2®
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FIGURE 1.38
Typical cyclone operation.

operation. Many of today’s high-speed grinders come equipped with some
sort of air collection equipment for removing the fibrous and fines generated
during grinding. These air systems also remove some of the stringy core
fibers liberated during the commutation process.

New types of conveyors are now available that have internal slats on the
bottom, which act as a screening device while they move TDM materials to
the next destination. These units save space and improve efficiency. Figure
1.40 shows such a conveyor system, manufactured by Action Conveyors.
Proper selection of a belt, screw, vibrating, or pneumatic conveyor will
depend on the operation of the particular materials handling requirement.
Generally, these conveyors are ideal for producing minus 2- to 6-inch TCF.
By sizing tire materials to a uniform size before going to a high-speed
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FIGURE 1.39
Typical bag house installation.?”

FIGURE 1.40
Vibrating conveyor with slots for screening.*

granulator or other type of reduction unit, the more uniform tire chip greatly
facilitates the operation of the high- speed machine. In the case of bag houses,
cyclones, and air ducts at the facility, it is strongly recommended that sprin-
kler systems be installed in the internal air-conveying duct and in the col-
lection units.

1.9.7 Gravity Tables and Screening

The use of gravity tables is a unique method to remove the fiber and other
inert contents from CRM material. The inerts in CRM can consist of sand
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FIGURE 1.41
Actual air table.
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FIGURE 1.42
Cutaway schematic of air table.

and nonferrous materials and can have a negative impact on the final pro-
duced CRM. The Forsberg Vacuum Gravity Separators are shown in Figure
1.41, which illustrates the operating unit, and in Figure 1.42, which is a
cutaway of the same operating unit. This unit consists of three essential
elements, as noted in Table 1.10.28

TABLE 1.10
Key Elements for Gravity Table Operation?

o Air flow
* Speed vibration
¢ Deck differential action
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FIGURE 1.43
Operational schematic of an air table.?

A vacuum gravity air system assures a complete and accurate product
density classification, from the very lightest to the very heaviest. In some
applications, such a unit can be used as a screening device. These units are
operated in conjunction with bag houses or cyclones.

Figure 1.43 is a cross-sectional view of a Rotex screen. These types of
screens are the workhorses of the CRM industry. Multiple screens can be
stacked to remove the coarse fraction and also to obtain a finer fraction. Balls
can be added below the screen and contained in sections, for keeping the
screen clean and greatly facilitating the separation efficiency. Rotary sifters
and air classifiers can also be used to produce the various CRM gradations.

Another workhorse of the CRM processing industry is the round screen
separator. The separators come in various diameters to meet various pro-
duction flows; they are operated in the continuous mode, both dry and wet.
They are very easy to clean and multiple decks can be used. They can be
equipped with balls to be self-cleaning, and these units can be easily moved
to various locations. This type of unit is shown in Figure 1.44.

FIGURE 1.44
Sweco round separator.®
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FIGURE 1.45
Early debeader unit.!

1.9.8 Debeaders

Debeaders have played a very historical role in scrap tire recovery. Figure
1.45 illustrates a debeader operating in the 1920s. As in the past, today’s
beads, especially in truck/bus and OTR tires, possess a great challenge to
the TDM operator. Figure 1.46 reflects the progress made in developing
sturdy machines to handle the challenge of the many beads that can be found
in these tires. Removal of beads greatly improves the shredding of tires,
especially truck/bus and OTR tires, regardless of the shredder design.
Extracted beads can be used in roadbeds or hangers, and for a number of
other applications. Many models are available to pull the bead from the
carcass or to cut the bead wire from the tire. Many of the cut beads are used
for the bases of traffic diverters.

1.9.9 Fire Suppressant Systems, Safety, and Storm Water Containment

Since many tire fires have occurred, a fire suppressant and prevention system
should be a critical part of any TDM or CRM operation. No single operation
can have enough of this equipment on hand to ensure the prevention of a
fire. Working with vendors, consultants, and local and state fire department
agencies is a must. The need for water towers, sprinkler systems, fire extin-
guishers, conveniently located fire hydrants, and adequate hoses and nozzles
cannot be understated. Every operation should have regular fire drills and
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FIGURE 1.46
Modern-day truck and OTR tire debeader.?

work closely with the local fire departments in drills at the facility. Fire
suppressant and prevention devices should be conveniently displayed and
their location should be understood by the operators or other involved
parties. In many cases, the fire suppression systems can interlock with the
local fire department, so if an incident occurs, the fire department can
respond immediately.®

Air Products and Chemicals has available an on-site nitrogen gas generator
to supply this gas to key components of the CRM process. This nitrogen-
rich, gas-generating unit helps prevent static electricity buildup and sup-
presses sparks or any other type of potential combustion in the screening,
conveying, or drying units. Monitors with this system maintain the oxygen
content at a minimum level, say 8%, to ensure no negative conditions occur.
There are a number of fire suppressant products and systems on the market,
and these can be found in The Scrap Tire and Rubber Users Directory.®

In many cases, discarded tires from site cleanups can introduce a host of
other contaminants to the site. Contaminants flowing from these tires during
wash down, rains, or some other occurrence can be contained in holding
ponds and this water could also be used for fire prevention. With a little
imagination, these site holding ponds could be lined with asphalt rubber
membranes (SAMs) and provide many years of life over other conventional
pond liner systems.

Safety equipment has to be the number one priority. Proper protection and
easy access to safety supplies and equipment are very important. Safety class
training should be required of all key employees in case of an accident or
other incident not related to the plant’s operation. An employee may have
a respiratory or heart problem. Training in how to respond to an incident of
this kind could save a life. Safety training and certification, proper safety
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equipment, and easy access to emergency response teams are key elements
in any CRM or TDM plant operation.

Hard hats, safety shoes, hearing protection, dust masks, first aid training,
a stretcher, and first aid kits should be readily available and everyone on
the premises should be trained to know when and how to use these items.

1.9.10 Dirty Tire Clean-up

Many TDF operations process and receive tires that have accumulated dirt
and other debris. This generally occurs when tire piles are mined or cleaned
up. These contaminated tires can pose serious erosion problems to the scrap
tire processor and should be dealt with prior to any full-scale production. A
number of companies offer equipment and the overall technology and tech-
niques to properly handle this particular challenge. One such firm is Tri-
Rinse, Inc., St. Louis, Missouri, which specializes in design and also develops
the equipment to shred and rinse tire materials. Incorporating clean-up tech-
niques while processing any type of tire flow is essential to any operation.®

1.10 Primary Processing
1.10.1 Overview

There are many types of scrap tire processes. Prior to World War I and
especially World War 1II, the U.S. was very dependent on the import of
natural rubber. The development of synthetic rubber, such styrene butadiene
rubber (5BR), and other elastomers changed the paradigm of rubber’s future.
The development of the radial tire and the abundance of available, low-cost
crude oil reduced the need to recover tires as a partial rubber hydrocarbon
(RHC) replacement for new tire manufacturing. Up to World War 11, the vast
majority of worn-out tires were reclaimed. All the major tire companies had
their own reclaiming operations to process scrap tires back into a reclaim
form as a partial replacement for the more costly virgin rubber. Figure 1.47
shows early cost trends of scrap rubber. It reflects how the development of
synthetics and availability of energy changed the economics of recycling
rubber for tire manufacturing.

Reclaiming was converting the rubber and filler portion of the tire, less
the reinforcements, back into a plastic state so the resultant slabbed or baled
material could be used in the tire-compounding process or for other types
of rubber goods. Reclaiming helped hold costs down for the tire manufac-
turer, and provided additional advantages such as better processability in
the mixing room and in the shaping and release of the final produced tire
from the mold. Economics of less costly polymers and the sophistication and
full production development of the radial tire drove the tire reclaimers out
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FIGURE 1.47
Early cost trends of scrap rubber.®!

of business. However, as Figure 1.47 illustrates, reclaim played an important
role in holding down costs. It was nearly as valuable as virgin rubber; thus,
the economics were in favor of reclaiming the whole tire. As the world price
of energy continues to escalate, the value of TDM will increase proportion-
ally. It is very doubtful that reclaim technology will be resurrected.

The development of high-rate tire shredding was a very slow process.
Figure 1.48 depicts a flow diagram of the digester process. It illustrates how
reclaim was made and continued until the early 1990s. The importance of
this diagram is the layout to producing a high-end product based on tire
recovery. In essence, it is the model for today’s tire processing systems. In
today’s environment, only butyl and natural rubber are reclaimed in limited
quantities. The early reclaiming operations were important because they
were the first complete CRM systems fully developed from initial whole tire
receiving, processing for wire, fabric, and tire cord removal to converting
tire parts into a CRM, normally a —30-mesh into a reclaim, so it could be
made into a reclaim and reused back into a tire compound.

In the reclaiming days, the old technologies could be viable compared to
the purchase of virgin feedstocks. Today, however, TDM has to compete with
relatively low energy costs and the complexity of today’s tires. In the past,
reclaim could be used back into nearly every portion of the tire. Today;, tires
are designed to last 40,000 to 100,000 miles and provide exceptional perfor-
mance in all kinds of weather, climates, and road conditions. A review of
past reclaiming practices can be important to understand how tires were
handled then and how this knowledge can impact today’s shredding oper-
ation. For example, it was found that if the beads could be removed, this
resulted in improved production and less wear and tear on the cracker mills.
The beads now found in tires, not to mention the radial plies, make removal
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FIGURE 1.48
Flow diagram of digester process.?!

of the beads an area of investigation and debate as to how best to handle
this tire component, especially for truck/bus and OTR. This section discusses
some of the many types of processing components that can be used. Tire
shredding processes are an art form. The equipment must be rugged and
made to last. It also must be safe to operate. This means higher maintenance
and costs. In terms of accounting practices, accelerated depreciation is very
real on a balance sheet basis. This applies not just to the shredding equip-
ment, but to all the supporting material-handling units — trucks, trailers,
and tractors — for whole and finished goods movement.

The reclaiming of tires back into a thermoplastic state, for use back into
new tires or tire goods other than retreading was the second highest and
best value recovery. The reclaiming process set the standard and the basic
flow sheet for tire processing. The first real patent issued on processing whole
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FIGURE 1.49
First patented TDM process.

tires as a total process can be found in the patent files entitled “Tire Process-
ing Apparatus and Mechanics” Patent Number 4,714,201. This patent
reflected bulk receiving of tires, process control through shredders to
removal of the tire wire for the production of a basically wire-free TDF with
minimal labor, and the use of automated equipment to achieve high produc-
tion capability effectively. The information in Figure 1.49 was developed
from the operational experiences in Portland, Oregon, and came about based
on the use of high-quality supplemental fuel in northwestern pulp and paper
mills, lime kilns, and cement plants beginning in the 1970s.

However, this process of high-rate shredding did not evolve overnight.
The markets for a TCF began with Big-O Tires in Oakland, California, using
a Saturn shredder (today called the Granutech-Saturn Systems Corporation,
Grand Prairie, Texas) that was developed and built in Oregon with the
cooperative effort of Georgia Pacific’s forest division at Fort Bragg, Califor-
nia. Tires were shredded, baled, and put on truck flatbeds to be used as a
supplemental fuel for Fort Bragg’s Dutch ovens, used for steam production
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FIGURE 1.50
Wendt Corporation’s Super Chopper Model SC-1412t.34

in the drying of lumber products. In 1970, Bunker C fuel oil was scarce due
to oil embargoes, so alternative fuels had to be found. However, coarse tire
shreds were very hard to handle and a secondary machine for size reduction
had to be installed at Fort Bragg. A tire rasper was built in Denmark. This
machine was originally designed for wire and cable reclamation. Today, these
machines as shown in Figure 1.50 are highly advanced and process shredded
tires as well as whole ones efficiently. This technique was found to be effec-
tive in reducing the chunks of rubber into smaller pieces. However, this
method was not really effective due to undeveloped tire chip handling
methods, and then the high cost of fuel oil rebounded. The machine was
moved to Portland, Oregon, and more completely developed by Pacific
Energy Recovery Corporation (PERC). Shortly thereafter, Michael Rouse,
working with Norman Emanuel (Emanuel Tire Company, Baltimore, Mary-
land), used a Cumberland granulator, also developed for wire/cable and
plastic grinding. A whole new industry was found for Emanuel Tire’s
machines. Norman Emanuel today stands out as one of the great pioneers
in the development of totally integrated scrap tire processing, including the
collection and grading of passenger tires, truck tires, and OTR types. Today,
these machines in combination are the backbone of the TDM industry. By
reviewing the events and the equipment of the past and how it came to be
used in the scrap tire industry, one can see that seemingly unrelated equip-
ment used in a different application can have a profound effect on emerging
technologies such as tire processing.

Uniquely, the tri-county area around Portland, called the Metropolitan
Service District (MSD), had formed a tire monitoring system. This system
licensed tire jockeys and processors in the form of a franchise to collect,
grade out the good cases, and ensure that the scrap tires were handled in a
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FIGURE 1.51
First TDF processing system with governmental participation.!

safe and environmentally sound manner. Refer to Figure 1.51 on how this
concept performed.

Michael Rouse (who coined the acronym TDF and who pioneered TDF as
a supplemental fuel while working at Georgia Pacific), along with his partner
Robert Thelen, were the processors who developed the first high-rate scrap
tire to TDF fuel systems. MSD had a supervisor monitor and work with the
tire hauler to grade out casing for recapping, reuse, or other applications
(such as dock bumpers and punched parts) and to ensure that scrap tires
were handled properly. PERC provided a location for grading the tires and
their shredding. The truck tires were split prior to shredding and the wire
was disposed of in a landfill. The first shredder at this site was a bone crusher
from the rendering industry, followed by the Rasper to further refine the tire
chunks. Later, the Holman rotary shear, manufactured by Barclay Machine
Works in cooperation with Rouse and Thelen, perfected this unit, which was
the precursor to today’s Columbus McKinnon and the Barclay Roto-Shred.
Michael Bungay, from Sacramento, California, operated the actual first use
of the rotary shear. He clearly showed that scrap tires could be collected
from a geographical area, as a private operator, and efficiently volume-
reduced for landfill disposal. The real uniqueness of the MSD project was
the cooperation by the government and the private sector (processor, tire
haulers, the energy user, and the landfilled operator) for a complete and total
system of tire recovery and disposal. MSD had gained worldwide attention
for its pioneering efforts to find effective solutions to the scrap tire dilemma.
Oregon was also the first state to implement glass recycling.!

A review of all the scrap tire activities of the past 20 years shows a very
high incidence of scrap tire business failure. Although these failures can be
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blamed on poor markets, a more in-depth investigation would reveal inad-
equately designed equipment and preventive maintenance procedures to
ensure success. A detailed review of all the shredding operations reveals that
tire shredding equipment was pushed past its limits and the expectations of
all concerned. One machine was required to do the work of several in series.
One major mistake made by the processor is to purchase a machine that
appears during a trial to do the job (say it shreds 1,000 passenger tires per
hour), but then fail to realize that tires are strong, abrasive, and take a very
destructive toll on the shredding equipment. In reality, the tire shredder
purchased should have been designed for 2,000 tires per hour. The mainte-
nance and equipment failures can also be attributed to the contaminants that
are embedded in the tires’ structure from road use: rocks, dirt, and metal
objects, to name a few. Steel knives or blades in TDM equipment wear out
much faster than in other equipment because rocks and sand are more
abrasive on the strongest alloyed steel blades and coatings. Therefore, these
realities must be considered in the design of a tire processing system.
Removal of these contaminants during the entire handling process must be
done and should be considered in the engineered design of the facility.
Working with your equipment supplier and a qualified consultant or con-
sultants is imperative to overcome these challenges.

1.10.2 Challenges in Processing Tires

The process of tire shredding or chopping can vary greatly as to the tire type.
When a new tire versus a worn-out tire of the same type are shredded, the
latter will be much easier to process. The process becomes more complex if
the tire is dirty and comes from a stockpile where contamination has
occurred. Normally, a contaminated tire is removed from the pile before
processing, to be treated separately. This involves additional cost. Some tires
still have the rims, which must be removed by use of a derimmer. With the
high prices obtainable for steel scrap, this task alone can pay for the labor,
operation, maintenance, and amortization of this operation.

Tires should be inspected on the conveyor belt to remove any undesirable
contamination such as tire rods, rocks, or anything that hinders or sabotages
the tire shredding or chopping process and the quality of the final product.
It is absolutely imperative that safety shut-off switches be conveniently
located, to stop any part of the process and prevent personal injury.

Safe operation also means making sure the environment is not disturbed
in any manner. This could include leakage of fluids or gaseous emissions.
All operations involved in processing the tires need to be in accordance with
local, state, and federal guidelines and mandates. The Occupational Safety
and Health Administration (OSHA) has many guidelines. This information
is available from a local OSHA office and can be very important for main-
taining a safe operation.

After the scrap tire has begins its journey, the objective is to reduce the
tire into uniform pieces. The more uniform the tire pieces are as they pass
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from one processing unit to the next, the more successful the operation will
be. Tire rubber is very abrasive, but the tire wire is a hindrance to shredding.
Tire wire is generally a medium carbon steel with a hardness of around a
65 Rockwell and excellent tensile strength. The combination of these fea-
tures places great stress on the shredder knives or blades. Softer steel blades
in the cutting chamber of the shredder will experience greater wear. The
harder the toll steel in the shredder, the longer lasting it will be, but the
blades are more likely to break. In this case, the shredder is like a pair of
specialty steel scissor blades — once dull, it loses its effectiveness. If break-
age occurs, removing this steel may be critical, to prevent further damage
to the shredder downstream.

Since rubber likes to stretch, sharp cutting or firm shearing is critical for
high-rate, efficient production. The configuration of the cutting edges should
be closely monitored and recorded. Comparing these measurements to the
number of tires processed and the power usage can be an effective preven-
tative maintenance tool and will save time and money in the long run. In
other words, when shredding or chopping efficiency slows, amperages will
tend to climb and material weight balances during production will fall. This
decrease in efficiency will only result in added costs and lost production
time. This is where a good preventive maintenance program and operator
awareness is essential. Monitoring can also mean the difference in success
or failure. By maintaining good metrics (monitoring, measurement, and
recording) for all aspects of the TDM operation, preventive maintenance
procedures can be implemented accordingly and will deter downtime for
the whole operation.!

1.10.3 Primary Reduction

There are many ways to reduce a tire. However, the discussions herein are
limited to high-rate processes involving equipment components that are very
rugged and have relatively low maintenance and labor requirements. The
difficulty in this approach, however, is deciding what is the best method. It
is the objective here to list and briefly discuss some of the major equipment
techniques available in today’s marketplace.

Generally, four types of machines are used in the primary reduction of
whole tires down to a manageable form. They include the guillotine, the
cracker mill, the hammer mill (high impact), and the rotary shearer. The
guillotine merely cuts the tire into sections for further processing. Many
types of shearers are available in the marketplace. Normally, shearers are
self-powered tractors that are used on OTR tire types. Guillotining has not
been found to be practical for passenger and truck tires.

1.10.4 The Cracker Mill

The cracker mill has been the workhorse of the scrap tire industry. Smaller
versions of this unit are also used for further milling of the tire chips into
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FIGURE 1.52
Typical roll corrugation design.!

finer mesh forms. Tires are elastic, and when they are chopped and then
ground, they resist grinding even more than they resist cutting. The cracker
was developed to address these challenges. It consists mainly of two large-
diameter, corrugated rolls that run at differential speeds. The tire chips are
caught in the nip of these two rolls and are subjected to a shearing force.
The material passing the rolls is screened to a given size, so material over
that size is returned to the cracker in a repetitive action. Because this proce-
dure occurs at room temperature, it is called an ambient operation. Figure
1.52 shows a typical corrugated roll design.*

1.10.5 The Hammer Mill

Use of hammer mills (horizontal or vertical) is another effective way to
reduce tires. These machines generally require significant energy to operate.
Tub-like grinders use a hammermill configuration to reduce whole tire effec-
tively, as shown in Figure 1.53. These units are especially effective for high-
volume tire pile cleanups where contamination is severe, such as in muddy
and/or sandy conditions. Vertical type units are also available and tend to
be in the stationary form at a plant site. However, over the years, vertical
and horizontal mills have been put on trailers and used as portable units in
the field.

FIGURE 1.53
Diamond Z manufacturing tub grinder.3
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FIGURE 1.54
Open Pulva mill (high-impact unit).?”

Another type of unit used especially with cryogenic grinding is the high-
impact mill such as the Pulva mill, shown as an open unit in Figure 1.54.
These units use swinging hammers to break up the frozen tire chips; they
are equipped with variable feed screws and internal screen, and are very
predictable in their operation. Pulva mills, like the MicroTec, generally oper-
ate with cryogenic systems and greatly assist in the fragmentation of the
incoming materials.

Existing mills are numerous, and new types of mills are being produced
at a growing rate. The use of high-pressure water jets for primary reduction
and applications in secondary reduction has been explored and is being
tested. Processes or techniques that have been unsuccessful in the past some-
times undergo equipment modifications or new adaptations, to become prac-
tical units for processing whole tires or producing CRM. Horsepower
requirements vary greatly and noise migration needs to be factored into the
layout when installed.

1.10.6 The Rotary Shearer

The rotary shear shredder comes mainly in two types: one has a one-piece
mounting of counter-rotating knives (Figure 1.55) and the other has detach-
able knives (Figure 1.56). The Tyco/Untha is unique in that sizing screens
are located beneath the rotating blades and can be easily removed for main-
tenance or cleaning of the machine. The one-piece units can have multiple
hooks and can vary in width, depending on the desired results. Generally,
for primary reduction, wide knives from 20 to 6 inches are common, with
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FIGURE 1.55
Rotary shearer with one-piece counter-rotating knives.3

FIGURE 1.56
Tyco/Untha rotary shearer with one-piece counter-rotating knives.3

two hooks per knife. Two 2-inch-wide blades can be put together to form a
4-inch-wide blade. Later, as one side of the blades wear, the blades can be
switched, exposing the inside blades to the outside for extended knife. These
machines are unique because of their relative quietness, slow speed, and
lower susceptibility to major damage if an unshredable object enters the
machine. Electrical sensitivity can be set for these machines, as is the case
with hydraulic-driven units. The energy to operate these units varies greatly
depending on the size of the unit. Standard horsepower requirements tend
to be around 200. When these machines are operated in series, the second
machine generally has multiple hooks to increase the chopping or chipping
action more efficiently to produce smaller pieces. Increased hooks increase
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FIGURE 1.57
Working view of detachable shear knives in a Columbus-McKinnon rotary shear tire shredder.®
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FIGURE 1.58
Cross-sectional knife view of a Columbus-McKinnon rotary shear tire shredding machine with
disk screener.®

the number of TDM pieces produced but this must be weighed in relation
to output and the material desired to be produced.®

In the case of the detachable knives, larger knives can be placed in the
center of the shredder and the blade widths can be reduced as the knives
are placed to the outer perimeter of the shredder. In this way, the knives
from the center can be sharpened on the other edges and sized to meet the
reduced widths as the knives wear. These designs allow the processor to use
more exotic tool steels, for longer life. Figure 1.57 shows a working view of
a detachable knife and Figure 1.58 shows a cross-sectional view of a Colum-
bus McKinnon, rotary shear, tire-shredding machine with disk screener,
sometimes called a classifier. Michael Rouse and Robert Thelen developed
a disk screen from the wood waste industry to handle the stringy, convoluted
tire shreds for regrinding back through primary shredders. Later, this action
screen became a standard in the industry varying in width and length to
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FIGURE 1.59
Primary to a primary shredder.*

stacking for a double screening effect. The design of the daisy wheels would
vary from star shapes to flower looking appearances. The spacing between
the screening wheels and the parallel shafts could be spaced according to
the TDC desired. Figure 1.58 is an illustration of a disk screen operating
below a shredder.

Figure 1.59 is a Barclay Roto-shred and is a primary shredder developed
to handle truck tires efficiently. By size-reducing large truck/bus and OTR
type tires without debeading, the second primary shredder can operate
more efficiently. The larger cuts by this machine allow for high rate pro-
duction or reduction of whole tires. By using a primary reduction machine
such as the Barclay Roto-shred, it will greatly facilitate secondary shredding
with other rotary shears with or without detachable knives. In many cases
the need to debead truck and OTR tires is eliminated.

1.11 Secondary Processing

This step can involve many types of machines. However, this area is evolving
not only by machine but also by method, that is, ambient or cryogenic. These
methods can also include combinations of each other for a desired end
material result. Normally, secondary processing is the reduction of coarse
tire chips into the granular or crumb rubber range, as discussed earlier. The
secondary process can be a single step or multiple steps. Secondary process-
ing usually incorporates the removal of the inherent reinforcements and
contaminants found in the scrap tire stream.

1.11.1  The Two-Roll Mill or Grinder

The two-roll mill is similar in operation to the cracker, but it is smaller and
requires less horsepower. In earlier days, several of these mills were lined
up with one common drive. Until recently, two two-roll mills in tandem had
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FIGURE 1.60
24" x 24” primary grinder mill.#!

FIGURE 1.61
The compactness of a Hagglunds hydraulic drive unit on a two-roll mill.#42

a common gearbox and motor or one two-roll mill had a gearbox and motor
built on a unitized stand or foundation (see Figure 1.60, showing a 24" x 24”
primary grinder mill). However, companies such as Rubber Machinery Cor-
poration in Akron, Ohio, have significantly improved these units. Instead of
using a unitized motor and gear box arrangement to drive the two rolls,
each roll is driven by its own hydraulic motor (see Figure 1.61). This greatly
reduces space requirements and improves control and efficiency. This
advance in technology allows the TDM operator to hydraulically change the
speed of the individual rolls, for increased productivity. Figure 1.62 shows
this concept and how the torque can be held constant at a given roll-to-roll
speed ratio without sacrificing efficiency. It is reported that greater output
can be achieved by increasing the speed of one of the rolls while holding
the other constant; a finer gradation is also obtained. These mills are rebuilt
and are very rugged. The energy requirements can range from 150 to 1,000
horsepower, depending on the size of the unit or the number of units oper-
ated in unison.
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FIGURE 1.62

The dynamics of hydraulics A and B over a gear-driven mill C. (A) Constant torque curve, (B)
speed ratios varied between rolls n, and n, (C) lost torque of a gear-driven unit.*

1.11.2  Granulator Type Machines

Granulators are high-speed machines that can reduce tire chips down to less
than 10-mesh. From a CRM operations standpoint, the granulator operated
better at the m-inch size opening range. These units are constructed as a set
of long or staggered knives mounted on a common axle that rotates at high
speeds in close clearance to a set of bed knives. The tire chips are fed into
the granulator and the chips are chipped between the rotary and fixed-bed
knives. The desired granular size continually sifts through the screen open-
ing attached to the unit.

The granulator is built as a rugged machine and can be operated with
open or closed rotors. Solid rotors are better suited for chopping large tire
chips into 2-inch particle sizes. The open rotor is more desirable when 6- to
2-millimeter particles are desired and the material is removed from the
granulator using a pneumatic system. These units have substantial energy
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FIGURE 1.63
Typical arrangement of an open rotor air-swept granulator.*3

requirements ranging from 50 to 500 horsepower. Sound enclosures are
recommended due to the high-frequency noise that is generated. For these
high-speed units, it is recommended that a metal detector be installed on
the feed to the units. The metal detector’s sensitivity can be set to bias out
the wire fraction in the tire chips. Additionally, open rotors allow for more
passage of materials and help cool the unit. Generally, open rotors are used
for small screen openings or where the potential for plugging or heat build-
up is the case. Solid rotor units under continuous high loading need cooling
jackets built within the housing of the granulator. Water mist sprays also
assist in grinding and keep the unit cool. Figure 1.63 and Figure 1.64 show
a granulator installation and a cross-sectional view of a typical unit. Figure
1.65 shows typical key parts for a standard Cumberland granulator.

Raw Material

(To be ground)
Auxiliary Throat Plate
(Provides first cutting action)

Staggered Cylinder Knives

(For rapid, clean cutting action) Knife Pocket

(For material passage)
Top Throat Bar

(For second

cutting action)

Bottom Throat Bar

(For third cutting action)

Screen Area
(For size control)

Finish Ground
Material Discharge

[~ Air Intake

FIGURE 1.64
Cross-sectional view of a typical granulator.?®
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FIGURE 1.65
Typical parts for a standard Cumberland granulator.*

The granulator has also met its match in new developments, such as the
Grizzly manufactured by Granutech Saturn in Grand Prairie, Texas, as illus-
trated in Figure 1.66.

This designed machine has had significant internal construction and
design improvements to reduce blade wear. Its features include beefed-up
spherical roller bearings, a massive rotor, and a heavy-duty gearbox.

Figure 1.67 is a process flow diagram from a Columbus McKinnon system
to produce a clean wire and TDM product. Technologies and system designs
with various combinations of equipment properly designed for a particular
CRM application can produce positive results.

As more is learned about the dynamics of how the various processing
machines can better operate and as operating CRM facilities share their
experience and new desires for improvements, significant advancement in
processing will continue to take place. Columbus McKinnon, with its New
CM Liberator, claims its unique design is capable of liberating 97 to 99% of
the steel content in a single pass using rough tire shreds. CM claims its
design moves material from the ends of the rotors and toward the center
of the liberating action that reduces wear. Another claim is the knife clamp-
ing system that reduces the time it takes to change knives, and most impor-
tantly, the Liberator’s improved “flow through” design that allows the
machine to purge it of fine pieces of tread wire that can become trapped

© 2005 by Taylor & Francis Group.



FIGURE 1.66
Views of advanced type granulators. (A) Cutaway view, (B) machine open and screen below,
(C) assembled Grizzly.#>

CM Primary CM Tire CM Chip CcMm CcM
Shredder Shredder Shredder Classifier Liberator
FIGURE 1.67

A turnkey wire and TDM system.*%

between the rotor, rotor housing, and the screen and then cause wear,
friction, and heat.®! Other internal designs incorporated into these machines
by OEMs greatly assist in preventing rubber or wire build-up and erosion
in the internal workings of the machines. This, in turn, can cause fires. So
the flow through design reduces this occurrence. These types of improve-
ments to the granulator allow this type of equipment to be more effective
in the commutation of tire materials and should be investigated when
designing or enhancing the crumb rubber facility.
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1.11.3 The Cryo-Mill

Cryogenics has been a very popular method to reduce tires chips down
to the 20- to 40-mesh range. Normally, the finer the mesh, the more
intensive the operation, and economics plays negatively on finer grades.
However, cryogenics offers an excellent method to separate the fiber and
steel from the tire chip. Markets have been found for the fiber and steel
by-products. The cryo process accepts 3- to 4-inch tire chips that are
spayed in a chamber with liquid nitrogen at -383 °F (=230 °C). As the
liquid nitrogen vaporizes, it converts the tough elastic particles into a
brittle, glassy state. These frozen particles are then fed to a high-impact
mill such as hammermill, where they are easily shattered. Further pro-
cessing removes the steel and fiber components. The screened overs can
be feed back to the cryo-unit. High-impact units such as the Pulva mill
(MicroTec) or a hammermill are used for these applications. The design
and construction materials of these units are critical to long-lasting per-
formance. Size, hammer configuration, screens, power requirements, etc.,
all need to be considered.

It should be noted that the finer cryo-particles do not readily reduce
efficiently when fed back to these systems. Generally, another processing
unit type is required to handle the stream efficiently. Since these are high-
speed units, noise abatement has to be considered.

1.11.4 The Extruder

The extruder has been found to be another excellent way to commute rubber
chips. Extrusion technology has been around a long time in the plastics and
rubber industries. Tire chips are fed into the feed hopper and a screw trans-
ports the tire chips down a long barrel. Depending on the screw design, the
tire chips intermesh with each other in a shearing action. Heat is generated
and must be removed so that the produced CRM is not damaged. Work by
Dr. Klementina Khait has shown that very high-surface area particles can be
produced. Not a lot of operating information is forthcoming on these units
for CRM production.®®

As scrap tire chunks are fed to the entrance of the Berstorff Maschinena-
bau extruder, the screw pulverizes the rubber as it passes through the
chamber. It is claimed that the rubber is chemically altered or activated.
More work needs to be done to verify this change. The extruder has a set
of twin screws to pulverize the tire rubber. Figure 1.68 and Figure 1.69
illustrate the extruder concept. These units operate quietly and horsepower
is a direct function of output. The uniqueness of these extruder units is that
they seem to perform more efficiently with time. As the clearances between
the barrel and the screw wear, production and efficiency improve. After a
while, however, this does become a diminishing return and the unit needs
to be serviced as with all machines.®
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FIGURE 1.68
Typical extruder set-up.¥

Used Tire
Rubber Crumb

Heated Zone Cooling Water

FIGURE 1.69
Typical tire extruder set-up.*

1.11.5 High-Impact Air Mill

These units are relatively new to the CRM manufacturing system. According
to Crosston Industries literature, “The grinder features a pair of stationary
and rotary grinding disks designed to grind rubber material in an ambient
and dry environment. The rotary grinding disk can be adjusted to set the
desired grinding space between the two disks to achieve the optimum
throughput and yield of fine powders.” The grinder does produce a very
good 40-mesh CRM. If an 80-mesh CRM is desired, the 80-mesh fraction
needs to be screened from the stream. Regrinding of the overs, -40-mesh to
+ 80-mesh fraction is not practical with this system and another method has
to be used to convert this fraction into a -80-mesh product. Since this system,
and also cryogenics and the two-roll mill systems, produce a wide CRM
distribution, they do not economically convert all the CRM efficiently into
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FIGURE 1.70
Crosston grinder.#

FIGURE 1.71
Structure of Crosston grinder.*’

fine powders. Fine powders are defined as passing the U.S. Tyler 80-mesh
screen. Figure 1.70 shows a picture of a Crosston grinder and Figure 1.71
shows the structure of a Crosston grinder. These units require a total sound-
proof enclosure, and airflow control is critical to the operation of these units.*

1.12 Tertiary Processing

This can be ambient, cryogenic, wet, thermomechanical, chemical, and com-
binations of all these processes. Tertiary processing is generally the produc-
tion of the finer grades of crumb rubber, called powders. These are the CRM
gradations below 80-mesh (180-microns). All these processes will produce
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a very different end result, including varying degrees of cleanliness and
different surface morphology, particle configurations, and gradation ranges.
Therefore, the processor must carefully study and research the process
technology best suited for the particular application or market penetration
desired. It should be clearly understood that tertiary grinding means 100%
conversion to the desired CRM end product and having no residual left-
overs in the plus range that are of no value to the desired end market for
the CRM material. To date there is only one known true tertiary process for
producing fine mesh CRM powders meeting the 100% criteria. This is the
wet mill process.

1.12.1  Wet Mill

Wet milling is probably the most efficient method for producing fine powders
in a single unit. The overs from this grinder can be fed back to the unit very
efficiently and the entire system has a 100% conversion. The only losses are
due to any spillage during materials handling. This technology has evolved
over last 30 years, beginning with the Gould process. The Goodyear Tire and
Rubber Company advanced the Gould work and US Rubber Reclaiming
developed a similar process. In its patents, the Goodyear process claimed to
make a CRM in the —15 micron range; however, in its operations in Cleve-
land, Ohio, only a —-40-mesh CRM was commercially produced. A very small
fraction of minus 15 micron material was produced and was not economi-
cally viable to produce in reasonable quantities even after screening. Very
sophisticated equipment needs to be developed to handle such a small
particle. Later, Baker Rubber Company moved this operation to its Cham-
bersburg, Pennsylvania, facility, where Edge Rubber now operates it. At its
Vicksburg facility in 1988, Rouse Polymerics International further refined
and commercialized the wet grinding process into a high-rate technology
for producing —-80-mesh CRM and finer grades of —120, 140, =170, and —200
CRMs at total rates in excess of 10,000 pounds per hour.!

At this time, the wet process is proprietary, and detailed discussion as to
its technology would jeopardize trade secrets.

1.13 Major CRM Processes

1.13.1 Overview

The production of CRM requires many equipment components in any num-
ber of variations and layouts. The unique challenge to the producer of these
materials is in the way the equipment components are used and the total
process layout. There can be any number of components in series or parallel
or they may be completely eliminated as listed in Table 1.11. Experience and
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TABLE 1.11
Some of the Key Equipment Components to Consider for CRM Facility!

Extruder (single- and twin-feed types)

Packaging (bulk bag (returnable or throwaway), Gaylord boxes, paper and plastic bags, top-
or valve-filled)

Heavy-duty stationary and mobile conveyors (belt, steel, vibratory, roto-lifts, bucket, etc.)

Metering systems (hydraulic and mechanical)

Self-unloading trailers

Tug (yard tractor for moving trailers)

Fixed and self-cleaning magnets (permanent or electromagnetic) form overhead to drum type
separators

Screens (rotary, flat)

Balers for compaction of whole tires, TDM, tire reinforcements (fabric and steel) with or without
automatic tie

Containers of all types from roll-offs, barrels to dumpsters

Gravity separators

Destoners

Aspirators

Fans

Dust collection (bag houses, cyclones, electrostatic)

Wheel crushers stationary or mobile

Yard equipment (front-end loaders, tow motors, etc.) with or without attachments such as
grapples, thumbs, forks, buckets, couples, shears, grapple buckets, or tire grapples

Laboratory equipment (Roto-tap, TGA, moisture analyzer)

Electrical power suppler

Metrics (scales, counters, etc.)

Derimmers

Shredders (various)

Granulators (various)

Choppers (various)

Guillotines

Presses

Maintenance shop and store room (spare parts)

Fire protection equipment

Fencing and security monitoring

Communications (telephone, fax machine, computer\office)

Employee facilities

Labeling machine

Packaging equipment

Magnetic detectors

Catch basis

Loading docks

Highway, railroad, or barge access and related material-handling equipment

Continuous lubrication systems

documentation will be the final proof as to the optimal system for a particular
plant that seeks certain end results.!

The equipment listed in Table 1.11 may have names that are considered to
be synonymous with others. Despite the close relationship in names, the
intended purpose of each equipment component is considered to be in its
own category. As the CRM processing technology rapidly progresses, it is
advised that contact be made with the OEM as to new developments or
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TABLE 1.12

General Tire Composition!

Component Percent by Weight
Recoverable rubber (RHC) 70%
Steel reinforcements 14%
Fabric 3%
Miscellaneous 13%

improvements to the particular equipment component. Table 1.11 represents
some or all the components that may be found in a totally integrated TDM
facility, depending on the demands or criteria placed on the facility’s design
and product output.

CRM processing represents different challenges to today’s processor. Table
1.12 shows the scrap tire material contents and details the general composition
of a tire on a weight basis. Each facet of the TDM facility must take into account
these streams and how they are to be handled. In the past, it was not practical
to recover the steel reinforcements due to economics, market logistics, or lack
of relative markets. Today, companies such as the Bi-Metal Corporation of
Ridgefield, Connecticut (Figure 1.72), Action Equipment of Newberg, Oregon,
and Sweed Machinery offer wire recovery systems. Bi-Metal will work with
the TDM processor on a contractual basis to locate steel scrap markets for its
clients.® Today, scrap metal dealers recognize tire wire by-product as a highly
valued quality steel by-product, and its value as a commodity is increasing.
Consideration to capture the wheel rims is another source of valuable income.
Rims can bring a good steel market value and justification for purchasing a
tire/truck derimmer can usually be justified by the tire processor. These factors
need to be considered in the design. It may or may not be economically
favorable to install equipment to recover all these streams, but the remaining
streams such as the fabric can be recovered at a later date, as the facility proves
to be viable and gains credibility with the financing agency.

FIGURE 1.72
Bi-Metal Corporation’s Clean Wire System.>
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Typical defined gradation curves of various wet grind CRMs.”!

Understanding these components completely is critical in the CRM pro-
cess. What should be done with the nonrecoverable materials? In many cases,
the fabric and the steel reinforcements are very hard to clean and convert
into usable forms for resale. The yield of most CRM processes is 65 to 70%,
which hurts the economics of the operation. Radial truck tires and many
OTR types offer even higher yields of clean RHC or crumb rubber, but are
more difficult to process due to their construction and size. All these factors
need to be taken into account.

The desired gradation of the finished rubber product and what is actually
produced are generally quite different. Many systems offered by the OEM
promise a desired gradation, high quality, and smooth production output.
For coarse systems produced by a granulator, the defined size can be fairly
accurate. For example, producing 2- to 6-millimeter granules can be accom-
plished. The processor can then simply screen this range into more defined
ranges, say 1 to 3 millimeters, 4 to 6 millimeters, etc., and sell those products
to the sports track, rubber mat, carpet, or similar markets that require those
gradation ranges. Production of the coarse CRMs, in the 10- to 40-mesh
range, can be fairly predictable also when using conventional ambient (air
milling, two-roll mills, and high-impact) and cryogenic processing. Process-
ing the 10- to 40-mesh CRM with these methods can also be accomplished
with minimal losses. However, with fine and superfine CRM, the processing
and efficiency of achieving a gradation without losses is very hard to achieve.
The ambient, cryogenic, and air milling processes require screening of the
fine fractions from the coarse. The regrinding of the coarse fractions is expen-
sive and usually not very effective. Only the wet grinding achieves the
desired fine gradation in a one-step process. Even though the small percent-
age of overs are recycled within the wet system, very little efficiency is lost
and precise gradations can be achieved whether it is a true —40 mesh or as
fine as a 200-mesh gradation. Figure 1.73 illustrates the precise and defined
gradations that can be achieved.

Figure 1.74 reflects the general surface effect of the CRM via cryogenics,
granulation, and milling of chopped tires. Cryogenics give a very smooth
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CRM surface morphology comparisons.!

surface area, ideal for the use of urethanes for molding parts or constructing
sports tracks. The same can be held true for granulated CRM and more
precise control of a coarse gradation can be achieved. Milling via two-roll
mills produces a highly fractured CRM better suited for dissolving in
asphaltic solutions, tire compounding, or molding into parts by compres-
sion and temperature.

1.13.2 Typical Ambient

The two-roll mill system has been the real workhorse of CRM manufacturing
since the beginning of reclaiming. Generally, two-roll mills operate at slow
speeds and are very forgiving. In reviewing all the systems technologies, it
is advisable to go with the tried and proven technologies. Two-roll mill
installations may cost more to purchase, but in the long run they generally
cost less to operate. A Grade-5 bolt slipping through the system can cause
severe havoc in most operations, whereas the two-roll mill will see only
slight damage and will flatten the bolt. Figure 1.75 is a typical ambient
grinding system designed by Rubber Machinery of Akron, Ohio.*! Histori-
cally, these machines were operated individually with a motor and a gearbox
at fixed roll speeds. Today, these units have been greatly modernized with
individual hydraulic drives, to improve productivity and the desired prod-
uct gradation. This is an excellent case where a tried and proven system can
be greatly enhanced.

The ambient two-roll mill system illustrated in Figure 1.75 is a two-stage
system that can produce 30-mesh very economically and with predictable
performance. Fiber separation using typical air tables work in unison with
this process. By using hydraulic drives on the two-roll mills, achieving 40-
or even 50-mesh CRM can become an economic reality. The ambient system
is generally fairly quiet, and additional parallel grinders can be installed to
increase productivity if all other process components are sized accordingly.

Another dry grinding system that in many ways resembles a paper mill
refiner is the Gabriel reduction mill.
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FIGURE 1.75
Typical two-roll mill CRM system.*!
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1.13.3 Typical Cryogenic

The cryogenic CRM systems can be found throughout the world. These
systems depend on liquid nitrogen, although cold air systems are available
as well as liquid carbon dioxide. Ideally, if these plants are located adjacent
to an LN,-producing facility, costs can be substantially reduced. LN, is like
other energy-intensive systems that require energy to produce. Special tanks
must be brought on site to handle the liquid cryogens, and these liquids
evaporate with time. Generally speaking, these systems operate best in steady
state and lose efficiency when idle or with interruptions in production.

The general efficiency of a cryogenic facility can vary from 0.4 pounds of
LN, per pound of CRM produced, to 2.0 pounds of LN, per pound of
product. The general average of a cryogenic facility is around 0.75 pounds
to 1.0 pound of LN, per pound produced. The cost of delivered LN, varies
greatly by location and by the LN, supplier and the contract supply arrange-
ments. As with all supply contracts, the contractual agreement should be
carefully reviewed and compared to the future expectations of the facility.
Normally, there are penalty clauses by the supplier if the minimum quantities
are not met, and an additional service charge is usually assessed for the
supplier’s LN, tanks. The liquid level in these tanks can be monitored
remotely and the liquid level maintained without being a nuisance to the
CRM producer. The LN, supplier can also be of great assistance in taking
proper safety precautions with these very cold liquids and monitoring any
unacceptable nitrogen levels within the facility. These systems come with
complete automatic controls for ease of operation.

Other considerations are the type of high-impact mills used to reduce the
frozen TDM into smaller sizes, and the liberation of the inherent reinforcing
fibers. Contamination such as dirt, sand, and rocks, not caught by the mag-
nets or other cleaning devices, can have a severe impact on the operation of
these mills. Care should be taken to enclose the high-impact mills, to reduce
noise generated by these units. The fiber separation can be accomplished
with standard air separators and other pollution control equipment such as
bag houses. Experience has shown that when tire fiber is liberated, it can
become airborne and be very explosive and also a health nuisance. Care
needs to be taken in the design of the facility to remove this material from
the atmosphere. Protective masks should be worn in this work area. Since
the final product is very cold, it tends to collect moisture from the atmosphere
and must be dried to reduce the moisture content. Vibrating fluid bed driers
can effectively remove this surface moisture.

The cryogenic system produces very clean product streams. The steel
radial wires and beads tend to be very clean and can be easily sold to a local
recycler. The steel recycler can provide the collection service, remove the
collected steel product, and send monthly payments based on this service.
Some operating facilities install steel balers for compaction and also baling
units for the fabric stream. The fabric generally contains residual steel strands
(which are sharp like hypodermic needles) that contaminate this product
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FIGURE 1.77
Conceptual layout of a Recovery Technologies (Canada) cryogenic plant.>”

stream, as well as other inerts. Further classification of the fabric stream is
generally required to make it salable for other uses.”

The cryogenic system concept can appear to be very simple as illustrated
in Figure 1.76, which shows the basic cryogenic process layout grinding
system. A more realistic layout is shown in Figure 1.77.7

Figure 1.78 reflects the real sophistication when fine cryogenic grinding is
included. All such systems are involved and have many components to
achieve the desired product and quality. As the CRM is ground to finer sizes,
yields or total conversion of the larger CRM to the final sizes needs to be
seriously considered. Recycling the overs to produce a true —80-mesh product
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FIGURE 1.78
Detailed layout of a Recovery Technolo-
gies fine grind cryogenic plant.>!



may not be very efficient. Trials need to be run with the vendor and perfor-
mance guarantees need to be in place prior to construction of the facility.

Typically, cryogenic systems produce very smooth or glass-like surfaces
with relatively low surface areas compared to the two-roll mill, extruder, or
wet grinding systems. This surface morphology can be very ideal for ure-
thane systems, where reduced surface area means fewer urethane require-
ments. Additionally, cryogenics are ideally suited for elastomers such as
butyl and all types of thermoplastics. However, as finer meshes are required,
cryogenics begins to have limitations.

1.13.4 Shear Extrusion Pulverization

Shear extrusion process flow sheets look very similar to cryogenics and
ambient grinding systems. The work by BIRL Northwestern University using
a Berstorff with co-rotating, close mesh screws has been used to demonstrate
that fine mesh powders can be produced. If the overs are screened out, they
can be reintroduced into the throat of the extruder, producing high yields.
However, the overall efficiency of this technology is not well documented.
A single screw extruder has been tested using whole tire chips. It was
generally found, in this application, that the wire and other reinforcing cords
separate when ejected from the unit. The wire/fabric balls ejected from these
units need to be refined further if they are to have resale value. However,
in all investigations, severe degradation of the rubber occurs in both the
single- and twin-feed extruders. Therefore, cooling during pulverization is
very important. Figure 1.79 compares the single- and twin-screw applications

Whole Tires
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Single Screw
Extruder

Magnetic & Fiber Magnetic & Fiber
Separation Streams

Coarse CRM
Packaging

Twin Screw
Extruder

| Screening |——~

A 4

Medium CRM
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Coarse TDM Feed with CRM Feed with Twin
Single Screw Extruder for Screw Extruder for Finer
Coarse CRM Production CRM Production

FIGURE 1.79
Comparison of single- and twin-screw extruders.!
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for producing CRM. It is important to consider power requirements in rela-
tion to production capability and maintenance costs. Normally, extruders
are very expensive to operate and maintain at high horsepower require-
ments, compared to other technologies. Dr. Klementina Khait has conducted
some intensive research into the final particle morphologies of various grind-
ing techniques to this process.> The final particle configuration appears to
have a cauliflower shape, or the CRM particle appears to have exploded
from its interior. The actual life and efficiency of the screw and extruder
barrel in relation to maintenance needs more documentation. As noted ear-
lier, improved commutation occurs with a certain amount of wear and then
production falls off again. Good metrics by the CRM operator can help
optimize the time to retool the extruder.

1.13.5 Ambient Air Milling

The ambient dry grinder system is similar to other systems in that it can be
integrated into other TDM equipment components. Figure 1.80 depicts a
suggested layout arrangement. Noncontact cooling water is used to maintain
the temperature of the rotary air grinders. A wide particle distribution is
obtained using this system. Table 1.13 shows the production capability at
different operating rates.” For the Crosston grinder, the gradation output is
similar to the MicroTec, and this gradation is reflected in Table 1.13. When
dry milling without LN2, it is very important to ensure explosion suppres-
sion systems are installed and working properly. If one is going to produce
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4 Cyclone 1 9 Conveyor System 1

5 Dust Collector and exhaust 1110 Control Panel 2

FIGURE 1.80

Process layout and description of an ambient air grinding system.
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TABLE 1.13
Anticipated Production Capability and Resulting CRM Percentages*
Throughput Unit +40 Mesh (%)  40-80 Mesh (%) -80 Mesh (%)

800-1000 Ib/hour 0-10 45-60 40-60
1000-1200 Ib/hour 5-10 45-60 35-50
1200-1600 Ib/hour 5-20 45-60 3040

a true —80-mesh product, a maximum yield of only 40 to 60% can be
obtained. Recirculating the coarse fraction is not efficient and will not
achieve a greater conversion. Therefore, if 100% —80-mesh product is
desired, either an alternative method of handling the coarse faction needs
to be installed or a coarse market found. Since these machines turn at high
speed, they need to be contained in soundproof enclosures and careful air
handling must be incorporated into to these units. The feedstock is gener-
ally a 5- to 20-mesh product and the more friable the incoming material,
the better. Not a lot is known about the operating economics of these units.
Additionally, reprocessing the overs developed by these machines is not
practical or feasible unless some new commutation mechanism is devel-
oped. Machines like Pulva, Crosston, and the MicroTec do process softer
rubber and plastics much better. Butyl tubes and butyl inner liners when
used in conjunction with cryogenics can produce a very high-quality butyl
40 and even a 60-mesh grade.*

1.13.6  Typical Wet Process

The wet process produces a defined graded CRM. What is particularly
unique is the high surface area produced by the wet grind system. This is
illustrated in Figure 1.81, which shows UltraFine™ GF-80 material pro-
duced at Rouse Polymerics International, Inc. The high surface area allows
for the CRM particle to be incorporated back into virgin tire compounds at
fairly high percentages, 1 to 5% by weight, without loss of physical or
aesthetic properties of the final produced tire. In the case of asphalt modi-
fication, the fine rubber particles more easily disperse and are subject to
greater solvation within the asphalt matrix without having to go to elevated
blending temperatures. Higher temperatures result in higher energy costs,
degradation of the final polymer modified asphalt (PMA) blend, and
reduced shelf life PMA product. Finer grades of wet grind grades are ideal
for coatings and epoxies.

Figure 1.82 is a typical schematic trial setup using a fine GF-80 product
for producing a PMA. For a full-scale operation, the fine tire powder can be
delivered by pneumatic bulk trailer and loaded into a receiving silo. The
CRM can then be metered into the blending system. The system came to be
known as the continual process and was the concept for terminal blending at
the asphalt refinery serving many asphalt plants rather than having to have
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FIGURE 1.81
Surface topography of an UltraFine™ GF-80 CRM.!
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FIGURE 1.82
Schematic of a trial system to produce a PMA from a minus 80-mesh CRM.!

a blending system at each asphalt cement plant. An actual bulk delivery of
powdered rubber to an asphalt facility is shown in Figure 1.83.

The general process flow sheet for a typical wet grinding process is illus-
trated in Figure 1.84. The system is unique in that the temperature of the
process cannot exceed the boiling point of water. In most grinding processes,
high temperatures greatly affect the polymers’ integrity, especially in deg-
radation. By maintaining lower processing temperatures such as in wet
grinding, the integrity of the CRM is not compromised. This system also
allows the easy addition of chemicals, such as surfactants to improve com-
mutation. The surface and internal CRM chemistry can be altered in this
process. By using water as a carrier, more efficient grinding can take place
and the water can be the carrier to other locations. Specially designed pumps
are required for this operation. By employing centrifugal force within the
fluid system, light contaminants such as wood can be easily removed by
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FIGURE 1.83

An actual asphalt facility using a bulk delivered minus 80-mesh CRM.!
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FIGURE 1.84
Wet grinding process.!

© 2005 by Taylor & Francis Group.

10-Mesh or
Finer CRM
Feedstock
Water
Return Water
Removal
<
-
Slurry *
<
-t
Drying
Overs -
Sand, Trace
Metal & Other
Contaminants
Removal
Dry
Screening
Fine
Grinding
Packaging
Wet
Screening
Fine
Powder
CRM
Markets




flotation and the heavier contaminants such as sand and metals can be
separated by gravity. Slight improvements in production can be obtained
with a finer mesh, such as 16-mesh product. Coarse CRM can be 100%
converted to —40- to 200-mesh CRMs. The water in the system is recirculated
after the water is removed. The only loss from the system is the 15 to 20%
moisture removed by the drier. Care must be exercised in the design, con-
struction, and operation of the drying unit, and to the drier’s pollution
control, combustion monitoring, and sensing system. By wet water slurry
screening, more precise gradation control can be achieved. Final safety
screening takes place after drying to assure no overs exist. Very high pro-
duction rates can be achieved with this process.

1.13.7 Other Processes

Many other systems have been developed to reduce whole tires into chips.
These include soaking tires in a solvent such as waste oil or subjecting
the whole tire to cryogenics (freezing). High-pressure water spray jets can
also be employed to reduce tires into CRM. Abrading mill systems have
been developed and will fill in as a process player in the future. As new
demands are made for better and better CRM materials, and as new
technologies evolve, no one really knows what the future holds. New
methods need to be tested over time. It is suggested that if a new concept
appears to have merit, it should be operated in a pilot plant mode for an
extended period of time to note the potential and/or deficiencies of the
machine or the processes, and the necessary adjustments or modifications
should be made. Then the new technology should be operated in parallel
or in combination with the established system until it has been proven
reliable and viable.

Columbus-McKinnon, Granutech-Saturn, Sweed Machinery, and others
are developing machines to produce finer TDM in one pass through their
machinery. What is needed in this case is screening systems after these
machines to separate the rubber particles. For example, the coarse mate-
rials, say above 1/2-inch, could be sold as a TDF for crash barriers, while
the —1/2 to +1/4 fraction could be sold for playgrounds or landscaping,
and the -1/4-inch fraction for sports surfaces or other CRM products.®

1.14 Overall Concept

The preceding methods can be used in any combination or arrangement.
Normally, a single large operation will do its main receiving, sorting, grad-
ing, and primary reduction on the day shift. Today’s shredders allow for
primary reduction of tires of all types to be done very efficiently. Even the
modern truck tire debeader allows the operator to efficiently remove the
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beads and quickly shred the remaining tire casing, to then be quickly reduced
in a primary shredder. Intermediate storages between each operation allow
for greater efficiency. For example the primary shredding operation may run
very nicely at 2,000 passenger or 100 truck tires per hour (20 tons per hour)
and process all the incoming tires in one shift. However, the secondary
operation may be able to run at only 1,500 pounds per hour and the tertiary
operation at 1,000 per hour. Therefore, an operator will not want to run all
the stages to the tertiary plant’s rate due to power and labor costs alone. So
intermediate storages and personnel considerations are very key elements.
Additionally, a TDM operator may want to have an even higher shredding
capability in the primary stages, since TCF and TDF markets may be much
greater than CRM outlets. Careful analysis of present and future incoming
feed tire types to TDM markets and availability needs of those markets is
critical to the design and layout of a CRM facility.

It is advised that reinforced concrete flooring be used in handling tires
instead of an asphalt pavement or dirt surfaces due to the shear mass and
volume of the equipment interplay and debris that is generated. Good drain-
age and proper run collection systems should be designed. In case of a fire,
emergency firefighting equipment needs to have easy access to the stored tire
materials. A design that is well laid out will reduce the possibility of contam-
inants from the tire-shredding operation ending up in the final products.

1.14.1 Plant Design and General Process Considerations

Every CRM operation must take into consideration many elements. Table
1.14 shows plant design elements.!

TABLE 1.14
CRM Plant Design Considerations!

Adequate land for growth

Accessibility by major road routes (railroad and water preferable for bulk handling)
Utilities (water, power, sewage) for present conditions and future considerations
Operations under cover (preferable metal building with sprinklers)

Loading docks

All surfaces concreted with rebar reinforcement with controlled drainage
Surface runoff containment

Fire hydrants and other fire-prevention controls

Fire department and environmental agencies site map knowledge

All pertinent business and environmental operating permits

Continuous site monitoring, including direct hook-up to local fire departments
Compliance with all OSHA regulations

Safety stations and training and contacts in case of emergency

Metrics for optimization

Aesthetics and neighborhood considerations

Local perceptions of a tire-processing site and its derivatives
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FIGURE 1.85
Suggested key components for a successful CRM facility.!

Today’s CRM plants have many components that are necessary for a viable
operation. Figure 1.85 illustrates some of the key component items and steps
that should be considered. A particular process may have several shredders
in parallel or series, and other operations may have special cleaning systems
to handle landfilled tires. Some operations may be more extensive in some
areas and deficient in others, such as tire wire and tire cord reclamation or
cleanup for a particular market stream. Figure 1.85 is intended as a guideline
or footprint for developing a successful operation and does not reflect a
specific plant.”

TDM storage needs to be closely monitored, especially in large pile volumes.
Spontaneous combustion can occur in the pile and produce a coal-generating-
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type effect, which is very hard to extinguish. A hydrogen sulfide or rotten egg
smell is generally associated with this occurrence. The TDM under these
conditions is converted to large pyrolyzed chunks from the combination resid-
ual wire (iron oxide), organics in TDM such as stearics, oils, and rubber
reacting agents. Caution should be made not to store large quantities in one
single pile and to monitor temperature and any noticeable sulfur smell. Ease
of access to fire lanes and fire-extinguishing equipment is required.

1.14.2 Energy Requirements

The TDM plant’s or CRM facility’s energy use can vary dramatically depend-
ing on the production size, feedstock type, and the kind of finished products.
Making a fine powder from whole tires will require the highest use of energy.
In making a fine powder, it will be most effective to choose a raw material
source that has already been reduced and has had contaminants removed.
Any kind of intermediate operations, such as receiving TDM and converting
it to a coarse CRM, will use less energy. Horsepower requirements can vary
from a few hundred to 6,000 horsepower depending on the design, layout,
equipment, product feedstocks, and production capability. Working with the
OEM suppliers and the designer of the facility will give an accurate indica-
tion of expected energy requirements including other utilities such as water,
air, liquid nitrogen (LN,) in the case of cryogenic grinding, hydraulic fluids,
diesel, and propane for generators and yard equipment.#3

1.14.3 Environmental and Safety Requirements

As discussed in Section 1.9.9: Fire Suppressant Systems, Safety, and Storm,
water containment of the CRM facility must comply with all regulatory
agency requirements. It is good to make sure that these agencies have
reviewed the plans for the TDM operation, to minimize any surprises that
might affect the start-up and successful operation of the site.

1.14.4 Preventive Maintenance

Preventive maintenance is very critical to the reliability of a plant’s success.
Installation of continuous lubrication systems instead of doing manual greas-
ing can usually be justified in labor savings and ensures continuous opera-
tion. Use of metrics and following a prescribed and documented routine can
also be a significant cost savings. There are a number of companies that
provide such services. They will come in and document each piece of equip-
ment; evaluate the manufacturer’s recommendations for maintenance; and
write up schedules, the prescribed routine, and other critical items such as
the type of oil recommended or a replacement schedule.
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FIGURE 1.86
Custom grinding opportunity for a potential client.!

1.14.5 Custom Grinding

Although the CRM plant is focused on processing TDM materials, if the
operation can be performed and maintained in an orderly and clean manner,
processing of many other types of rubber materials can be done at the CRM
site. This might include processing industrial scrap by tread rubber manu-
facturers, who may want their plant scrap tolled. By tolling, the scrap at the
rubber manufacturer’s plant is collected, transported to the CRM facility,
and processed to generally a 40 mesh or finer. With few exceptions, nearly
all tolling customers in these applications want a true —-80-mesh tolled CRM.
It is critical that these tolled materials be kept separate and the CRM to be
clean of any contaminants prior to processing. Remember that the user of
tolled materials closely monitors QA/QC. Closely monitored samplings,
using analytical testing equipment, need to be inline and continuous.
Figure 1.86 details the methodology of how custom grinding can provide
significant savings to the custom grind client. Previously designated for the
landfill or some lower end use such as a supplemental fuel, the rubber
polymer can now be converted into a useful raw material feedstock for the

1 2
3
Receive Process ‘ PARKER - Leb
Client's Material ‘ toa Evaluaticp;ne;non
Sample (s) Gradation (s)
4

Make Process Adjustments
If Necessary

5 6 7
Feasibility Begin COHGC“O”— Practice Kaizer
Finalize Parameters & Mentality
With Client Processing

FIGURE 1.87
Developing the IPM or tolling opportunity.!
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FIGURE 1.88
Custom tolling loop.!

client. IPM is the client in plant materials and the total operation should reflect
constant improvement (Kaizen). This concept is depicted in Figure 1.87.

Once the potential client has shown an interest in having their rubber scrap
processed, the IPM process can commence. Figure 1.88 illustrates a typical
process to take the prospective client to the next level. This means receiving
the plant’s rubber material to be ground and evaluated by the client. Several
repetitions may be necessary to achieve the optimum rubber gradation.
Sometimes the entire process of evaluating, resubmitting, reevaluating, and
optimizing the toll grinds, plant trials, and long-term tests may take up to
several years. In this IPM process, the specifications, quantities, packaging,
and pricing are quantified and agreed upon.

Table 1.15 shows some of the benefits of IPM or toll processing. Toll
processing for the tire industry can be processing reject tread materials used
in the manufacture of truck, bus, and OTR treads. It can also include the
reclaiming of curing bladders used in the manufacture of tires. This means
processing the curing bladders in the CRM process into a —40- or —60-mesh
powder. This powder can then be used as an inner liner raw material, saving
the tire manufacturer significant money in the reduced procurement of butyl

TABLE 1.15
Client’s Toll-Grinding Advantages!

No chemistry changes

No process modifications

No material alterations

Utilization of existing resources and procedures

Internal cost savings

Competitive cost advantage

Improved production performance

Internal business operation (trade secret)

Landfill cost savings and future environmental cost avoidance
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feedstocks. If butyl is to be run in the CRM, care must be taken to have a
thorough clean-out, so no other tire contamination is present.

1.15 A Market-Driven Approach

A market-driven approach to developing a successful CRM facility with
TDM markets can best be illustrated in the work performed by Chuck Smith,
a professional engineer with a unique background in developing processes
from tire manufacturing to TDM/CRM facility operations. In Figure 1.89,
Smith first identifies the target (the Market), and then evaluates the weapons
(the Equipment). These steps are shown in a flow sheet illustrated in Figure
1.90. The final step is the strategy (the Method) that is part of the process
flow sheet. These two illustrations go a long way in determining the steps
to begin the path toward a successful CRM operation. A CRM facility plan
may also include the necessary steps over an extended time period; mile-
stones to achieve on this path can act as measurements for what will be
accomplished next. This may mean reevaluating new pieces of equipment
that may have come on the market, a potential acquisition, a new market, a
lost customer, refinancing, possible relocation, or a merger. TDM will be
dynamic and continually evolving; the CRM professional today must be ever
watchful of the changes and opportunities arising out of these events.>*

1.16 Economics

Figure 1.91 reflects the generally accepted value assessed for the various
CRM gradations. Location of the facility will have an impact on what the
end user is willing to pay. The closer a CRM operation is to the purchaser’s
facility, the lower the cost of transportation and the greater the advantage
to the CRM producer. Maintaining handling costs at a minimum, maximizing
on economy of scale, and getting the best prices will have a pronounced
effect on the overall success of a TDM facility.

The economics of a tire-derived-material operation are varied. Each step
of the operation needs to be understood and measured. Metrics offers such
a method but has yet to be totally employed in any operation. Metrics is a
system of documented measurements of the process, and covers all phases
of the operation. This includes the number of tires received and the number
processed, power consumption by individual equipment components, the
flow into and out of a particular piece of equipment or process section, and
the overall dynamics of the entire operation. It is absolutely essential to
understand all the operating parameters from a cost perspective and to
determine what it takes to break even. In all the failed CRM operations
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FIGURE 1.91
Market values for CRM by mesh grade.>

investigated by this author, little to no real existing accounting methods or
real operating costs were found. One final note on metrics: By continuous
monitoring of the amps on a key piece of equipment such as a two-roll mill
or granulator, the plant management can quickly see graphically if the oper-
ator is maintaining the machine at its optimal output. This could also hold
true for a shredder or other process components. TV monitoring with video
backup can be important to discover problems in material movement or
other process activities.

Knowing the real cost to produce a desired product is paramount to
selecting appropriate product pricing for the customer. It is unwise to
attempt to beat the competitor’s pricing if the producer is unaware of his
true cost to make the product. If sufficient capital is in place to underbid the
competition, this is a much different strategy than not knowing one’s actual
cost. It is merely pricing the product to be sold without considering the
overall viability of the CRM operation. The method of operation to beat your
competitor’s price at any price, despite the consequences, spells defeat. Tight
to no margins means failure. Lack of revenue to support the operation is the
reality rather than the exception. Many times you hear of a CRM plant selling
CRM for $320 per ton and a tipping fee for the incoming tires at $1.00 and
the scrap tire availability is unlimited. All these elements may be true on a
very limited spot market or location basis, but they are not consistent for
the general atmosphere of a typical tire-shredding operation. Usually, the
TDM operation is limited in capability, funds, know-how, professionalism,
and accountability and may lack viable markets. Any one of these key ele-
ments spells trouble.

Today’s TDM operation must have multiple markets for the materials
produced at the plant site, a detailed plan of action, and alternate plans if
thing go in a different direction. Good metrics and of base selling prices must
be known. Any operation should be held accountable and the funds wisely
spent. The TDM equipment should be oversized, despite what initial trials
at an OEM or reseller suggest. Spare parts and excellent mechanics with a
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preventive maintenance program need to be integral parts of the plant’s
operating parameters.

The grading of recoverable casings cannot be underestimated. Fabric tires
from passenger, truck, and OTR are excellent feedstocks for producing
playground and equestrian TDMs. The recovery of truck/bus and truck
duals to be repaired and recapped can help bring in excellent income to a
shredding and tire collection system. Finding reputable and reliable casing
dealers may take time and experience, but the effort is well worth it. One
word of caution, as liability insurance cases increase, this will have a pre-
dominant future effect on recovered casings to be used back on transpor-
tation vehicles.

Good relationships with governmental entities and customers must be
established. Local laws and ordinances must be known. In some locations,
there are restrictions on the storage of whole or partially shredded materials.
The fire marshal in a local area might have certain demands that need to be
met for a company to operate. Keeping updated in all these areas and
exploring these conditions requires full-time personnel and is a cost of doing
business. All of these considerations need to be built into the final selling
price of the produced TDM or CRM. To date, no operating entity has clearly
demonstrated that it has made a reasonable profit or a profit at all on any
consistent basis. It is hoped that by employing some of the ideas presented
herein, the TDM industry will develop and document proven and viable
economic results.

The Scrap Tire Management Council, 2002, and the Recycling Research
Institute, 1998 have broken the general CRM market down by size and
distribution. This information is reflected in Table 1.16, showing CRM
market distribution. These percentages will change as the CRM market
matures expands with time. This table does demonstrate the growth in
CRM and TDM.?

Due to the high cost and maintenance of CRM systems, and taking this
into account against the current prices paid for these materials, it appears

TABLE 1.16
CRM Market Distribution?
Weight in Millions

Market of Pounds Percent Mesh Range
Molded products 307 31 3/8-inch—40-mesh
Asphalt modification 292 29 4-200-mesh
Sport surfacing 141 14 1/4-inch—40-mesh
Tire and automotive 112 11 10-40 mesh and

products 80-mesh for tires
Plastic blends 38 4 10-120-mesh
Animal bedding 37 4 1/4-3/8-inch
Surface modifications 36 3 10-40-mesh
Construction 28 3 10-40-mesh
Other 5 1 1/4-inch-200-mesh
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only large, efficient operations can hope to remain sustainable and make a
potential profit in this industry. Consideration must be given to the rise in
whole tires being consumed by cement plants and in some cases dedicated
boilers. Tire availability can be greatly affected, along with disposal fees being
asked in the general vicinity of a major operating cement facility. These plants
can burn passenger tires and many are equipped to handle truck and bus
types also. Therefore, care must be taken in planning a shredding or tire
collection facility and the impact of these facilities.!1

1.17 Other Considerations
1.17.1 Energy Hierarchy of TDM

There are many processing alternatives available. In general, the value of
developing a specific TDM can be placed on a hierarchy scale that was
developed by a Department of Energy study in 1983. This study made a
comparison of the replacement value of TDM to its replacement in the
marketplace. It took into consideration the amount of energy required from
the time the hydrocarbon or crude oil was pumped from the ground, refined,
and converted into the tire itself. This table illustrates that asphalt applica-
tions for roads or shingles can have the potential for the greatest savings.
Obviously, the use of CRM back into tires is the highest use, but is limited
in the total reuse of scrap tire stream. The new rubber-thermoplastic combi-
nations and the use of CRM as an asphalt modifier for highway pavements,
sealants, and roofing applications can and will consume the greatest portion
of worn-out tires in a safe and environmentally sound manner. The greater
the initial savings, the greater the potential profit margin for the scrap tire
processor and the greater opportunity to have a viable market for the long
term. The results of this study are summarized in Table 1.17, which shows
selected processing alternatives for scrap tires.

TDM systems are now depending on each other and are becoming inter-
connected. This means a primary tire processor producing TCM or TDF can
be supplying a CRM operation. The CRM operation could be supplying a
tertiary operation to produce fine powders well before the CRM is used in
a final product. If there could be a synergistic interdependence between the
entire scrap tire processing system and processors, this could result in each
TCM entity operating at maximum efficiency. Vertical integration is fine, but
has not become a reality yet. The capital and general resources required make
the task very challenging.

1.17.2 The Organization

The real essence of any organization is the management and/or the leader,
that is, the person or persons who control or direct a business. The leader is
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TABLE 1.17

Selected Processing Alternative for Scrap Tires®

Process Initial Later Plant
Type Savings Combustion Comments Scale Potential
Whole tires 15,000 Requires special furnace Large Could consume all tires
TCE, TDF 15,000 Can be used in many types of Medium  Could consume all tires
combustion units
Pyrolysis (fuel products only)  11,000-14,000 Could replace up to 12,000 Btu/lb  Large Could consume all tires
Pyrolysis (recovered fuel 19,000-23,000 4,000 Quality of any given by-productin ~ Large Could consume all tires
products and carbon black question

Reclaim 27,000 15,000 Considered inferior product Small Limited

Biological degradation 30,000 15,000 Experimental Small Could consume all tires

Microwave devulcanization 33,000 15,000 In development Small Could consume portion
of tires

Asphalt modifier 90,000 Great potential Medium  Could consume all tires

Plastic modifier 90,000 Great potential Medium  Could consume all tires
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Organizational considerations.!

the one who is in charge, leads the others, and is responsible for the overall
direction, credibility, and spirit of the company. The president normally fills
this function and reports directly to the board of directors if the organization
is not a sole proprietorship. The leader and his management team must have
the skills to operate the many facets of a CRM facility. Careful selection in
this process is very important. Many companies in other industries find that
a blend of talents within and outside the industry is essential in maintaining
proper focus and flexibility to meet a wide variety of challenges that every
business must face.

Assuming the CRM facility has all the equipment, financing, permits,
markets, and the optimal location, no progress will be fruitful without the
key annual intervals and staff in place to make success a reality. Figure 1.92
shows just some of the key personnel to consider for a major TDM or CRM
facility. Personnel are listed within grouping areas to consider, rather than
in order of hierarchy. Sales and marketing can work with outside advertising
agencies and with a broker who may have markets for TDF. Engineering
may be under the operations manager or report directly to the president or
a particular department. R&D may be put in a special category within the
organization or have an outside consulting role, reporting to someone within
the organization. A number of these individuals can be added to the staff as
revenues and needs arise.

The professional operation today and in the future will require all of the
above areas to be handled responsibly. For any initial start-up, some of the
key management may have to wear several hats or perform a number of
these functions. In the longer scheme of things, if the operation is to function
smoothly and be flexible in meeting future opportunities, all of the basic
managerial functions need to be addressed and performed. In some cases,
outside professional agencies and consultants can be of great assistance, and
a clerical person on the staff can collect the required information to be
reviewed by the retained professional agency — information such as
accounting, environmental permitting, or key market development seg-
ments. A good local accounting firm can help ensure that the books are in
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proper order for financial packages, IRS audits, etc. An outside consultant
can greatly assist with plant layout and future plant expansions, or by
working with local agencies to ensure all bases have been covered for OSHA
requirements and air and water permits. Local employment agencies can be
of great assistance in locating personnel on either a full-time or temporary
basis, and can act as the company human relations go-between for an interim
period. Flexibility, open attitude, planning, and developing good relation-
ships are vital human components that will make a CRM facility sustain
itself well into the future.

1.18 Summary

Tire-derived materials (Figure 1.93) are finding their use in a wide variety
of applications, such as for supplement fuel, fuel by-products, playground
applications, sanitation leach fields, composting materials, equestrian uses,
and civil engineering applications. Whole tire parts will still be used for a
number of applications (Figure 1.94). Sophisticated engineered polymers
such as thermoplastic vulcanizates are being used successfully in new tires.
The process used is widely varied, depending on the processor, and in many
ways it is shrouded in trade secrets. By participating in trade organizations,
researching patents, and reviewing publications, a good perspective of exist-
ing tire-shredding entities and the persons involved can be gained.

Tires are designed to last. They have many unique, intrinsic qualities that
make them valuable after their normal use as a tire. Taking advantage of the
inherent chemical and rheological properties of tires, to make or modify
many new materials, is not only the wave of the future but also an excellent
use of one of our national resources. Tires are an excellent modifier for
asphalt. America’s roads are deteriorating at an alarming rate as we grow
as a nation and depend on our road infrastructure for our growth and
prosperity. A working knowledge and understanding of the many different

FIGURE 1.93 FIGURE 1.94
TDM products. Whole tire parts.
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ways to build, maintain, and operate a tire-shredding system are key ele-
ments for success.

Competing markets for whole tires, such as cement kiln, need to be rec-
ognized as a concern to existing and planned tire processing facilities. A
rising consciousness of global warming and enforcement of the Clean Air
Act of 1990 will play a vital role in permitting of facilities to continue to burn
or who plan to use TDE. How all these different arenas play out will only
be known in time. Having and developing multiple markets for whole tires
will be essential to any tire operation.

Tire shredding is very capital intensive and requires a professional
approach for its success. Tire-derived materials such as CRM must realize
their maximum economic value as needed resources and products in Amer-
ica’s marketplace. Undervaluing TDM will only spell disaster for the indus-
try. Tire wire markets will continue to grow due to the need to recover our
precious resources found in scrap tires. Proper resources and adequate cap-
ital, market positioning, dedicated professional employees, optimal plant
layout, and operational savvy will spell success for the scrap tire processors
of the future.
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2.1 Abstract

The use of crumb rubber materials (CRMs) from scrap tires has met with a
great deal of resistance by industrial users, mainly due to the perception that
quality cannot be met on a consistent basis. These hurdles and mindsets can
be overcome if these tire-derived materials can be consistently demonstrated
to be a viable raw material component in the final compound for high-end
applications, mainly new tire manufacture. This chapter discusses the strat-
egy, practices, and philosophy necessary to provide high-quality raw mate-
rials derived from scrap tires, that is, CRMs. Areas covered include strategic
management, manufacturing, quality control, and quality assurance prac-
tices to ensure that CRM will be a valuable resource for the compounder.

2.2 Introduction

During World War I and World War II, shortages of essential materials led
to collection drives for silk, rubber, and other commodities. In recent years,
the environmental benefits of recycling have become a major component of
waste management programs. However, success in using tires, a valued
resource, takes on a different paradigm — how to effectively convert a waste
material into a useful commodity that can be used in a wide variety of
applications with assurance. By evaluating and instituting various quality
control practices, the processor today can employ procedures to assure the
operation meets or exceeds desired, consistent quality of a specified material.
Most importantly, the client or final end user can be confident that proce-
dures and practices have been put in place to assure that the whole tire-
derived materials (TDMs) meet the highest standard for quality and consis-
tency in a normal mode of operation.

The recycling process is the recovery and reuse of waste products. These
may include household products, postmanufacturing material, agricultural
waste, and for very select uses, scrap tires. The reuse of tires is generally
perceived as reducing the burden on the environment. With increased under-
standing, waste tires can be seen as a valuable resource.

Quality performance is generally not associated with recycling. Success in
supplying high-quality recycled material replacements must come under the
same scrutiny that is demanded of virgin materials. Quality, quality control
(QC), and quality assurance (QA) go hand in hand. Quality is defined as
“an inherent or distinguishing characteristic; a property.” Quality control is
“a system for ensuring the maintenance of proper standards in manufactured
goods, especially by periodic random inspection of the product.” Quality
assurance is “a program for the systematic monitoring and evaluation of the
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various aspects of a project, service, or facility to ensure that standards of
quality are being met.”

2.2.1 The Average, Standard, and Bound of Measurements

In this chapter, statistics most used to characterize observed data and look
at lower bounds on the percentage of measures can be defined as,
The average:

X = Z x. /1 2.1)
i=1
Standard deviation:
o= (x, X7 /(-1 (2.2)
i=1

where X, X,,..., X, are the individual observations in a random sample from
the TDM process. The standard deviation gives a measure of how the “n”
observations vary about the average. The square of the standard deviation
is called the variance. The lower bound on the percent of measures is at a
given interval X -2 to X + 2 for 75%, X -3 to X + 3 for 89% of the observations

or the confidence level desired, such as X — 6 to X+ 6 for Six Sigma.

2.2.2 The TDM Challenge

Before the tire processor can convert scrap tires into a useful product, he
must have an understanding of the complexity of the tire, including its
various types and compositions. Different types include passenger (such as
the new sophisticated run flat type illustrated in Figure 2.1), SUV, truck and
bus, agricultural, and off-the-road (OTR). The general composition of tires
is noted in Table 2.1.

Concerning a tire’s composition, the rubber components can vary widely.
Passenger types tend to be high in styrene butadiene rubber (SBR), a general
purpose rubber. Truck tires tend to be a 50:50 blend of SBR and natural
rubber (NR). OTR types are composed mainly of NR, which has excellent
fatigue resistance and high strength; these tires are mainly designed for cut
and chip ruggedness. Knowing the tire source — the raw material — and
its relation to the intended application can play a major role in the success
or failure of the processed TDM. Consider a situation where crumb rubber
material (CRM) is designated for an asphalt application. If the initial test
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Spiral Overlay Tread

Steel Belts

Sidewall

Run-Flat Inserts
Bead Apex Ply

FIGURE 2.1
Typical passenger tire and components of a run flat tire,

TABLE 2.1

General Composition of a Tire

Approximate Weight

The Materials of Construction Percent
Rubber hydrocarbon composition (RHC) 48
Carbon black and silica 22
Metal reinforcements 15
Oil, antidegradants, wax, stearic acid, etc. 8
Fabric 5
Zinc oxide (ZnO) 1
Curing agents 1
Total 100

work was with OTR rubber but the tire processor shipped passenger type
CRM instead, the result could be disastrous at the paving site.

Let’s analyze why such a mix-up could be a disaster. CRM from OTR tires
or NR will dissolve more readily in a given asphalt cement (AC) at lower
temperatures and will provide low-temperature performance for a given cli-
mate, such as very cold weather. The passenger tire CRM, on the other hand,
will require higher blending temperatures and be more suitable for hot cli-
mates. This dichotomy could produce very different results. Today, the Federal
Highway Administration (FHWA) Superpave™ program has developed very
specific performance tests to meet highway pavement criteria. Switching CRM
source types from initial investigations could seriously hamper a highway
pavement construction project. If this happened, significant penalties could
be assessed and the processor’s credibility and future projects could be jeop-
ardized. It is therefore critical to know the source and composition of the CRM.

Another example is the use of TDM in playgrounds. Bias tires that have
the beads removed would be an ideal raw material for this application.
However, with all tire types now containing steel cords, the liability issue
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becomes very critical. The wire contaminants, including the bead wires,
must be completely removed and rendered as a non-issue when it comes to
this application.

Trace amounts of wire powders left in powdered CRM for tire compound-
ing applications can interfere with the cure mechanism, resulting in adverse
effects to the performance of the final produced tires. It is the responsibility
of the CRM processor to find or develop suitable tests for iron content. These
test procedures should become part of the certificate of analysis (COA) and
be agreed to by the end user, so no surprises occur.

A general understanding of the chemical components in a tire is essential
even when considering TDM materials as a soil amendment. Zinc oxide
(ZnO, noted in Table 2.1) is a significant metal in TDM, along with other
ingredients. These components can have the adverse effect of leaching into
the soil or plants over time, under certain conditions of the various soil types.
Preparation for the application, in accordance with the defined guidelines,
needs to precede the time of CRM procurement and continue through man-
ufacturing (processing) to delivery at the end user’s site.

2.2.3 Identifying the TDM

The American Society for Testing and Materials (ASTM) has attempted to
designate some of the many parameters for TDMs, but much work is still
needed. Accurate identification of the various processing steps is essential,
and the form and function of scrap tire in its various forms of reduction and
clarification need to be understood. Obviously, the whole tire is a single unit
or entity. But as it is reduced in size, various nomenclatures can be assigned
to the tire parts as they are reduced to smaller components. Table 2.2 is
intended as a guideline, to distinguish the various forms of tire parts as some
type of mechanical, chemical, or thermomechanical means reduces the tire.

ASTM D 5603 has made an attempt to designate the particle gradation.
However, what is considered a —-80 mesh by one process might be classified
very differently in another process. What is retained on the lower-level

TABLE 2.2
Tire-Derived Materials (TDM)

Tire-Derived Fraction Approximate Size Ranges
Cuts 1/2- to 1/8-inch of the whole tire
Shreds 12- to 2-inch (300- to 50-mm)
Tire Chips (with Inherent Wire) 2- to 1/4-inch (50- to 10-mm)
Tire Chips (95% Wire Free) 2- to 1/4-inch (50- to 10-mm)
Tire Granules 10-1 mm

Typical Crumb Rubber (CRM) Coarse 2000420 microns (10-40 U.S. Mesh)
Typical Crumb Rubber (CRM) Fine 420-180 microns (40-80 Mesh)
CRM Powder 180-75 microns (80-200 Mesh)
Super Fine CRM < 75 microns (200 Mesh)
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screens tells a different story in each process. Therefore, using a number of
different testing techniques and comparing the various CRM suppliers is
recommended for quality assurance. In other words, a —80-mesh rubber
produced by cryogenics is very different from that produced by a wet grind.
The cryo-grind will result in less-defined gradations that tend to be very
random, whereas the wet grind process will produce a CRM product with
much finer particles, over a defined gradation curve.

Normally, tire chips have a tire-derived fuel (TDF) grade designation. This
came about in the early 1970s, when utilities and other industry users were
strapped to find alternative energy materials. Boilers equipped with traveling
grates to suspension-fired units needed a wire-free tire chip, since the bead
wires caused problems with fuel-handling systems. On the other hand,
cement kilns and mass-fired incinerators did not necessarily need to have the
inherent wire contaminants removed. However, some standards were set for
these TDMs when these fuels began to be utilized as a viable supplemental
energy source by the energy procurer. In cement, the residual wire in TDF is
an asset, since it can replace the more expensive iron oxide or slag purchased
by the kiln operation as a key additive in the manufacturing of cement.

2.2.4 Tests for the Various CRM and TDM Materials

As the CRM technology has evolved from the typical coarse grades of 10 to
40 mesh (2000 to 420 microns) to the finer (180 to 75 microns), the need to
find alternative or improved test procedures and definitions has grown. The
dynamics of the CRM particles change as the particles are ground finer and
finer. In the case of a wet grind, the particles resemble the surface of carbon
blacks. This surface morphology tends to make the particles want to inter-
lock, and they appear to agglomerate. When slight pressure was applied to
this mass, the particles easily crumbled. However, when tested on a shaker
screen, these agglomerates did not readily break apart; thus, reproducibility
of the test procedure was unreliable. Therefore, a new set of testing param-
eters had to be developed for fine and superfine CRM materials. Now, small
balls are placed on each sieve screen to facilitate deagglomeration. There are
also a number of elegant instruments on the market that use laser technology
to measure not only the particle distribution but also the topography and
volume of CRM particles. These instruments provide very accurate analysis
of the CRM produced.

2.2.5 Contamination

For the tire recycler to meet the demands of the compounder or the final end
user, the recycled tire materials must meet the same standards of excellence
required for virgin materials. A higher level of quality assurance must be in
place when factory scrap is utilized. Even the factory or what the factory calls
“in process materials” are subject to contamination. To overcome these obsta-
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cles, certain practices need to be in place, not only after the tire scrap is collected
and shipped to the recycler, but also at the recycler’s processing site where
the scrap is converted into materials of higher value. Therefore, understanding
the process layout and operations at the factory where the scrap is generated
is necessary. There must also be close cooperation with individuals at the plant
to assure that material is source-separated for refinement at the recycler’s site.

If a plant’s polymer type is allowed to become contaminated or commin-
gled with other polymeric materials, no amount of source separation tech-
niques are practical, due to the logistics and economics involved. Therefore,
practices need to be in place at all levels (from the factory floor to the final
shipping to the recycler) to assure that a high-quality material can be pro-
duced that will meet everyone’s expectations. As required at the manufac-
turing facility, standard operating procedures (SOPs) must be set in stone
and be implemented, and a total commitment to these SOPs must be the
guiding light.

This chapter discusses the key elements for making scrap materials a value-
added material for compounding. The strategies for the production and
utilization of high-quality material produced from scrap have been greatly
influenced by the teachings of W. Edwards Deming. He has probably done
more for the modern industrial revolution than any other person in the
twentieth century. His principles reflect the desire for achieving and prac-
ticing a high level of excellence in all endeavors. His teachings should be
the foundation of recycling activities.

The principles that Deming formulated, and the concepts he proposed,
such as Total Quality Management and Continuous Improvement, are not
practiced by every company, but they are there for the taking. (If we would
be wise enough to do so.) Key to Deming’s philosophy about management
to enhance manufacturing is “doing it right the first time.” This slogan
suggested that a task should not have to be done over and over and that
taking back rejected goods from a complaining customer should not have
to happen. If the “doing it right the first time” slogan is ignored, the customer
confidence is adversely affected and remains extremely difficult to regain.
In that spirit, doing the job correctly the first time cannot be stressed enough.

If mistakes are made, and they will be, make absolutely sure to evaluate
them. Make checklists to ensure that jobs are done correctly and are
reviewed. This practice can be a tedious path; however, the rewards will be
reflected in strong customer relationships and a strong reputation that
reflects pride in the recycling industry.

2.3 The Tire Processor’s Commitment

Adding value is the recycling processor’s commitment. This can be broken
down into basically five major areas, as noted in Table 2.3.
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TABLE 2.3
Guiding Principles

e The Customer
* Quality

¢ Empowerment
¢ Teamwork

* Speed

TABLE 2.4
Quality

* Quality is everything we do.
* Being a low-cost producer/supplier provides focus.
¢ Six Sigma mentality in servicing our customers.

The customer is the “king,” but this notion is lost many times in daily
operating practices. In many companies the employees, the investor, or other
entities seem to come first. But without the customer, the recycler has no
income to keep the operation running. Thus, if the customer is made the
“king” and the recycler is his partner, this mindset will go a long way to
ensure that every job is done correctly, the first time. The recycler will then
realize the same joys as being a “king.” Growing a recycling business is like
growing a mighty tree; it requires a good environment for the roots to grow
and nourish the planted tree.

The quality of the product will reflect the recycler’s commitment to
maintain the customer in developing future business. The “speed” or
reaction time in which the recycler can handle an order, through successful
delivery to the customer, reflects the vitality of the recycler’s organization.

In today’s environment, just in time (JIT) is the standard for all industries.
“Speed” is critical to achieve success. Six Sigma is a method for building a
long-term, viable business. Table 2.4 reflects the essence of what quality is
all about, in conjunction with Six Sigma. Six Sigma in many organizations
simply means a measure of quality that strives for near perfection. It is a
disciplined, data-driven approach and methodology for eliminating defects.
The statistical representation of Six Sigma (Figure 2.2) describes quantita-
tively how a process is performing. To achieve Six Sigma, a process must
not produce more than 3.4 defects per million opportunities, or a 99.0066%
quality level. A Six Sigma defect is defined as anything outside of a cus-
tomer’s specifications. A Six Sigma opportunity is, then, the total quality of
chances for a defect.

“Empowerment” applies to all levels of recycling. The customer empow-
ers the recycler to collect, process, and deliver the goods. The recycling
business must expect its people to do their jobs at all levels, from the
salesperson taking the order, to the person receiving materials at the plant
site, to the production staff making sure the right quantities are processed
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30
25
20
15
10

Cost of Quality
(% of Sales)

Sigma Value

PPM 34 233 6,210 66,807 308,537 500,000
DPMO% 99.00066 99.98 99.38 93.20 69.15 50.00

%DPMO = Defect percentage per million opportunities

FIGURE 2.2
Cost Reduction Opportunity Six Sigma performances.

TABLE 2.5

Empowerment

® Means fully utilizing people closest to the work
— empowering them to make decisions.

® Requires the proper environment — allowing
people to understand and grasp the concept.

in a timely manner. Quality control has to ensure that the product meets
all specifications required by the customer. Combined, the concepts dis-
cussed above represent quality assurance. Table 2.5 reflects the concept of
“empowerment.”

The entire network of parties involved in recycling make up a team. Hav-
ing “value added” to the process will require “teamwork.” This goes beyond
the organization itself, to the customer, the shipper, and the performance of
the recycled products application at the customer’s manufacturing site. The
key principles of “teamwork” are listed in Table 2.6.

TABLE 2.6

Teamwork

* Empowerment is
Customer focused
Problem/issue focused
Cross-functional (business and operations)
* Only way to achieve targeted levels for customer is
Service
Quality
Speed
* Well beyond the capabilities of any one person is
Teamwork
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TABLE 2.7
Speed

e Translates into return on investments (ROI)
ROI = profits/assets
* Faster speed = lower costs
e Applies to all aspects of our business and ties to
low-cost producer/supplier concept (Kaizen)

2.4 Management’s Direction

Management must emphasize the need to serve the customers from every
aspect of the business. In so many instances, the fatal flaw by recycling
operations is assuming “all they have to do is build a facility, the customers
will send in orders, and profitability will be like a cosmic experience” The
recycler in many ways has to be an internal customer; employees must
recognize how they would want to be served, how they would want to be
contacted, and the fact that they demand high quality. When we buy a car
or a camera, we demand the highest quality of these items. The recycler
must always strive to provide the necessary tools and information to the
customer. This means supplying the highest-quality product for the appli-
cation, in accordance with what has been promised.

The receiving, processing, and delivery of a recycled materials in a timely
fashion will result in increased profits, improved efficiency, and overall low-
ering of costs of the recycled materials. This, in turn, allows the recycled
product to be more competitive with virgin materials. Table 2.7 illustrates
the concept of “speed” in the manufacturing process. The Kaizen concept is
discussed in a later section of this chapter.

2.5 Lean Manufacturing

One of the most important aspects in making recycling a viable entity is the
practice of lean manufacturing within the recycler’s operation. Lean manu-
facturing is an organized strategy that focuses on the elimination of waste.
Waste is defined as a non-value adder. A non-value adder is defined as any
cost that the customer is not willing to pay for. Like the manufacturer, the
recycler is trying to serve by providing high-quality end products. The
recycler, who processes polymers back into useful materials, must also be
cognizant of carrying out certain practices to ensure that costs are kept in
line. Examples of non-value-added actions, or malpractices, that can occur
and drive up operating costs are illustrated in Table 2.8.
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TABLE 2.8
Areas of Waste

Areas of Waste Example
Motion Materials overhandled
Overprocessing Recirculation
Transportation Forklifts /loaders
Overproduction ~ Poor planning
Waiting Grinding (commutation)
Inventory Work in progress
Scrap Trash

TABLE 2.9

Quality Control Practices (Four Methods)

1SO-9000 Certification

QS-9000 Certification

Kaizen Actively involved

Six Sigma An in-process, ongoing endeavor

The examples of waste shown in Table 2.8 can be expounded upon at
length, individually. In many instances, a major cost can incur when the
processor does not realize these areas of waste are occurring. It is suggested
that an outside consultant, recognized for manufacturing and materials-
handling expertise, be brought in to discover, advise, validate, and assist
production in converting inappropriate areas of waste activities (see Table
2.9) into positive outcomes.

Many factors need to be considered when processing scrap tires without
reliable markets. Understanding of the total synergy must occur with all
aspects of the recycler’s operation. The main aspects to be considered are
disposal of the fiber, reliable markets for the steel/rubber stream, the know-
how to identify potential resalable casings, understanding and budgeting
for preventive maintenance, and factoring in low disposal fees to attract
scrap tires. Other aspects to manage are well-trained, sophisticated profes-
sionals handling the sales of TDM and the procurement of the raw mate-
rials. A critical component for success is a management team that
understands the dynamics of the tire business, including the funding to
develop the business. A strong management team is required, and commit-
ted markets and a sound technology need to be in place before the business
can become a lasting reality.

In reviewing the experiences of the past, the tire recycling business is built
on perceptions that do not meet reality. Normally, no technical persons or
persons with hands-on experience are involved, so a very poor concept of
what the scrap tire operation can really achieve is the norm. The acumen
needed is a balance of all these factors of financing, market position, tech-
nology, a strong management team, and an understanding that developing
the markets will take time and patience. The tire recycling operation is
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definitely an entrepreneurial business and must be treated as such. In many
cases, tire recycling is underfunded, with many entrepreneurs lacking the
knowledge of all the aspects of the business. Without the funding to purchase
sufficient and required equipment and lacking the ability to understand the
evolving markets, the prospect for a successful venture is limited. The tire
recycling business is becoming a dynamic and professional business, requir-
ing individuals to meet the demands of technology in this industry.

Improved process control can also result in reductions in direct labor
costs, reductions in damage to the final product, and an increase in “work
in progress.” The more times a product is handled, the greater the chances
are that it can become contaminated or damaged. The appearance and
quality of the final product is paramount in selling recycled materials.
Education, enthusiasm, and endurance are keys to making lean manufac-
turing a success.

2.6 Quality Assurance and Quality Control
(Continual Improvement)

Lean manufacturing practices can develop by applying a number of control
practices and manufacturing methods. Many articles have been written on
this subject; the purpose of this chapter is to familiarize the recycler with
these practices and, perhaps, influence companies to become certified in
quality assurance standards. The automotive industry is demanding the
supplier to be at least ISO certified, and now ISO is being combined with
the QS certifications to go to the new TS-16949 standard. Initially, there was
much resistance to this international standard; those manufacturers who
have embraced the ISO, QS, and the other standards, however, have found
many other benefits, from improved monitoring and tracking of their own
internal activities to in-process improvements. In many cases, it has brought
a high degree of consistency to their everyday work practices and has helped
their business operations to be more cross-functional and consistent.

A definition of quality was given in the Introduction. However, the practice
of “quality” becomes “Quality Control.” Quality control is a system for
ensuring the maintenance of proper standards in manufactured recycled
goods, especially through random and frequent inspections. This takes time
and personnel; however, returned material is costly, and lack of customer
confidence is very hard to regain. In some instances, “lost customer confi-
dence” is never regained. What is the final financial loss to the processor if
this occurs? This section discusses the four methods of quality control, which
are also listed in Table 2.10. [Note: ISO is not being replaced. It has been
revised. ISO certification can still be held independent of TS. QS will be
replaced by the TS standard.]
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TABLE 2.10
1SO-9000 Certification

¢ Internationally adopted and recognized system.
* Emphasis on documentation of process and procedure.
Includes document and control and calibration of
gauges, tools, and other measuring devices.
* Provides vehicle for training and subsequent consistency.
¢ Application of every function of business.
ISO-9000 is the standard for manufacturing operations

TABLE 2.11
QS-9000 Certification

¢ Originally developed by U.S. automotive manufacturers.

® Mirrors ISO-9000 in many respects and modules.

e Customer requirements drive the details.

* Supply chain management is a key element.

® Supplier requirements vary by manufacturer (Ford, GM, Daimler Chrysler).
¢ Incorporates concept of continuous improvement.

TABLE 2.12
TS-16949 Certification

¢ Internationally adopted and recognized system.
¢ Emphasizes process flow, customer requirements, and documentation.
Includes document control and calibration of gauges, tools, etc.
® Places responsibility for the system with the top levels of management.
e Provides vehicle for training and subsequent consistency.
* Application of every function of business.
ISO-9000 is the standard for manufacturing operations.

Until recently, many recycling operations were not required to have ISO-
9000 certification. However, as demands are placed on all areas of the man-
ufacturing industry, suppliers, including the recycler, are being required to
become certified in order to do business. To service the automotive industry
as a tier one supplier, TS certification is required. The TS standard includes
all of the requirements of ISO-9000; therefore, ISO-9000 certification is the
first step toward TS certification. So the requirements of being in the supply
chain as a supplier, especially to the automotive industry, have been raised
to a new, higher level of commitment. Recognizing these standards is very
important for the growth of the recycling polymer industry — not just in
automobile manufacturing of parts and assembly, but in many other nonau-
tomotive manufacturing and service industries as well. Certifications and
the maintenance of these certifications are expensive; maintenance is a very
intensive, ongoing process, with yearly audits to ensure that compliance is
being met and to keep the certification. Table 2.10 and Table 2.11 list the
definitions for ISO-9000 and QS-9000 certifications. Table 2.12 is the frame-
work for the new TS-16949 definition.
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TABLE 2.13

Kaizen Definition

¢ Definition — Literally means to break down and put
back together by continuous improvement.

¢ Key Focus — Reduces waste and identifies non-value-
added activity. Stresses workplace organization,
cleanliness, and general housekeeping. “Poke Yoke” is
the process that utilizes involvement of the employees,
measurements, and the reduction of risk and errors. Fast
change is a concept that means “just do it mentally.”

TABLE 2.14

Six Sigma Practice

A heavy emphasis on customer satisfaction.

Mathematically means 3.4 defects per million.

GE, Motorola, and Cooper Standard are some big proponents.
Focuses on quality improvement through waste reduction and
employee involvement.

* Lower costs are an end product of the process.

Unlike in the past, the new standards directly involve top management,
including the president’s interaction with the entire certification and main-
tenance process. Commitment and cross-functional activities at all levels of
the company are now involved. This is no longer a delegated responsibility.
It will take teamwork to keep an active status in TS.

To fully implement the certifications, to improve the operation within a
recycling company’s facility, and to minimize variances from quality, Kaizen
and Six Sigma practices are the tools for achieving success. These practices
have been demonstrated as proven paths for achieving quality and perfor-
mance. The definitions of Kaizen and Six Sigma are listed in Table 2.13 and
Table 2.14. And, again, Figure 2.2 shows Six Sigma performance in ppm (parts
per million) or %DPMO (Percent Defect Performance per Million Opportuni-
ties); Six Sigma performance can be directly related to cost reductions, which
means long-term viability for a polymer recycling facility. The concept of Six
Sigma for a 3 process results in 6.6% defects when the customer specification
is for no defects. By reducing variability, we can make a robust product or
process. The before-to-after effect of reducing variations is shown in Figure
2.3. Good operating practices mean staying in business for the long term;
again, examples of these practices are shown in Table 2.13 and Table 2.14.

Kaizen practices include greater employee involvement and making visual
measurements. “Poke Yoke” pursues standardization and change over
reduction. Better lighting, housekeeping, and general adherence to safety
rules, along with daily meetings, result in changes to improve the process
and reduce bottlenecks. These practices, followed by tracking performance
to goals, will help to develop a first-class recycling operation and to create
a climate of excellence.
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A 3-Sigma example.

Six Sigma examples are a reduction of product manufacturing cycles and
a reduction of non-value-added time, labor, processes, parts, and products.
Six Sigma incorporates the concept of continuous improvement. As the recy-
cler begins the path of statistical control to an initial target of a one-sigma,
value, operational results, and the customer will be realized. Six Sigma is
the ultimate target or goal.

Achieving sigma values of greater than one is no small feat. A returned
truckload can mean over 44,000 units of defective parts alone if the tracking
system is based on one pound as a unit. Other incidents, such as throwing
away 50,000 pounds of good rubber that may have been lost due to mis-
handling or poor processing, also add to the defect list. These two inci-
dences alone bring the total to over 90,000 defective units, putting the
recycling operation between two- and three-sigma. This does not take into
account other incidents that may lead to lost opportunity and increased
costs. It is very difficult to achieve a one-sigma in any organization but
applying the principals discussed will open up new vitality for an operat-
ing business.

2.7 Analyzing the Outcomes

The tire recycler must analyze the customer requirements. Figure 2.4 depicts
what the customer wants and Figure 2.5 shows what the customer does not
want. These figures illustrate an example of supplying precise rubber grada-
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Uncontrolled rubber gradation.

tion by staying in the boundaries of the upper control limit (UL) and the
lower control limit (LL). In Figure 2.5, the product curve is outside these limits
and, therefore, not acceptable. With today’s sophisticated analytical testing
equipment, the customer has on hand the necessary equipment to measure
and analyze many of the parameters set forth in their expectation. Examples
of commonplace testing equipment include particle analyzers and chemical
analysis instruments. When a simple matter of controlling the ash content in
a CRM is not met, poor tensile properties in the final compound can result.
Figure 2.6 and Figure 2.7 show a comparison between not controlling the ash
content in an 80-mesh whole tire crumb rubber vs. tight control of the parti-
tioning agent. The customer’s product is seriously jeopardized by insufficient
attention to one simple processing practice that needs to be standardized.
Attention to reducing errors by monitoring and calibration of the partitioning
agent keeps the overall ash content in line with the customer’s expectations.

Figure 2.8 summarizes good process control, being off target, and excessive
variation. The goal is to reduce variation in the scrap tire manufacturing
process and to reduce the overall number of defects.

Many times, the tire recycling industry looks only to improvements in pro-
duction and not to see if the TDM is transported and delivered in a timely and
professional manner. However, to the customer, on-time delivery is also very
critical. Late deliveries can mean lost production and incurred costs on the part
of the supplier and the end user. Perception can play a big role. An example
is how a producer thought an improvement had been made to a product, but
the customer had the opposite view. Figure 2.9 illustrates this example and
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shows that the mean time for delivery cycles did improve from 15.8 to 11.2
days, but the standard deviation did not, 7.0 to 9.0 days. These results have a
negative perception by the purchaser of the processor’s material, whereby only
the combined outer limits of both mean variations are viewed in combination.
The processor must be careful to analyze the net effect of improvements and
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Loadings, phr
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A
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>
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the scope of the improvement on the impact to his customer.

2.8 An Overall Strategy for Success and Perception

For starters, attempting to improve things by repeating the processes of the
past simply doesn’t work. Innovation, imagination, and persistence will be
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the foundation for tomorrow’s survival. If the position of mediocrity is taken,
the result will be the inability to promote it, to fire it, or to win with it.
Remember that quality is an inherent distinguishing characteristic, a per-
sonal trait, and superiority of kind.

2.8.1 Chemical Characterization Methods

Running a lean manufacturing facility and applying the practices of Kaizen
and Six Sigma philosophies are the foundations for developing quality assur-
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TABLE 2.15

Chemical Characterization Methods

TGA (Thermal Gravimetric Analysis)
How much of each piece is present?
FTIR (Fourier Transform Infrared Spectroscopy)
What chemical pieces are present?
DSC (Differential Scanning Calorimetry)
How do the pieces change with temperature?
SEM (Scanning Electron Microscopy)
What does the material look like?
XRF (X-ray Fluorescence) Spectroscopy
How much of each element is present?

ance for recycled polymers. What is needed next is to have in place a system
for conducting polymer characterization. Most companies use physical test-
ing such as tensile, tear, elongation, modulus, etc. A few companies use
chemical characterization. Characterization tells the technician what is there,
how much, and what it is like. It can also show how the chemical is put
together and what it can do. We must familiarize ourselves with the char-
acterization techniques for polymers and select the appropriate equipment
for the operation and customer needs.

Table 2.15 lists the chemical characterization of the methods now available
to the recycler. Probably the most valuable tool for characterization in quality
assurance is thermal gravimetric analysis (TGA). The TGA provides infor-
mation on the quantity of each piece or ingredient present. The information
is quantitative and is an exact percentage of each piece. The formulation of
the compound can be reconstructed from the data. However, the TGA should
be used as a QA/QC tool and not as instrument to inspect your client’s
materials. The TGA should be used to make sure that there are no other
contaminants, such as other polymer types, in the customer’s product. Ther-
mal stabilities can also be determined, and the various gaseous environments
can be used. A typical TGA graph is shown in Figure 2.10 of a whole tire
-80-mesh CRM produced from Rouse Polymerics” wet process.

Fourier transform infrared spectroscopy (FTIR) provides information
about the chemical functional groups in the material. A spectrum is a chem-
ical fingerprint of the compound and can be shared via libraries. Addition-
ally, spectral software and library matching techniques make this tool fast
and efficient. The attenuated total reflector (ATR) unit is an instrument with
the ability to quote instant “information” on most polymer compounds. The
microscope attachments to the FTIR allow up to 10 micron views and surface
maps. For high-end compounds, the FTIR gives the assurance that the pro-
cessed materials are the exact materials the customer has shipped. These
data also provide the backup confidence that this is the material the customer
has requested. It is like receiving blood; you want a chemical match.

The DSC provides information on chemical transitions that compounds
go through with temperature changes. It gives the glass transition temper-
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Typical TGA of whole tire -80-mesh CRM.

atures for rubber-based materials. It can also give the melting points of TPEs.
Additionally, the DSC gives recrystallization points of TPEs and purity infor-
mation on rubber chemicals and additives.

The SEM provides pictures of the surface of the compound from 10 times
to 150,000 times. It also provides elemental information on spots via energies
vs. x-ray analysis and can give a chemical map of the surface. This can be very
useful in fracture analysis, dispersion analysis, and contaminant identification.

XRF provides elemental information from a few percent to ppm of all
elements from Na to U. It can evaluate solid, liquid, or powder forms. It is
also useful in identifying trace ingredients and for positive identification of
materials.

Many of these instruments cost under $100,000 each. The instruments in
Table 2.16 are in order of priority. From these instruments, information can
be obtained about what is happening from a quality assurance standpoint
in a recycling operation, especially in handling and processing very critical
polymers used in seal applications. The TGA is the workhorse in many plants
and is a must if the recycler is going to provide high-quality materials to a
manufacturer. Tests need to be run often and randomly. These results can be
summarized in statistical report form. This detailed information is critical to
having a successful operation. In the case of the DSC, FTIR, or the SEM,
testing can be done by many reputable laboratories to obtain the necessary
information, on an as-needed basis.

For an operating recycling business, a collection of representative samples
can be sent from the production site to a laboratory overnight, and the
information can be e-mailed back to the facility prior to shipment. Charac-
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TABLE 2.16

Particle Equipment Comparisons

Sieve Analysis Laser Particle Size Analysis
Limited to 6 data points Hundreds of data points
Limited by screening efficiency = Gives accurate measurements

to 125 micron 0.2 microns below
Smallest particle diameter Largest particle diameter
measurement measurement
Large sample size Small sample size less than
5 grams
Materials must be dry Can be either dry or wet
materials

terization methods are necessary in very high-quality, specialty polymers
such as fluoroelastomers and the silicone families. The Web is very useful
in locating analytical laboratories that can perform the characterizations that
may be required in a certificate of analysis.

2.8.2 Other Methods

For most rubber recycling processors, size measuring equipment is the most
necessary and most valued piece of equipment. In addition to particle gra-
dations, consideration should be given to surface morphologies, particle con-
figuration, total surface area, specific gravity, and bulk density. All of these
are important values concerning the quality and type of grind the polymer
was subjected to. They can also indicate the quality of resultant polymer
processed when the polymer is compared against a known similar polymer
gradation as a standard. Such data can be important for the compounder to
know when evaluating polymers, especially on a volume cost basis.

In most compounding applications, the rule, “the finer the particle is
ground, the better it can be compounded into the mix,” applies. The finer
the particle is commutated or ground, the greater the surface areas; this can
be an important key in ensuring that the material can be uniformly dispersed
in a compound. When compounds are ground to finer sizes from a general
mass of the same compound, it is easier to remove contaminants and thus
improve the quality of the final product. However, cost must be taken into
consideration, since grinding to fine size, normally less than 80 mesh (125
micron) or less than 200 mesh (75 micron), increases the cost.

The pan screening sieve analysis has been the standard. This technique
uses pans stacked on each other, with decreasing screen openings as the
powders or granules move down through consecutively smaller screens by
gravity and the help of small rubber balls. However, as the commutation or
grinding technologies have advanced, the need to find better ways to mea-
sure particle size has become important. Today, laser instruments can be
used to measure the exact dimension of particle size over a wide range of 1
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FIGURE 2.11
Typical printout of a laser particle analysis of a -80-mesh CRM.

millimeter to 1 micron very accurately and efficiently. For coarser materials,
the standard shaker screen test is sufficient. Figure 2.11 represents a state-
of-the-art particle analysis of a wet processed —80-mesh CRM. The software
in many of these modern laser analyzers can configure the data into many
different formats, from the one shown in Figure 2.11 to S-curves.

Table 2.16 lists the comparison of the standard sieve analysis to the laser
technology.

Quality assurance is only as good as the instruments that are available.
The technologist trained to operate these instruments and evaluate the result-
ant data plays a key role in maintaining the standards of the final shipped
product. More test data enables a more appropriate response to maintain
continuous improvement and avoidance of defects.

2.9 Implementation

The practice of processing polymers recovered from the factory or the con-
sumer stream requires attention to details, as outlined in Table 2.17, Quality
Control Flow Diagram. These simple steps are often overlooked or bypassed.
Omissions will lead to errors, and errors are costly. The processor seeks to
establish procedures that are satisfactory to the end user, thereby enabling
consistency in a quality product.

Figure 2.12 illustrates the essence of a balanced approach to all of the
activities mentioned in this paper. On one hand, there has to be “focus in all
our activities,” which includes the business and profitability section with the
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TABLE 2.17
Quality Control Flow Diagram

Customer order received

Order entered into system

Production schedules the run
1
Raw materials are received and inspected by QC department

1

Material is manufactured and tested by QC department
QC inspects the final packaging to ensure proper packaging and marking
1

Material is shipped to customer

Measure

3

’ Analyze §

[ Systematic, Scientific, Fact-Based Process

FIGURE 2.12
A total systems approach.

cultural transformation. On the other side are the “principles” that give the
direction and alignment, the competitive factor, the performance, and most
important, the foundation comprising the ethics and integrity, mutual respect,
and the openness and trust within the organization and with the customer.

2.9.1 A Suggested Approach

General Electric, in its approach toward being objective about quality assur-
ance, uses Figure 2.12 to illustrate its focus on constant improvement. The
circular movement in a systematic, scientific, and fact-based process allows
for continual improvement to reduce defects and improve long-term profit-
ability and a healthy viability.

The Define is “What are the Customer’s expectations of the process?” As
discussed earlier, the type of process, say a mechanical grind vs. a cryogenic
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Balanced approach.

impact to a wet method, will have an impact on the customer. By Measure
we are asking “What is the frequency of the defects?” Obviously, with fewer
defects, we achieve greater confidence. At Rouse Polymerics, over 90,000
TGA were run on approximately 40 million pounds of fine CRM powder
production in 2000. This was totally unheard of by a CRM producer. How-
ever, the Rouse facility was world renowned for its commitment to quality.
It was generally felt that even better sampling methods and more samples
needed to be run to ensure that the quality was not compromised in any way
and the process was operating at its optimum level. What you can measure,
you can analyze. By this we mean why, when, and where do defects occur.
This leads to improvement. To improve, we can now ask the question, “How
do we fix the process?” And finally, we can implement a process for control
so we can ask the question, “How can we make the process stay fixed?”
As noted earlier, mediocrity cannot be promoted, it cannot be fired, and
you cannot win with it. Success comes to those who pay attention to details,
apply QA/QC as the cornerstone, and are the very best in all endeavors.
Generally, all tire processing operations are businesses that can dramati-
cally improve performance. Applying your best resources will produce the
best results. Customer satisfaction always seems to improve as quality
improves. A dedicated client means continued revenues. Employee job sat-
isfaction generally increases as a result of quality improvements. The bottom
line will typically become lower, resulting in improved profitability if we
define, measure, analyze, improve, and control our facilities operations.
Figure 2.13 represents the final essence of balance between the processor’s
focus and principles. Focus is the business growth and profitability, based
on a firm cultural transformation as the base. On the other side of the
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equation are the principles that guide the operations. These include direc-
tional alignment, competitiveness, performance, and the foundation of the
company. The Balanced Approach pyramid of Figure 2.13 contains the key
elements for achieving true balance within an operation.

2.10 Summary and Conclusion

Various ideas have been discussed. Many of the practices presented can be
grouped together, such as lean manufacturing and Six Sigma to become a
“lean Six Sigma.” Certain analytical tools can be employed to monitor quality
and a strong mindset by management. The operating personnel have to be
in place to achieve a first-class quality assurance system. By adhering to the
practices presented in this paper, the use of recycled polymers as a value-
added material can be a reality. This reality, in turn, can spell success for the
processor of valuable polymers to be used as a strategic raw material back
into existing or new compounds.

References

1. The American Heritage® Dictionary of the English Language, 4th edition, Houghton
Mifflin Company, 2000.

2. The Rubber Roller Group Handbook, 1968, page 106.

3. Barnawal, K.C. ASTM Standards & Testing of Recycled Rubber, Akron Rubber
Development Laboratory, Rubber Division, ACS Meeting, San Francisco, CA,
April 29, 2003.

4. Marks Standard Handbook for Mechanical Engineers, McGraw-Hill, 1978, pages
17-19—17-20.

5. 9" Annual Global Plastics Environmental Conference (GPEC), Proceeding Book, Feb-
ruary 26" & 27, 2003, Detroit, MI, pages 127-135.

6. Personal notes of Michael Rouse (1988 to 2003).

7. Rouse, Michael, Quality Assurance as a Value Added from Recycled Polymers,
American Chemical Society, 163 Technical Meeting, San Francisco, CA, April
23-30, 2003.

8. International Silicone Conference, April 22-23, 2003.

© 2005 by Taylor & Francis Group.



3

Untreated and Treated Rubber Powder

Wilma Dierkes

CONTENTS
3.1 Introduction
3.2 Grinding Technologies
3.2.1 Cutting and Shearing
3.21.1 Cutting
3.2.1.2 Milling
3.2.1.3  Extrusion
3.214 Disk Grinding
3.21.5 Grinding in a Pellet Press
322  Grinding by Impact
3.22.1 Grinding in the Rubbery State (Ambient and
Wet Grinding)
3.22.2  Grinding in the Glassy State (Cryogenic
Grinding)
3.23 Grinding by Physical or Chemical Processes
3.3 Applications of Untreated Particulated Rubber
3.3.1 Rubber Products
3.3.1.1 Products from Pure Rubber Crumb
3.3.1.2 Products from Untreated Rubber Granulate
and a Binder
3.3.1.3  Use of Untreated Rubber Powder in Rubber
Compounds
3.3.1.4 Blends with Thermoplastic Materials
(Polyblends)
3.4 Surface Treatment of Rubber Powder
3.4.1 Chemical Activation
3.4.1.1 Addition of a Polymer and/or a Curing
System
3412 Grafting
3.413 Swelling
3.4.1.4 Halogenation

© 2005 by Taylor & Francis Group.



3.4.2 Physical Activation
3.4.3 Microbial Treatment
3.44 Superfacial Devulcanization
3.5 Applications of Surface-Treated Rubber Powder in
Rubber Products
3.6 Summary
References

3.1 Introduction

Alot of effort is put into the improvement of the quality of recycled rubber,
reflecting on the one hand the high interest in rubber recycling, and on
the other hand indicating the difficulties of the recycling process. Rubber
recycling, in general, is a multistep process that begins with grinding the
rubber material, separating contaminants and reinforcing material, and
possibly upgrading the rubber powder by surface treatment or reclaiming.
Some processes recently developed for this purpose are more academic in
nature, mainly due to the high costs of the treatment. Others have a good
potential to be introduced in the rubber recycling industry for the produc-
tion of a high-quality recycled rubber product that can compete with virgin
material in terms of consistency, purity, and costs. This chapter provides
an overview of all processes for rubber grinding and surface treatment of
rubber powder.

3.2 Grinding Technologies

The processes used for grinding of rubber are based on cutting, shearing, or
impact, depending on the equipment (knife, shredder, granulator, extruder,
disk grinder, or impact mill) and the grinding conditions (ambient, wet, or
cryogenic grinding). The choice of the process is based on the requirements
for the final product, such as particle size and particle size distribution,
morphology of the particles, and purity of the rubber powder.

3.2.1 Cutting and Shearing
3.2.1.1 Cutting

Cutting, in general, is only a precomminution step for rubber parts, such as
tires, in which rubber products can be reduced to a particle of size a few
centimeters. In a subsequent step, the coarse material can be ground to a
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finer rubber granulate or powder by using a different grinding process. The
equipment used for size reduction of large rubber pieces by cutting are
hydraulic or mechanical knives. Processes used on a larger scale are based
on a combination of cutting and shearing, due to the high wear of the cutting
equipment. Once the cutting blades get blunt, the material is no longer
simply cut but also sheared, and the final process is a mixture of cutting
and shearing.

The next level in comminution is shredding of the material. A shredder
consists of two sets of counter-rotating cutting blocks with a speed of 20 to
40 rpm (revolutions per minute). The final size of the shredded material is
a few centimeters (average 5 x 5 cm), depending on the geometry of the
cutting blocks.!> Granulators consist of a rotating shaft equipped with
knives. They rotate in a stationary barrel also equipped with knives. The
rotation speed is 100 to 1200 rpm. The finest particle size which can be
produced on this type of equipment is approximately 2 mm (millimeter),
and the granulometry can be adjusted by a sieving unit separating the fine
fraction from the coarse fraction, which is transported back to the mill.* The
same principle is used for rotational cutting. For this process, the mill is
equipped with stationary and rotating knives, but the knives are not neces-
sarily parallel with the axis of the rotor. Depending on the angle between
the knives and the rotor axis, the gap between the knives varies in shape
and size.”

3.2.1.2 Milling

Specially adjusted mills, called crackermills, are used for rubber grinding.
At least one of the rolls has a corrugated surface, and the rolls counter-rotate
at a speed of 30 to 50 rpm with a very narrow gap and large friction. The
final particle size is determined by the profile of the rolls, the gap and the
friction between the mill rolls, as well as the cooling efficiency.'® Alterna-
tively, the corrugated roll can be placed in a stationary barrel, and the
material passes the clearance between roll and barrel wall. The roll can be
centered in the barrel but can also be mounted excentrically.®

A flow sheet of a typical grinding installation is given in Figure 3.1.° The
material is pre-ground in a shredder, and fine grinding is done on a crack-
ermill. A fabric separator is included to remove reinforcing material, for
example when passenger car tires are ground. The particle size is controlled
by sieve screens. The flow sheet also includes a reclaiming unit.

3.2.1.3 Extrusion

Twin screw extruders can be used for grinding of rubber. A grinding
extruder, as described in literature, is a twin-screw extruder equipped with
two independent co-rotating screws with a set of grinding elements.!? Start-
ing with a material having a granulometry of some millimeters, the final
powder can have an average particle size of a few hundred micrometers.
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FIGURE 3.1
A typical ambient grinding process.

During this process the rubber powder is thermally degraded on the surface,
resulting in a coarse and tacky surface. The extruder needs to have a very
high cooling efficiency for reducing the degrading effect. This process is
particularly suitable for grinding of soft materials.!

Solid-state shear extrusion (SSSE) is a mechanochemical grinding process.
The twin-screw extruder used in this technology applies high shear forces
and pressures to the material, which disintegrates under these conditions
and at the same time partly devulcanizes by rupture of sulfur cross-links.12-14

A comparable process is the elastic-deformation grinding (EDG) tech-
nique. This technique is based on the fracture of the rubber material in
multiple-stressed state under all-around shear and compression at ele-
vated temperatures.!®

In the high-temperature, shear-induced grinding process, a specially
adjusted screw is used: the middle part of the screw consists of a cylinder.
In this area, the material is heated up very fast, resulting in a superfacial
degradation and formation of microdefects. At a certain level of temperature,
pressure, and shearing forces, these conditions cause disintegration of the
material, resulting in a fine powder. The material can be ground down to a
particle size of less than 100 pm (micrometer) and is characterized by a high
relative surface area (3.0 m?/g).'
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3.2.1.4 Disk Grinding

In this process the material is ground between two grinding wheels that are
rotating with a high friction. It is possible to use direct water cooling during
the grinding process to increase the efficiency (wet grinding).® The final
particle size that can be achieved in this equipment is 500 um to 1 mm, but
the energy consumption for the production of the fine fractions is reported
to be high. When water is used as the cooling medium, the final particle size
can be 0.25 mm and smaller.!”!® A variation of this equipment is a mill
containing a single, vertically placed grinding wheel, where pre-ground
material enters the grinding chamber through a plunger.20

3.2.1.5 Grinding in a Pellet Press

In this process, the coarse rubber chips (50 mm) are consecutively passing
several pellet presses until the final particle size (approximately 2 mm) is
reached. The disadvantage of this process is an insufficient separation of the
reinforcing material 2!

3.2.2 Grinding by Impact

Impact grinding is based on collisions between rubber particles or between
rubber particles and parts of the grinding equipment. The particles need to
have a high kinetic energy to disintegrate during a collision; this is achieved
by acceleration to a very high speed inside the mill. Different types of
processes have been developed for this purpose.

3.2.2.1 Grinding in the Rubbery State (Ambient and Wet Grinding)

The concept of jet mills is an acceleration of the pre-ground rubber granulate
by the air jet. Once the kinetic energy of the particles is high enough, colli-
sions with other particles or different parts of the mill cause disintegration
of the particles.”?? Disintegration of the particles can also be achieved by
turbulences in the mill. A strong upside-down current of air is carrying the
rubber granulate through the mill. Inside the mill the current is turbulent,
and in this area particles collide and break. A high amount of energy is stored
in the rubber material, making efficient cooling necessary. Cooling is pref-
erably done by liquids, for example water or liquid nitrogen.

Water can be the impact-exerting medium and at the same time remove
the thermal energy from the rubber particles. An ultra-high-pressure water
jet allows the disintegration of a coarse granulate down to a rubber powder
with a particle size of 200 um. The strong water jet induces kinetic energy
into the particles and causes disintegration by impact. Disadvantages of this
process are the insufficient separation of rubber and reinforcing material, as
well as a high energy consumption caused by the drying step.2*
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In the resonance disintegration process, a very fine powder with a particle
size of less than 100 um can be generated, with a good separation of rubber
and reinforcing material. The rotors of this machine are horizontally placed
disks in vertically placed consecutive grinding chambers. The disks are
equipped with guiding rails, and the rubber granulate is transported over
the disks and through a centered opening of the separating plates. The
grinding effect is based on sudden direction changes of the particles (shear-
ing, impact), as well as resonance forces.”

3.2.2.2 Grinding in the Glassy State (Cryogenic Grinding)

The rubber material can be cooled down to a temperature in the glass
transition area by liquid gases (for example, nitrogen or air).? In the glassy
state, rubber can be efficiently ground by impact.

The most common cooling medium is liquid nitrogen. Cooling can be done
either prior to the grinding process or during grinding. The optimal grinding
temperature is just above the glass transition point.?”

Cooling of the rubber granulate before entering the mill can be done
directly on a conveyor belt, in an extruder, in a tunnel-style chamber, or by
immersing it in a nitrogen bath. Indirect cooling is done in a heat exchanger.
The liquid nitrogen can also be injected into the mill before and during the
grinding process. The type of mill used is an impact mill or a hammer mill,
and the disintegration of the rubber particles is caused by impacts between
the particles or with the different parts of the grinding equipment. The final
particle size that can be achieved is less than 0.6 mm.628%

The main difference between cryogenically ground rubber powder and
material ground in the rubbery state is the surface structure: the cryogeni-
cally ground material has a very smooth surface and a low specific surface
area (Figure 3.2),! making it less active for revulcanization than ambiently
ground material.

When cryogenically ground powder is blended with a rubber compound,
it fails to physically bind to the polymer. The ambiently ground material has

FIGURE 3.2
The surface structure of cryogenically ground powder (left) and ambiently ground powder
(right).
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FIGURE 3.3
The particle size distribution of ambiently vs. cryogenically ground rubber powder.

cavities on its surface where the polymer chains can penetrate, resulting in
a physical binding between polymer and rubber particle.

The nitrogen acts as an inert medium, resulting in a lower degree of surface
oxidation for the cryogenically ground rubber compared to the ambiently
ground material. Due to the exclusion of oxygen, the risk of a dust explosion
is also reduced.

The cryogenic grinding process, as such, is consuming less energy than
the ambient grinding process, but this comparison does not take into account
the energy consumption for pre-grinding and drying of the powder. The
wear of the equipment is lower for cryogenic grinding. This process has a
higher efficiency than the ambient grinding process, and powders with a
lower particle size can be produced. Cryogenically ground material differs
from ambiently ground powder in particle size distribution; cryogenically
ground powder has a broader particle size distribution compared to ambi-
ently ground material (Figure 3.3).5 The separation of rubber and reinforcing
material (steel and fibers) is more effective. Ambiently ground rubber pow-
der has a fiber content of 0.5% and a steel content of 0.1%. In cryogenically
ground powder, the contamination level is below the detection limit.2* The
rubber feedstock does not necessarily have to be fully vulcanized; unvulca-
nized material can be ground as well, but handling of uncured ground
material is more difficult because the granulate tends to agglomerate after
grinding due to its tackiness.

The values for the nitrogen consumption differ depending on the equip-
ment used. As an indication, the amount of approximately 0.5 kg (kilogram)
liquid nitrogen is reported to be necessary for grinding 1 kg of a 50 mm
rubber granulate down to a 2 mm rubber granulate.3 When the rubber
material is cooled prior to milling, the efficiency is found to be twice as high
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compared to cooling of the mill together with the rubber during grinding.
The cryogenic grinding process, making use of liquid air for cooling of the
rubber granulate, has a higher cost-efficiency compared to the liquid nitro-
gen process.426:32

Figure 3.4° shows a typical cryogenic grinding process, in which the gran-
ulated material is cooled prior to grinding. Comminution takes place on a
grinder, followed by separation of fibers and metal.

3.2.3 Grinding by Physical or Chemical Processes

A coarse granulate can be ground by swelling in a solvent and reducing the
particle size of the swollen powder by pressing it through a sieve or putting
it on a mill or on a grinder. The resulting fine powder is physically and
mechanically treated to remove the swelling agent, and then dried. Particle
sizes of 100 um can be achieved.®%

Fatty acids can be used for the same purpose. The material is milled
together with the acids and afterwards dispersed in water. After separation
from the watery phase the crumb is reported to have a particle size of 2 to
20 pm.%

In the ozone cutting process, the rubber articles, for example tires, are
exposed to high ozone concentrations. The material degrades by ozone
cracking, and in a subsequent mechanical grinding step the degraded mate-
rial is ground to a fine powder. The ozone treatment affects the material,
and after final grinding the resulting powder has a low surface activity due
to the oxidation by ozone.36%
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3.3 Applications of Untreated Particulated Rubber
3.3.1 Rubber Products

3.3.1.1  Products from Pure Rubber Crumb

Shredded tires are used as filler material in highway construction because
they increase the abrasion resistance and enhance the resilience.***° Concen-
trations of tire rubber used for these purposes are 10% to 20%. They are also
used as a soil improver because they increase soil aeration and as backfill
material for noise barriers. No negative effect of leaching of, for example,
zinc oxide was found.*! Rubber chips are used in foundations of roads, and
finer rubber crumb is used in blends with asphalt. Other applications are
absorbents for oil or wastewater.*

Rubber crumb can be cured by compression molding, but the quality of
such a product is rather poor. Typical values for a vulcanizate of ambiently
ground rubber are tensile strengths of 2 to 3 MPa (megapascal) and elonga-
tions at break of less than 100%, with tear strength and abrasion resistance
also being low. An adjustment of the curing conditions alone can improve
the properties of a product containing untreated rubber powder.

It has been found that a blend of a virgin compound with 70% rubber
crumb gave the same property profile as the virgin compound, when curing
pressure was increased to 150 bar.** A higher mechanical stability can be
achieved when the high-pressure, high-temperature sintering (HPHTS) pro-
cess is used. The curing pressure influences the properties of the vulcanizate;
in the pressure range between 20 and 80 bar, the tensile strength of the
vulcanized products increases. The higher the curing temperature, the
higher the tensile strength and the lower the modulus. For natural rubber
(NR), the optimal curing temperature is 200°C, and the curing time is in the
range of several minutes. It is stated that under the above-mentioned con-
ditions, free radicals are formed on the surface of the rubber particles. These
radicals combine to form bonds between the two phases, making the parti-
cle-matrix interface indistinguishable from the matrix. NR and styrene-buta-
diene rubber (SBR) powder provide a vulcanizate that has a lower strength
compared to the original material, while polysulfide rubber has the same
stability after revulcanization. Vulcanizates from NR powder can be further
improved by the addition of dienophiles (phthalimide, maleic anhydride,
or maleic acid) or dipolar organic compounds prior to sintering. The addi-
tion of cross-linking agents and anti-reversion agents reduces the loss in
properties. The reason for such a loss is assumed to be degradation of the
polymer backbone followed by a formation of conjugated dienes, resulting
in reversion effects. This effect can be reduced by the addition of sulfur and
anti-reversion agents.*3-

The HPHTS treatment influences NR and SBR powder differently: for NR,
the balance between cross-link scission and the formation of new cross-links
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is on the side of the cross-link scission, finally resulting in a superfacially
de-cross-linked material. For SBR, the balance is on the side of recombination,
resulting in a higher cross-link density and a higher modulus. Polysulfide
rubber does not undergo a net change of cross-link density.%

3.3.1.2 Products from Untreated Rubber Granulate and a Binder

Rubber granulate is widely used in the athletic and recreational areas (play-
ground surfacing, parking lots, equestrian footing, sports floorings, and
running tracks), in molded products (isolating sheets, solid tires, truck bed
liners, flooring tiles, railroad crossings, and traffic control products such as
crack-sensitive tiles), and in coatings.*->

Depending on the application, different particle sizes are required. Brake
linings, for example, can contain a powder with a maximum particle size of
approximately 0.8 mm. In carpet backing, a rubber granulate with a particle
size between 0.8 and 1.6 mm can be used, whereas in a carpet underlay the
particle size is between 0.6 and 2.0 mm. Molded products can be made using
a fine powder with a particle size of 0.5 mm, but can also contain a granulate
with particles sizes of 5 mm. Playground tiles, sports fields, and running
tracks can be produced using a granulate with a particle size of 1.6 to 2.5
mm. Shoe soles can contain fine rubber powder in the range of 0.4 to 1.6
mm. For road paving material, a powder with a maximum particle size of
0.8 mm is used, and railroad pads can be made from rubber powder with a
particle size of 0.4 to 1.6 mm.>* In most of these products, a high percentage
of rubber granulate is blended with a few percents of a binder. The most
commonly used binding system is polyurethane. The advantage of a poly-
urethane binder is a low curing temperature and pressure, allowing the
production of bigger preforms out of which the final products are cut or
stamped.?® The disadvantage of this system is the sensitivity of the binder
to humidity, making a drying step of the rubber granulate necessary. Due
to the polyurethane coating, the final product is hydrophilic, enabling water
to drain through a slightly porous sheet.>

Other binding systems like latex, together with a curing system, are also
used. One example for the application of such a product is stable mats. They
have the advantage of being resistant to hydrolysis under use conditions. A
further application is small, massive tires used for waste containers, for
example.”” Further, a coarse whole tire granulate bound with latex can be
used for products such as protection walls in highway building.%* A dis-
advantage of this technology is the more expensive curing process compared
to the polyurethane systems, because high pressures and temperatures have
to be applied to vulcanize these products. Therefore, they are less commonly
used than the polyurethane binding systems.

Solid ethylene propylene diene (EPDM) rubber granulate is also used as
abinding system. It is blended with the rubber granulate and other additives,
such as curatives and chalk, and cured into sheets that are used as floorings.*
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Rubber sheets and mats are widely used for noise and vibration damping.
No difference between waste material and virgin material has been found
in terms of damping efficiency. For railway applications, a noise reduction
of approximately 40% and a vibration reduction of approximately 30% can
be achieved.>

For special applications, other additives can be added, such as aluminum
hydroxide trihydrate for material requiring a low inflammability.®* Rubber
powder is used for making products with a special surface finishing, such
as a slightly rough surface.

3.3.1.3 Use of Untreated Rubber Powder in Rubber Compounds

Rubber powder is used in tire compounding, but the concentration used in
these compounds is limited to approximately 5%. This is due to the fact that
blending of rubber powder with a virgin compound influences the process-
ing behavior as well as the final properties of the product. The average loss
in mechanical properties by the addition of crumb is 1% for each percent of
powder added to the compound.®? This value has been found for a rubber
powder with a particle size in the range of 0.5 mm. Advantages of the
addition of rubber powder to a compound are shorter mixing cycles,
improved green strength and form stability of uncured products, reduced
curing times, improved air-venting during curing, and improved mold
release. Rubber powder can be used in several parts of the tire, such as in
the innerliner, ply coat, and treadcap of a radial tire.®

Other applications are hoses, belts, friction materials (brakes), trailer
bumpers, mud flaps, truck bed liners, brake pedal covers, door step pads,
air deflectors, and splash guards.®

3.3.1.3.1 Processing Properties

The addition of rubber powder to a virgin compound results in an increase
of the compound viscosity, an effect generally observed with the addition
of spherical particles, such as fillers, to viscous substrates. In the case of
rubber powder, the increase in viscosity can be described by the Einstein-
equation, describing the relation between the final viscosity 1 of the blend,
the initial viscosity 1, and the volume fraction of the filler ¢.%

n =ny(1 + 2.5¢)

This equation allows a rough estimate of the viscosity increase as a result
of the addition of rubber powder. It does not take into consideration the
morphology and chemistry of the powder surface, which are further influ-
encing factors for the viscosity. Ambient ground rubber powder leads to a
higher viscosity compared to cryogenically ground material, due to the
rougher surface. The virgin polymer is trapped in the cavities on the surface
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of the rubber powder, resulting in an increase of the effective volume fraction
of the rubber powder in the matrix.®

Scorch time and curing time of sulfur-cured compounds are influenced by
the addition of rubber powder; scorch time is decreased whereas curing time
is increased The final cross-link density is reduced by the addition of
untreated rubber powder. An explanation for this effect is the migration of
curing agents between the two phases; migration of accelerators from the
rubber powder into the matrix of virgin rubber results in an increased accel-
erator-concentration in the matrix and, therefore, a shorter scorch time.
Migration of sulfur from the matrix into the rubber powder particles causes
a lower cross-link density.%

For resin-curing systems, the curing kinetics and final cross-link density
are not influenced by the addition of rubber powder. In contrast to sulfur-
curing systems, no migration is taking place.*?

Other compounding ingredients, such as pepticides and anti-aging addi-
tives, also migrate from the matrix into the rubber powder, influencing the
performance of the final product.*®

3.3.1.3.2  Mechanical Properties

The influence of the addition of rubber powder on the final mechanical
properties of a compound depends on the following factors:

¢ History of the rubber waste

e Composition of the rubber powder

¢ Grinding process

e Purity of the powder

¢ DParticle size and particle size distribution
¢ Concentration of rubber powder

¢ Type of compound it is blended into

The history of the rubber powder refers mainly to influencing the aging
resistance of the final product. Ozone resistance of a virgin compound is
reduced by the addition of ground rubber powder, and the final ozone
resistance decreases with aging of the feedstock used for the rubber powder.
This effect is caused by a very low concentration of antiozonants in the
rubber powder, causing a migration of the protective agents from the virgin
compound into the rubber particle.®®

Ambiently ground rubber powder has less influence on the properties of
a rubber compound compared to cryogenically ground material. The poly-
mer of the matrix can penetrate into the cavities of the rough particle surface,
resulting in a physical-mechanical anchorage of the rubber particle to the
matrix. The surface finishing of a product containing ambiently ground
powder is smoother compared to an article containing the same amount of
cryogenically ground material.®”
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concentration: 20%).

Examples of the influence of powder particle size on the properties of a
compound are shown in Figure 3.5 and Figure 3.6.%7!

The compound viscosity increases by the addition of rubber powder, but
this increase is independent of the particle size. A decreasing particle size
results in less influence on the mechanical and dynamical properties of the
compound. The influence of a NR-based rubber powder with an average
particle size of 100 micrometers has been tested in a NR compound. Con-
centrations up to 50 phr (parts per hundred rubber) have been used, and
only a slight influence on the compound properties was found.*

The tensile strength of a compound containing rubber powder is reduced
due to the difference in modulus between the rubber particles and the matrix,
resulting in an increased tension at the interface. Tear strength can be
improved by the addition of rubber powder; the tear stops once it reaches
a rubber particle, because the strain concentrated at the crack tip is dissi-
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pated. The dynamic stability can be improved for polymers without crystal-
lization reinforcement. The compression set is negatively influenced.”

The influence of a rubber powder on the properties depends on the com-
position of the compound it is blended with; the better the properties of the
initial compound, the higher the influence of the rubber powder. A compar-
ison of a compound based on NR with a compound based on SBR shows
that the tear strength of the SBR compound is slightly increased, whereas the
tear strength of the NR compound is significantly decreased (see Figure 3.7).5

Investigations were done on homogenous systems, where the feedstock
for the rubber powder was comparable to the compound it was blended
with. A cryogenically ground butyl rubber powder was tested in an inner-
liner compound with a concentration of 15%. Blending of the rubber powder
with the virgin compound resulted in a decrease in tensile strength of
approximately 10%, a decrease in modulus of roughly 15%, and a reduction
of the air permeability by 12%.”!

EPDM powder has been tested in an EPDM compound in concentrations
up to 100 phr. The overproportional increase in viscosity of this blend was
explained with the rough surface structure of the rubber powder. Scorch
time was decreased when the rubber powder was added, caused by migra-
tion of curing additives between the EPDM matrix and the EPDM powder.
The torque values as well as the cross-link density increased up to loadings
of 50 phr rubber powder; at higher loadings they decreased again. The
increase of the torque at lower concentrations was explained to be a filler
effect. At higher concentrations, the migration of curing additives is the
dominating effect, resulting in lower cross-link densities.”

Polychloroprene (CR) powder with a maximum particle size of 0.32 mm
was used in a CR hose compound. The scorch time of this compound was
reduced by the addition of the powder. Tensile strength, elongation at break,
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and dynamic properties deteriorated, whereas modulus, hardness, compres-
sion set, aging properties, and low temperature behavior were not influenced.”

3.3.1.4  Blends with Thermoplastic Materials (Polyblends)

Thermoplastic elastomers commonly contain a thermoplastic and a rubbery
elastic component. One way to produce thermoplastic elastomers (also
called polyblends) is to mix the two components; in this case, the elastic
material can be a ground rubber powder. The polyblend, consisting of an
elastic and a plastic phase, can be cured during processing, resulting in a
thermoplastic vulcanizate. This material is used for shoe soles, mats, sheets,
and containers.

The rubber powder can be added to the plastic material prior to polymer-
ization. This process results in better properties for a system containing, for
example, a whole tire powder and polymethyl methacrylate, compared to
blending of the rubber powder and the ready polymer. Further improve-
ments were achieved when the rubber powder was treated with oxygen
plasma.” Improvements of the properties of a blend made from high-density
polyethylene (HDPE), low-density polyethylene (LDPE), or linear low-den-
sity polyethylene (LLDPE) and rubber powder can be achieved when the
particle size of the rubber material is reduced during the blending process.
A double-screw extruder can be used for blending and size reduction.”
Blends of different whole tire rubber powders with LLDPE have been inves-
tigated concerning the influence of particle size, particle size distribution,
morphology of the particle, and grinding process. For these systems, wet-
ground rubber powder results in a high impact resistance due to their higher
degree of oxidation. The properties of the blend are improving with decreas-
ing particle size of the rubber powder.” The impact strength of polypropy-
lene (PP) is increased by the addition of rubber powder from tires. For a
blend of this powder with polyamide-6 (PA-6), the impact strength is
reduced. Swelling of the rubber powder in paraffinic plasticizing oil to alter
its surface properties does not improve the properties.”

Virgin EPDM in a blend of 70% EPDM and 30% PP blend can be replaced
by ground vulcanized EPDM; the maximal amount that can be replaced is
45%. The limitation in concentration is caused by processing difficulties at
higher concentrations. The mechanical properties of this blend depend on
the morphology, the state of cure, and the degree of packing of the rubber
powder. It was found that the mechanical properties of the blend are initially
negatively influenced with increasing concentrations of the rubber powder,
but for higher concentrations an improvement of the properties was found.
The explanation given is that the degree of cross-linking is reduced with
increasing powder loadings, but at higher loadings this effect is counterbal-
anced by a filler effect, resulting in an increase of the mechanical strength.”
The melt flow rate of the plastic component is another key factor for the
properties of a blend with rubber powder. This conclusion was the result of
a study with ambiently and cryogenically ground rubber powders (0.177
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mm and 0.088 mm) based on SBR and EPDM blended with PP. Particle size
and blending time played a minor role.”

An important application area for thermoplastic elastomers is the shoe
industry. During the production of sports shoe soles, buffings are generated
that can be reused in soles. Blends from polyvinyl chloride (PVC) with 20%
rubber powder based on ethylene vinyl acetate (EVA) show higher impact
strength compared to the standard system (PVC blended with 5% of acry-
lonitrile-butadiene-styrene-copolymer). The influence of the buffings on the
properties of the PVC was dependent on type and concentration of the
rubber powder, but independent of particle size. The addition of compati-
bilizers gave further improvements in toughness. Tested were NR, SBR, BR
(butadiene rubber), liquid natural rubber, ethylene acrylic copolymer elas-
tomer, styrene-butadiene-styrene block-copolymer, EVA, epoxidized natural
rubber, and polyolefins as compatibilizers.8® Other compatibilizers are
grafted or block-copolymers, and their components are adjusted to the type
of rubber powder and the polymer of the matrix.8182 Another method to
improve the properties of a blend of a plastic material (polyethylene) with
rubber powder is a chemical reaction with ethylene and an acrylic acid
copolymer. This treatment enhances the impact strength of the blend.®

The properties of a blend of EPDM rubber crumb with PP are improved
by using a radical initiator (t-butyl peroxide) as a compatibilizer. For a blend
of SBR rubber powder with PP, a compatibilization can be achieved with a
phenolic resin and a Lewis-acid catalyst (tin chloride).®

The polyblends can be vulcanized during blending. The curing systems
used in this process are both sulfur- and peroxide-based. The mechanically
stabilized blend can still be processed like a thermoplastic material, but the
properties of this blend are improved by the vulcanization. A morphological
investigation has shown that the rubber particles are chemically bound to
the matrix.858

3.4 Surface Treatment of Rubber Powder
3.4.1 Chemical Activation

3.4.1.1 Addition of a Polymer and/or a Curing System

Several surface treatment processes are based on the addition of a polymer
alone or in combination with a curing system. When the treated powder is
blended with a virgin rubber compound, it forms chemical bonds between
the rubber particle and the virgin polymer. This chemical bonding results in
an improvement of the overall properties of the product containing the
recycled material.

The addition of a cross-linkable polymer and a sulfur-based curing system
can be done in a single-step process. The polymer added to the rubber
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powder is tuned to the polymer of the rubber waste, and the curing system
is adjusted to the curing system used in the final product. This method can
be used for NR, SBR, NBR (nitrile rubber), CR, and EPDM rubber. An exam-
ple is given for a truck tire tread rubber powder containing SBR and NR
and having a particle size of less than 0.42 mm. When this material is cured
without any further additives by compression molding, the resulting product
has a tensile strength of 8 to 12 MPa and an elongation at break of more than
200%.8788 A variation of this process is the addition of a liquid polymer and
a curing system. The polymers used in this process have molecular weights
of 1000 to 50,000 gram per mol; therefore, their viscosity is low. Water-free
copolymers containing styrene and butadiene or isoprene and homopoly-
mers from isoprene or butadiene are used. These liquid polymers are pre-
mixed with the curing system and added to the rubber powder. A powder
based on truck tires with a particle size of 0.6 mm, treated according to this
method and compression molded without any further additives, resulted in
a product with a tensile strength of 7.5 MPa.# The addition of only a curing
system is also sufficient to improve the properties of a powder vulcanizate.
For a tire-based rubber powder the addition of 10 phr sulfur and 2 phr
tetramethylthiuram disulfide (TMTD) gives the best properties after vulca-
nization at 150°C for 15 minutes.*®

Another process is based on the addition of a combination of the following
additives: an activator or accelerator, a retarder, a peptizer, a peroxide, and
an antioxidant. This process can be used for sulfur-cured rubber materials.
The rubber powder is mechanically devulcanized on the surface in an impact
mill at a temperature between 105°C and 135°C during a period of 1 to 4
minutes. The additives react with the generated active sites on the surface
of the rubber powder. The accelerators and activators react with the active
chain ends of the broken cross-links, making them available for a new vul-
canization reaction. The peroxide increases the cross-link density at the inter-
face between the rubber powder and the matrix. The final cross-link density
of the sulfur bridges in this area tends to be lower because curing agents
migrate into the rubber particle, reducing the concentration of curatives at
the interface. The antioxidants prevent oxidative degradation of the polymer
during the breakdown reaction.”* A chemical activation can also be achieved
by the addition of an amine, an oxide, and an alcohol. A dispersion of equal
amounts of a tertiary amine and an aliphatic or aromatic oxide in 1 to 10
parts of alcohol is added to the powder.*

Another process for coating a rubber powder with a polymer is to blend
the polymer with an oil. Ten percent to 25% polyoctenamer can be dissolved
in paraffinic oil at a temperature between 80°C and 100°C. This mixture is
blended with the rubber powder in a fluid mixer or a mixing extruder; the
concentration of the polymer-oil blend is 3 to 35%. A curing system and
other additives can be added simultaneously. This material can be vulcanized
without any further treatment, and the product has an improved tear resis-
tance compared to the untreated powder. The process can be used for NR,
SBR, EPDM,, butyl rubber (IIR), BR, CR, and NBR rubber. Examples are given
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for EPDM powder having a particle size between 0.5 to 1.5 mm and resulting
in a product with a tensile strength of 2.7 MPa and an elongation at break
of approximately 200%. The results for the NR-based material are 3.3 MPa
and 271% for a particle size of 0.2 to 0.5 mm, and for SBR-based material,
4.0 MPa and 207% for a particle size of 1 mm.”

3.4.1.2 Grafting

Silanization was tested as a surface treatment for rubber powder. First, the
rubber particles were treated with maleic anhydride, followed by an epoxi-
dation or hydroxylation, to create active groups on the surface of the powder.
These groups are then able to react with the alkoxy groups of a silane
coupling agent. The coupling agent is also able to react with the polymer
during the curing reaction due to the polysulfide-moiety. This treatment
results in an improvement of the properties.*

Acrylamide is another additive, and can be grafted onto rubber. Grafting
of a NR powder (particle size less than 0.25 mm) with acrylamide and
blended with a rubber compound resulted in an improvement of tear
strength, compared to a blend with untreated powder. Grafting with p-
nitroso diphenyl amine improved the chemical and thermal stability and the
aging resistance of this system. The dynamic stability, especially for polymers
with crystallization, was found to be improved as well.#3 Polystyrene can be
grafted onto the surface of a rubber powder following an oxidative treat-
ment. Different acids and peroxides as oxidizing agents have been compared
in terms of the final performance of the treated rubber powder in a polysty-
rene matrix. The best results were found with a benzoic peroxide oxidation.®

A grafting reaction can also be achieved by swelling the rubber particle in
an epoxidized or carboxylated oligomer. Grafting of a rubber powder with
an epoxidized oligomer (5 to 13% oligomer) resulted in an improvement of
the mechanical and dynamical stability after blending with a virgin polymer,
compared to the properties of the blend with untreated powder.®

3.4.1.3 Swelling

Rubber powder can be swollen in an oligomer, and oligomer chains then
migrate into the surface cavities of the rubber powder. When the treated
rubber powder is subsequently blended with a virgin polymer, the oligomers
can be chemically bound to the matrix, as well as to the rubber particle, under
the formation of a stable chemical link between the two phases. The final
products perform better in terms of mechanical and dynamical properties.**

3.4.1.4 Halogenation

Halogenation is a method to increase the polarity of the rubber powder. The
compatibility with polar polymers such as polyurethane is increased, and
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the surface of the material becomes more hydrophilic. It is assumed that
chlorination dehydrogenates the polymer and forms additional double
bonds, resulting in an increased curing activity. A positive effect of this
treatment was found for a blend of a tire-based rubber powder with poly-
urethane; the adhesion of the powder to the polyurethane was increased by
a factor of 5, compared to the untreated rubber powder.** A comparative
study was done with untreated and chlorinated rubber powder based on a
blend of NR, SBR, and BR. Chlorination of the powder increased the hard-
ness of the blends. In cases where a polar polymer was part of the matrix
(NR/NBR and SBR/NBR), the mechanical strength of the blend was
improved by the addition of chlorinated powder, compared to the blend
with untreated powder.%

3.4.2 Physical Activation

Rubber granulate can be activated in a low-temperature plasma field.
Depending on the medium in which the electrical discharge is taking place,
and the presence of reactive gases, the chemical composition of the surface
of the rubber powder is changed. The surface of the rubber particles becomes
more polar and hydrophilic. This improves the compatibility of the rubber
powder with polar binders or polymers. Media for the discharge are noble
gases, air, oxygen, or nitrogen. Reactive gases used for a chemical reaction
during the discharge are water, carbon dioxide, alcohols, and esters.*

3.4.3 Microbial Treatment

Different microorganisms are able to oxidize or reduce the sulfur in cross-
links. A complete oxidation of the sulfur leads to sulfate, whereas the reduc-
tion results in hydrogen disulfide.

Thiobacillus bacteria are able to oxidize the sulfur in polysulfidic bonds
to sulfate. The reaction is limited to a surface layer with a thickness of less
than 1 um, and the total degree of desulfurization for a rubber powder with
a particle size in the range of 0.1 to 0.2 mm is 4 to 5%. The reaction medium
is a watery dispersion with other nutrients for the bacteria, and the process
takes several weeks.”

The thiophilic bacteria Sulfolobus acidocaldarius is able to split carbon-sulfur
bonds. The reaction is a stepwise oxidation of the carbon-bound sulfur into
a sulfoxide, a sulfone, and finally to a sulfate. No improvement was found
when the material was oxidized to the stage of the sulfate. It is assumed that
the sulfate dissolves in the watery phase and the sulfur is, therefore, no longer
available for revulcanization. Only when the reaction is interrupted at an
intermediate stage, the sulfoxide or the sulfone stage, the sulfur remains
bound to the rubber and is still available for vulcanization.%-1%
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The bacteria Pyrococcus furiosus is able to reduce sulfur-sulfur bonds. It is
an anaerobic desulfurization resulting in cross-link-scission and reduction
of the sulfur to hydrogen disulfide.!%!

3.4.4 Superfacial Devulcanization

A superfacial devulcanization of a rubber powder can be achieved by a
mechanical breakdown of the rubber powder, together with the addition of
a reclaiming agent and other additives, such as curing accelerators (for
example, 2-mercaptobenzothiazole, tetramethyl thiuram disulfide), or acti-
vators (for example, aliphatic or aromatic amines). Different rubber powders
having particle sizes between 0.5 and 5 mm have been activated on a mill
using these additives. When blended with a virgin SBR compound, the
activated powder results in better aging properties and a higher abrasion
resistance, compared to untreated powder.1%

The mechanical activation process is based on bond scission (breaking of
cross-links as well as of polymer backbones) on the surface of the rubber
particle. The rubber powder is passed through a mill with a friction of 1:1.3.
The shearing forces are increased stepwise by reducing the gap between the
two rolls down to 100 um. The material heats up during this process, but
the temperature should not exceed 100°C. The preferable temperature for
this process is around 20°C to 30°C. The whole process takes 7 minutes, and
the material passes the mill approximately 100 times during this period. The
activated powder can be compression molded without any further additives,
and the vulcanization of a tire granulate with a particle size of 1.0 mm results
in a product with a tensile strength of approximately 5 MPa. This is a
significant increase compared to the untreated material, which results in a
product with a tensile strength of less than 1 MPa. The properties of the final
product are independent of the particle size of the rubber powder. The
following polymers can be activated according to this process: NR, isoprene
rubber (IR), IIR, SBR, BR, NBR, silicone rubber, and polyurethane rubber.1®

An internal mixer can also be used for mechanical activation. This process
is shorter, compared to the activation on a mill (approximately 20 seconds),
and the processing temperatures are higher. Less oxygen is present in the
internal mixer during the activation process. Tests were done with a rubber
granulate having a particle size of 2 mm, and the breakdown of the material
has been analyzed by measuring the sol fraction and the cross-link density.
The sol fraction increased during the process, and the cross-link density was
reduced to 30% of the original value. It is assumed that mainly the weaker
carbon-sulfur and sulfur-sulfur bonds are broken during this process.!0410

A treatment with caustic soda (NaOH) is reported to devulcanize the
surface of a rubber particle by removing the sulfur. This method has been
compared with an oxidative treatment with hydrogen peroxide in caustic
soda, and a plasma treatment in oxygen, hydrogen, and ammonia. The
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material was blended with polymethyl methacrylate, and for this system the
oxygen-plasma treatment gave the best results.1%

3.5 Applications of Surface-Treated Rubber Powder in
Rubber Products

Rubber powder can be cured without any further additives, but the resulting
product has a low mechanical stability. Some surface treatments consist of
the addition of a cross-linkable polymer and a curing system, providing the
basis for a good vulcanization of the powder as such. Curing can be done
by compression molding and also in continuously working presses, to pro-
duce mats and sheets. The minimum pressure necessary for a good vulca-
nization is 12 bar, and sheets with a thickness of approximately 3 mm can
be produced in a few minutes at a temperature of 150°C. The exact curing
time is depending on the curatives added to the rubber powder.

Surface-treated rubber powder has the same influence on the processing
properties of a blend as untreated powder does. The surface treatment nor-
mally aims at improvement of the properties rather than improvement of
the processing behavior. The main advantage in processing is an improved
ventilation during curing, especially in the case of tire treads. Other areas of
application are sieves in the mining industry, roofings, profiles, conveyor
belts, bladders, and carpet backings.!?

The influence of a rubber powder based on truck tire treads with a max-
imum particle size of 0.42 mm has been studied in a NR and a SBR com-
pound. Figure 3.8% shows the influence of a surface treatment based on the
addition of a polymer and a curing system, in comparison to untreated
powder. Tensile strength is reduced for both polymers, but the decrease is
less when surface-activated powder is used. In this case, the rubber particle
is bound to the matrix by the vulcanization reaction, resulting in a higher
stability of the material at the interface between particle and matrix. The
effect of an untreated powder is more comparable to the effect of an inert
filler. The same trend is found for compression set and rebound resilience;
treated powder results in less influence compared to untreated material.
Abrasion resistance is increased when treated powder is used. Tear strength
is increased when the treated rubber material is blended with SBR.%®

A similar investigation was done with increasing concentrations of treated
IIR powder in a butyl compound. The powder was based on resin-cured
bladder material, and was blended with a sulfur-curing butyl compound.
The surface treatment had been chosen to match the curing system of the
matrix. Despite the adjustment of the curing system, it was found that scorch
time was shorter and curing time longer. Tensile strength and moduli were
reduced. The mechanical properties of the material were improved by using
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FIGURE 3.8

The influence of surface-treated and untreated powder on the properties of an NR and an SBR
compound (truck tire tread powder, ambiently ground, maximum particle size 0.42 mm, surface
treatment: addition of polymer and curing system; percentage in the graph: concentration of
the rubber powder).

a finer powder, down to a particle size of 0.6 mm. The application of even
finer powders did not result in further improvements.!

Nitrile-based powder (buffings from shoe sole production) was chemically
activated and used in the same type of compound. When activated powder
was blended with the same amount of a virgin nitrile compound, the result
was a decrease in tensile strength and elongation at break, and an increase
of the modulus at 300% elongation.$%1%

In heterogeneous systems where the matrix is more polar than the rubber
powder, halogenation can improve the properties. A chlorinated whole tire
powder was blended with polyurethane, and a positive influence was found
on the coefficient of friction, the thermal stability, and the humidity absorp-
tion. Hardness and dynamic properties of the final blend were not influenced
by the addition of the treated rubber powder, but tensile strength and tear
strength were negatively influenced. Typical applications for this type of
blend are automotive parts, massive tires, and containers.!'0!!!

3.6 Summary

Generally, the first step in the recycling of rubbery materials is grinding.
Depending on the further treatment of the material (direct application, sur-
face treatment, or reclaiming), definite particle sizes are required. Factors
influencing the quality of a rubber powder are particle and particle size
distribution, purity, surface morphology, and chemistry as well as the feed-

© 2005 by Taylor & Francis Group.



stock used. Most of these factors are determined by the grinding process,
and the predominant differences between the processes are the temperature
of the material during grinding (around the glass transition temperature or
at ambient or higher temperatures) and the grinding mechanism (cutting,
shearing, impact, or chemical processes).

Quality improvements of the rubber powder can be achieved by a sur-
face treatment, resulting in an increased reactivity toward chemical or
physical bond formation with a polymer matrix in which it is embedded.
Chemical, physical, mechanical, and microbiological processes are used
for this purpose.
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4.1 Introduction

Utilization and disposal of used tires represent an enormous challenge to
industrialized countries worldwide. At the present time, there are over three
billion scrap tires in the U.S., and approximately 270 million are added
annually.! Incineration of tires would be attractive, but there is concern about
atmospheric contamination by particulate emissions. Stockpiles of tires cause
environmental hazards such as mosquitoes breeding and spontaneous fires
that are difficult to extinguish. Fire fumes emit smoke containing volatile
organics, metals, and other potentially harmful compounds. When worn
tires are landfilled, they leach some additives that may kill useful bacteria
in the soil.
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According to Blumenthal,? tires pose a paradox. Although an average new
tire made today has the longest wear, about 45,000 miles and some up to
80,000 miles, the number of scrap tires generated annually continues to rise
due to both an increased number of cars on the road and mileage driven
every year. The three major markets for scrap tires are tire-derived fuel, civil
engineering, and ground rubber applications. The latter use is of strong
interest with respect to an increased amount of recycled tire rubber in new
tire compounds. Several tire producers that use up to 5% of recycled tire
rubber conducted successful field tests. For playground surfaces, tire rubber
is applied in two different forms. One is a mat, sometimes covered by
recycled rubber, and the other is loose 1/4- to 3/8-inch pieces free of steel
and cord. This loose fill material has strong cushioning effect, lasts for a long
time, and is moisture resistant.

Although some quantities of scrap tires are used as a fuel due to their
high calorific value, the most desirable approaches to their reutilization are
recycling and reclaiming of raw materials. Tire rubber has been recycled
and reused for a long time, through the application of various techniques
involving size reduction by grinding, at either ambient or cryogenic tem-
perature. Each of these grinding techniques produces crumb rubber of dif-
ferent particle size and particle-size distribution and shape. Both
characteristics (size and shape) vary widely and affect the applications of
the tire rubber. Rubber crumb is utilized in many products: as a toughening
agent for thermoplastics, in rubberized asphalt, in athletic surfaces, and in
boat docks, among others.

4.2 Brief Review of Existing Tire Rubber Recycling Processes

At present, the major effort in tire rubber recycling is to reuse it as a finely
ground crumb, produced by mechanical grinding. This crumb is added as
a partial replacement of virgin rubber in various compounds. Unfortunately,
the amount of ground rubber used in these compounds is limited, due to
some loss in its physical properties. The search for better technologies that
will allow larger quantities of used tire rubber to be incorporated into new
products continues, and several new approaches have been successful.
These approaches include surface modification, ultrasonic devulcanization,
mechanochemical pulverization, new reclaiming techniques, and others.
Current recycling technologies used to convert scrap tire rubber into crumb
include size reduction and chemical processes to recover oil and energy.
Manuel and Dierkes,® and Myhre and MacKillop* categorized existing tech-
nologies as follows:

* Recycling: All processes where scrap tire rubber is converted into a
reusable material to make new products.
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* Reclaiming: Processes that break down vulcanized rubber by heat
in the presence of chemicals or high-pressure steam. The break-
down of scrap rubber can be accomplished by devulcanization
(breaking sulfur-sulfur bonds) or by depolymerization (breaking
polymer chains).

* Pyrolysis: In the absence of oxygen, tire rubber generates oil, gases,
and chemicals. Depending on temperature, various products are
produced. At temperatures below 400° C the major product is car-
bon char, and at higher temperatures more liquids, oil, and gases
are made.?

¢ Tire-derived fuel (TDF): The process by which shredded tires are
burned for their calorific value of 13,000 to 15,500 Btu/lb, which
is close to that of coal (13,000 Btu/Ib) according to Myhre and
MacKillop.

Another method of reuse of tire rubber is retreading of worn tires, which
helps to divert old tires from landfills. This method, however, only post-
pones recycling or reclaiming because eventually, worn tires must be taken
out of service.

Most equipment used to grind tire rubber produces materials with very
limited reactivity. According to Stark,® the main emphasis has been to reduce
the particle size to the level of carbon black, but that was unattainable by
any existing grinding processes. When concentration of tire rubber powder
(used as a filler) in a new tire formulation exceeded 5 wt%, the physical
properties of the compound declined.

Vulcanized rubber scrap is used as a filler in polyethylene composites, to
be extruded into open pour pipes for aeration and soil irrigation.® The
addition of tire rubber as a partial replacement of virgin rubber in various
compounds offers some processing advantages,” such as shorter mixing
time, enhanced release during molding, and reduced blemishes due to air
entrapment.

New technologies continue to emerge in the U. S. and Europe involving
devulcanization and surface modification of rubber. The latter is beneficial
since it increases the adhesion between rubber and plastics in rubber/plastic
composites.

Bauman?® developed a new surface-modification process for scrap tire rub-
ber utilizing a reactive gas atmosphere, which causes a permanent chemical
change in rubber. It was indicated that surface-activated used tire rubber
had improved interfacial adhesion in the rubber/plastics composites.

Another method of reprocessing rubber through surface-activated crumb
Surcrum® (Vredestein Rubber Recycling, Maastricht, Netherlands) has been
reported by Dierkes.” Waste rubber stream included natural rubber, nitrile
rubber, styrene-butadiene rubber, and ethylene-propylene diene monomer
(EPDM) rubber. These materials were ambiently ground to a maximum
particle size of 40 mesh (420 pm) and treated via a thermomechanical method
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that made the surface of crumbs very reactive. The activated rubber has high
specific area of 1 to 2 m?/g. Dierkes stated that during the activation step,
a cross-linkable surface layer consisting of a polymer with curing agent was
added to the crumb. Significant increase in tensile strength of compounds
containing Surcrum® was reported.

Isayev, Yushanov, and Chen!? carried out extensive studies to develop a
novel, continuous ultrasonic devulcanization process. They showed that
ultrasonic waves under pressure and heat rapidly break up the three-dimen-
sional network in vulcanized rubber. The resultant product can be repro-
cessed, shaped, and revulcanized similar to virgin rubber.

Watson!! reported a new process for recycling used tire rubber by mech-
anochemical means, by which rubber is softened and sheared during
mastication.

In a typical cryogenic grinding system,!? tires are first ambiently shredded
into 1- to 3-inch pieces, chilled with liquid nitrogen to a temperature ranging
from —70° to -130° C, followed by grinding on a mill, separation of fiber and
metal, and classification of the crumb rubber. In this process, up to 80% of
the resultant crumb is smaller than 10 mesh (2,000 um) size. If the system
uses multiple ambient temperature granulators and cryogenic grinding of
precooled chunks, the produced crumb is smaller than 30 mesh (590 pm)
size. The advantages of cryogenic grinding include high throughput and
ease of fiber and metal separation. Disadvantages include the cost of liquid
nitrogen and the production of flat powder particles, with sharp corners like
crushed stone.

Ambient grinding is practiced as either a dry or wet process, and it pro-
duces powder with higher surface area than that of cryogenically ground
tire rubber. It is well known that powder with high surface area has better
adhesion to virgin rubber or to thermoplastics, which leads to improved
physical properties of the compounds. In addition, powder with higher
surface area requires a shorter mixing cycle during compounding and results
in products with better appearance.

4.3 Principles of Size Reduction

As previously noted, the most commonly used method to obtain crumb
rubber is size reduction or comminution. Comminution processes are energy
intensive and costly to operate; frequently, their costs are greater than 25%
of the total raw material processing.!%!3 The choice of size reduction equip-
ment is dependent upon the nature of the rubber feedstock and the particle
size needed for specific application. A coarse size reduction (from large
pieces to 1 cm) is achieved by crushing or shredding. Fine size reduction
(from 1 cm to 10 um) is achieved by grinding in tumbling mills, while
ultrafine size (below 10 um) is accomplished in pulverizing mills. Numerous
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grinders and mills produce crumb rubber with different particle morphology,
depending on the equipment design. As mentioned earlier, the energy
consumption!® to produce crumb rubber is very high; most energy is spent
on heat dissipation (85%), moving material within the equipment (13%), and
only about 1% is spent on size reduction.

The finely ground tire rubber is needed to increase its reuse as a partial
substitute for virgin rubber in order to reduce cost. The size of ground rubber
used in compounding varies from 10 mesh to 200 mesh (2000 to 74 pum).
Mechanical grinding is conducted at ambient or cryogenic temperatures. In
both cases, in order to produce fracture, a solid material must be stressed.!4!>

If a solid is subjected to an applied force, the resultant stress induces a
deformation (strain) within the solid,'® which will respond by either a
change in shape and dimensions, or in fracture. The former response is often
reversible, while fracture is irreversible and may take place with little defor-
mation (brittle fracture) or with considerable strain (ductility).For many
materials, stress is proportional to strain, at least at low strains (Hooke’s
law); polymers have a more complex relationship between stress and strain,
which is represented by a stiffness parameter that includes shear modulus
and tensile modulus.

In general, solids are divided into the following categories: homogeneous
or heterogeneous, brittle or ductile, and crystalline or amorphous. Most of
the commercial materials are heterogeneous and brittle and will break when
stressed, producing brittle fracture. Behavior of these materials rendering
stress, fracture, and disintegration is a complex phenomenon. It is important
to realize that during grinding, there is a concern not only with the operating
conditions at which fracture occurs, but also with the particle size distribu-
tion (PSD) resulting from the fracture.

During grinding, a material is subjected to various forces sufficient to break
pieces into smaller particles. There are four basic methods of force
application!”: impact (particle concussion by a single force), compression
(particle disintegration between two rigid forces), shear (wrenching apart of
a particle by rigid force), and attrition (the scraping of a particle against a
rigid face or particle against particle). Particle size and PSD are affected by
changes that occur as grinding proceeds. According to Prasher,'” primary
breakage of solids results in a bimodal distribution of particles, followed by
further breakage toward a monomodal distribution. During breakage, pieces
progressively become subdivided into ever-smaller particles. The terms
“breakage” and “rupture” used in the technical literature are synonymous
with fracture.

Kausch and Williams'® developed a model to explain polymer fracture as
follows: fracture is defined as stress-based material disintegration through
a formation of new surfaces within a solid. The physical principle of fracture
mechanics is based on the introduction of the energy necessary to propagate
a crack. Griffith’ made two assumptions: first, that all solids contain flaws
or inhomogeneities that propagate to cause failure, and second, that fracture
strength of a material is characterized as the energy per unit area required
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to produce new surfaces. Williams? described a relationship between the
stress at fracture and the size of the flaw, assuming that when a flaw grew
in the stressed solid, there was a decrease in the energy of the solid, so energy
was released to form the new surfaces of the growing flaw. The stress-
induced breakdown occurs by the cleavage of either primary (covalent) or
secondary (van der Waals or hydrogen) bonds or both.%

It is known that rubbers consist of long, flexible, chain-like molecules
that are interconnected by cross-links to form a network.2! Rubbers are
able to undergo large deformations, and when the stress is released, they
return to their original shape. The initiation sites of microvoids and
cracks may arise from accidental scratches, dust or dirt, or mechanical
damage. Other sites for the initiation and growth of internal voids are
filler particles. A high degree of cross-linking reduces the flexibility of
long molecules (which can coil, bend, and straighten), so these molecules
become weak to shear stresses.

4.4 Mechanochemical Processes for Rubber Recycling
4.4.1 Elastic-Deformation Grinding (EDG)

In the early 1980s, a group of researchers at the Institute of Chemical Physics,
Academy of Sciences in Moscow, Russia, under the direction of the acade-
mician, Enikolopyan, studied the behavior of solids under high pressure and
shear.?>? Their work can be traced back to the well-known research of
compressibility of solids by Bridgman.?* The unusual effects of the applica-
tion of high pressure and shear deformations of solids were first described
by Bridgman, who tested 300 materials (including rubber) in an anvil-type
apparatus, later called a Bridgman anvil. Bridgman noted that compressibil-
ity of rubbers differs greatly from that of other polymers. Tsirule showed
that the presence of sulfur as the vulcanizing agent changes compressibility
dependence on pressure since sulfur transforms the soft, elastic material into
a rigid, low-compressible rubber over a wide temperature range.?

The Russian researchers observed a formation of fine powder in a high-
shear Banbury mixer when a low-density polyethylene (LDPE) was sub-
jected to high pressure and shear accompanied by cooling (instead of heat-
ing). Enikolopyan proposed that under these conditions, elastic energy was
“pumped” into the polymer under shear deformation until stored energy
was released with a formation of new surface. This discovery resulted in the
development of a new grinding process that was initially termed elastic
deformation (ED) or elastic deformation grinding (EDG).

By varying the processing parameters (temperature, pressure, feed rate,
etc.), it was possible to select the conditions by which the deformability of
the polymer was minimal and, therefore, substantially decrease the energy
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of fracture.? The ED method was characterized by rather low energy con-
sumption, which was two to three times lower than that of conventional
grinding methods.?”

Enikolopyan described the fracture mechanism of the EDG as an explosive,
lava-type process, based on two observations: first, a destruction of the solid
takes place over a narrow “grinding” zone (between 3 and 8 mm in length
with a total rotor-grinder length of 100 mm) and second, destruction takes
place suddenly and simultaneously across the volume of the grinding zone?,
and the particle size remains unchanged. This process was very different
from conventional grinding, where sequential size reduction caused particles
to decrease in size as the grinding time increased.

4.4.1.1 Mechanism of EDG

The extensive studies by the Russian researchers have provided a basic
understanding of the pulverization of polymers under high shear and
compression. The theory of pulverization, however, is not yet fully devel-
oped. Enikolopyan described this process as having a branched chain
character, where the energy released for the creation of a new surface was,
in turn, spent on the formation of the next surface (powder). The initiation
of a single crack and propagation of a crack that led to fracture were part
of the explanation of the proposed mechanism of EDG. Enikolopyan
applied Griffith’s theory of fracture to explain the EDG phenomenon.
Griffith! proposed that a fracture starts from a microcrack initiated by
stress concentrations in the vicinity of a preexisting flaw. The microcrack
propagates from the flaw, and at some point, becomes a crack that even-
tually results in fracture. Enikolopyan and co-workers discovered that in
addition to size reduction, the process is capable of intensive mixing and
chemical modification of polymers via so-called “mechanochemistry.” This
term was initially introduced in the 1960s, in the former Soviet Union, by
Baramboim,® who investigated chemical reactions in polymers induced by
mechanical energy.

When polymers are stressed, chain scission occurs, with the formation of
free radicals at the ruptured end. Because these radicals are formed as a
result of the application of mechanical load, they are called mechanoradi-
cals.?® Baramboim proposed that the rupture of the molecular chains in
polymers under the application of mechanical forces takes place when the
stress exceeds the critical value for the covalent bonds between the atoms.
This rupture can change the properties of the polymeric solid, introducing
modification of the chemical and physical structures, which in turn results
in a change in the melt rheology.

Baramboim differentiated between comminution (milling for reducing
particle size) and grinding (milling for change in surface properties, although
it also reduces particle size). According to Baramboim, comminution of
polymers consists of the following stages: 1) change in particle size and
particle shape, and cleavage of inter- and intramolecular bonds, 2) reduction
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of the molecular weight, 3) release of macro-radicals on the new surfaces,
and 4) change of physical properties. These processes may occur simulta-
neously and depend both on the type of mechanical action and the polymer
structure. Baramboim and a large group of Russian researchers studied the
mechanochemistry of polymers in the solid state, including the formation
and nature of free radicals during milling. Electron spin resonance (ESR)
spectroscopy was used to study free radicals formed during application of
mechanical load to various polymers. Baramboim concluded that the fracture
took place along weak bonds and that free-radical concentration decreased
exponentially with distance from the fracture surface (about 85% of all rad-
icals formed within 2 um of the surface). Chain rupture is related to the
reduction and distribution of particles achieved by the mechanical action
(shear intensity). During milling, the rupture is caused by localized stresses
that exceed the strength of bonds.?

The above-mentioned mechanochemical reactions during EDG showed a
strong potential for in-situ compatibilization of ordinarily immiscible poly-
mers, due to a formation of block copolymers or graft copolymers. Several
researchers?%%! have successfully used mechanochemistry to create copol-
ymers through free radicals, using various polymer substrates.

The applied stress can cause movement of the chains relative to each other
(disentanglement) or scission of the chains (degradation). Both processes are
temperature dependent, and the dominating process is determined by the
chain length and a critical strain rate.?

The Romanian researchers Simionescu and Oprea® studied mechanochem-
istry of polymers during an application of intense mechanical forces concen-
trated on surfaces, causing a sudden formation of submicroscopic cracks
followed by a breakage of chemical bonds. An occurrence of uneven strain
at the site of the rupture of stressed polymers leads to several complex
phenomena, such as submicroscopic cracks, change of relative position of
cracks at different temperatures, the formation of new surfaces, and the
cleavage of bonds along the chain (intermolecular bonds). An increase in
reactivity of the polymers during rupture due to a presence of free radicals
was explained by the formation of new functional groups, detected by infra-
red spectroscopy (IR).

Knowledge of the effect of shear, temperature, time, polymer structure,
and composition is essential in understanding solid-state mechanochemistry.
Stress-induced reactions were observed with both rubbers and plastics. The
conversion of the mechanical energy applied to a polymer shifts from ther-
mal dissipation energy to storage for higher molecular weight polymers.
According to Porter and Casale,® that energy storage causes several changes
such as bond rotation, chain orientation and elongation, bond bending, and
finally, the rupture of chemical bonds. Free radicals released during chain
breakage affect molecular weight and its distribution, branching, and cross-
linking. Most mechanochemical processes reduce molecular weight, with the
exception of the effect of shear for rubbers and polyolefins (under oxygen-
starved conditions), where cross-linking and branching reactions result in
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an increase in molecular weight. Weak bonds along the chain can occur from
inhomogeneity, adjacent double bonds, or catalysts. Porter and Casale sug-
gested that shear, as one of the primary variables in mechanochemistry, can
cause a change in molecular weight distribution (MWD). That change has
practical implication of processability and properties; at rupture of a mono-
dispersed polymer, MWD broadens. Another important variable is temper-
ature, which affects the physical state of the polymer (glassy, crystalline,
elastic, or fluid) and the bond rupture. It is known that the specific temper-
atures for each physical state depend on polymer composition and molecular
weight. When temperature is rising, it softens the polymer, lowers stress,
and reduces chain rupture. At lower temperature, the range of molecular
motion is decreased and the rate and extent of mechanochemical reactions
are generally higher.3

Sohma,* in Japan, defined mechanochemistry as “a branch of chemistry
in which chemical phenomena, such as chemical reactions and changes in
crystalline structures induced by mechanical actions like fracture and large
deformation, are studied.” Researchers working on rubber chemistry were
the first investigators that observed chemical changes, such as a considerable
reduction of molecular weight of rubber, after roll milling. One of the reasons,
however, for not labeling roll milling as a mechanochemical process was the
fact that strong mechanical action was accompanied by friction that pro-
duced heat. Therefore, the observed chemical change might be postulated
as caused by heat. Sohma stated that the formation of free radicals at low
temperature (21° C) under strong mechanical action has been reported based
on ESR data.®* Since the free radicals were generated at low temperature,
the possibility of their production from heat was ruled out. These free rad-
icals served as a proof that mechanical action induced chemical change, such
as the scission of chemical bonds.

Information obtained by ESR spectroscopy includes positive, direct evi-
dence for the existence of unpaired electrons, either in free radicals or at
broken bonds, and concentration of free radicals from spectrum intensity. In
addition, radical species can be identified. The ESR intensity is proportional
to the quantity of broken bonds. Presence of free radicals can be also deter-
mined by end-group analysis using IR, change in molecular weight by gel
permeation chromatography (GPC), and change in rheological characteris-
tics by measuring melt viscosity.

The micro-cracks in a solid polymer can be detected by small-angle x-ray
scattering. According to Sohma,* micro-cracks formed under mechanical
action were found to be as high as 10'2 to 10" cm3. During fracture, especially
at a temperature as low as 21°C, many cleavages occurred and new surfaces
were formed. Mechanoradicals are produced simultaneously by fracture.

Enikolopyan and his group observed that when polymers are subjected to
a simultaneous action of high pressure and shear, they undergo a drastic
change in both physical and chemical properties. The rate of fracture was
strongly dependent on a polymer structure, temperature rate of deformation,
and other factors.
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4.4.1.2 Equipment for EDG

Over the years, ED grinding was also termed elastic-strain powdering (ESP).
When modified single- or twin-screw extruders were used in place of a
Banbury mixer, ED process was also referred to as extrusion grinding (EG),
solid-state shear extrusion (SSSE), and solid-state shear pulverization (SSSP
or S°P). In the more recent past, Russian researchers used the term intensive
stress action compression and shear (ISAC&S).

Macroscopic fracture of solids is usually preceded by the accumulation of
numerous micro-cracks, in a somewhat explosive manner. Enikolopyan
found that, during the fracture, micro-cracks formed at all the sites of the
largest stress concentration.®® [He stated that the elastic energy stored in
stretched macromolecules at their fracture transforms into heat, causing the
temperature to rise. It is also spent on the fragmentation of free ends of
broken chains, with formation of free radicals and breaking of several adja-
cent polymer chains at once.?® Pavlovskii and co-workers®* observed some
peculiarities during grinding of used tires by the ED method, where fracture
occurred at elevated temperature under complex deformation of compres-
sion and shear. They used a modified co-rotating twin-screw extruder ZSK-
53 by Werner-Pfleiderer, Germany, consisting of five zones capable of main-
taining independent temperature of each zone during processing. In the first
zone, tire rubber was subjected to compression, followed by shearing in the
zones where shearing (kneading) elements were located. Used tire rubber
in this study contained about 15 wt% of cord; the finest powder has been
obtained at screw rotation up to 150 revolutions per minute (RPM). Pav-
lovskii noted that a presence of fine fraction in a resultant rubber powder
caused agglomeration, especially at 150 RPM. The authors proposed that at
very high shear deformation, rubber is subjected to mechanical destruction,
which is typically more pronounced for small particles (less than 0.5 mm in
diameter). It was also observed that during EG, two competing processes
took place: grinding and agglomeration. Both processes are dependent upon
the speed of screw rotation; the higher the speed, the more agglomeration
occurred, but it lowered the energy consumption.3¢%

Chaikun and colleagues® emphasized another feature of the ED process
as it relates to combining grinding and mixing, which is especially important
for the development of new composite materials. They used both single- and
twin-screw extruders and obtained powder of various sizes as a function of
temperature and clearance between screws and the barrel. Analysis of rubber
powder showed that finer fractions were agglomerated irrespective of the
type of extruder used. GPC analysis revealed a presence of oligomers with
a molecular mass from 300 to 2,000, which were formed as oxidation prod-
ucts near the surface of the powders. These oligomers acted as lubricants
and negatively affected the grinding process (in some cases, grinding even
stopped) due to the change in a mode of friction (dry vs. lubricated fric-
tion).The authors also investigated the influence of sulfur as a vulcanizing
agent during ED grinding on properties of recycled vulcanizates. They found
that a presence of sulfur-sulfur bonds resulted in a formation of finer rubber
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powder. By varying the amount and the type of vulcanizing agents during
ED, the authors obtained rubber with higher tensile strength than that of the
used tire rubber that was ground without the vulcanizing agents.

In another study, Polyakov and co-workers* showed properties of recycled
vulcanizates obtained by ED technique and by conventional milling. They
stated that during ED, rubber is subjected to multiple shear deformations
that allow production of much finer powder than that produced by using
roll mills. The authors indicated that agglomeration of fine powder during
ED was a function of the particle size of resultant tire rubber powder (the
smaller the particle size, the more agglomerates were observed). Physical
properties of ED-made rubber were higher for a powder containing finer
particle size powder.

Pavlovskii and co-workers® studied properties of mixtures of tread rubber
with up to 60% of used rubber obtained by EDG with a single-screw
extruder-grinder designed and built at the Institute of Chemical Physics
(ICP), Russian Academy of Sciences (RAS). Ground tread rubber (consisting
of three different rubbers) was converted into powder at 140° C with bimodal
particle size distribution from 0.315 to 0.8 um. Intensity of mechanochemical
processes during EDG was studied by analysis of sol- and gel-fractions. The
authors found that gel-fraction was decreased for finer particle-size powder,
while sol-fraction localized on the entire surface of particles; large particles
with less dense networks were capable of absorbing more of the sol-fraction
and had more of toluene extract.

An increase in mechanical properties of materials based on mixtures of
tread rubber with used tire rubber was explained by an interaction of dis-
persed phase and a matrix.%’ Recycled rubber obtained by EDG had the
larger surface area, by a factor of two, as compared with that made by
conventional grinding. The authors reported that tear strength and flexural
modulus of mixtures containing EDG-made used rubber powder were
higher than those of virgin tread rubber compound, while a small decrease
in plasticity was observed. When sol-fraction was removed from used rubber
prior to mixing with virgin rubber, both flexural modulus and elongation at
break were increased.

Their work confirmed results obtained by Pavlovskii’s earlier work®-7 and
studies by other researchers that EDG process is not simply mechanical grind-
ing, since several chemical processes such as oxidation take place. It was
concluded that the EDG process is a mechanochemical process by which an
application of mechanical energy causes several chemical changes to occur.

When EDG-made tire rubber powder was added to a virgin compound,
some loss in elasticity was noticed. It did not, however, affect the process-
ability of the compound. Some calculations of energy consumption during
the EDG process were published in a study by Enikolopyan and co-workers?!
as 0.8 to 0.9 kwt/ton of product using a laboratory extruder. They claimed
that these values were two to three times lower than the energy consumption
of conventional grinding (particle size of powder was ranging from 10 to 50
um, with the mean size of 20 um). When the Banbury mixer was used for
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the EDG process, the energy consumption was reported as 40 to 45 kwt/ton
for LDPE, with particle size of powder in the range of 150 to 300 um.
Enikolopyan and co-workers# also studied surface characteristics of the
polymeric powders made by the EDG method. Scanning electron microscopy
(SEM) revealed a well-developed surface area and elongated shape of the
particles. They described particles having microchannels and a microporous
structure, which are advantageous in the development of new composite
materials with either virgin rubber or thermoplastics.

Fridman, Petrosyan, and Kazaryan*® referred to the EDG process as a
“rheological explosion” with sudden fracture of solid materials under com-
pression, shear, and torsion. They noted that while some polymers like high-
density polyethylene (HDPE) cannot be ground using EDG, in the presence
of another polymer such as polypropylene (PP) it was possible (so-called co-
grinding). The authors obtained composites containing used tire rubber with
wood flour, several thermoplastics (using polyolefins, polystyrene, and poly-
vinyl chloride), and other ingredients.

Danielyan and co-workers* showed that during mixing of tread rubber
and LDPE at a 70:30 ratio by EDG process at 165 to 230° C, chemical bonds
are formed; the structure of these composites was different than that of
analogous composites made by conventional melt-mixing.

Knunyants and co-workers® further investigated the EDG process for
composites based on tire rubber and polyethylene. They found that process-
ing parameters during mixing and grinding influence toughness of compos-
ites. Melt flow rate (MFR) measured at 190° C and 5 kg load was 0.8 g/10
min, which allow for processing of that composite material by injection
molding at conditions typical for polyethylene. Analysis of gel- and sol-
fractions suggested that significant grafting of rubber on LDPE took place
during mixing and grinding. No chemical structural change of LDPE was
observed (melting point and glass transition temperatures of LDPE were
unchanged after ED processing). At higher temperature during ED process-
ing, the amount of gel-fraction decreased (the amount of sol-fraction
increased). Physicomechanical properties of tread rubber with LDPE com-
posites were mostly affected by the amount of thermoplastic component (the
higher the LDPE content, the lower the properties).

Pavlovskii and co-workers studied the mechanism of grinding cross-linked
elastomers by EDG using extruders.* Since during EDG two process take
place simultaneously, namely fracture and agglomeration, it was important
to determine which of these processes is dominant. Pavlovskii and co-work-
ers established that it could be determined by the particle-size analysis of
the resultant powders. The authors also noted that initial particle size of
crumb rubber, type of rubber, and the design of equipment influenced the
mechanism of grinding. Pavlovskii proposed two mechanisms that govern
the EDG process for cross-linked rubber: The first mechanism leads to a
formation of small particles and related to viscoelastic properties of rubber
and was insensitive to a change in deformation rate. The authors suggested
that a large quantity of small particles was caused by friction between rubber
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particles and the extruder barrel. The second mechanism was sensitive to a
deformation rate and followed established physics of fracture by forming
micro-cracks at the stressed sites, accumulation of elastic energy, and its
release with a creation of new surface (i.e., powder).

Polyakov and co-workers? studied the ESP process for tire rubber, using
a modified twin-screw co-rotating Berstorff extruder (40 mm in diameter,
length to diameter ratio of 28) at 70 to 120° C temperature and 110 to 120
RPM, and using rubber as a feedstock (particle size 1.5 mm in diameter),
with and without vulcanizing agents. Particle size of resultant powder cor-
responded to the clearance between shearing (kneading) blocks of the screws
and the barrel. The authors stated that grinding temperature did not affect
PSD of the rubber powder, while the presence of vulcanizing agents resulted
in an increase in 0.2 to 0.4 mm fraction. Throughput of the extruder was
substantially higher when the grinding temperature was increased in the
presence of a vulcanizing agent. Physical properties of ESP-made rubber
produced with a twin-screw extruder (measured on compression-molded
samples) were higher for materials ground with vulcanizing agents. The
authors concluded that these properties warranted reuse of ESP-ground tire
rubber in various new products.

4.4.2 Solid-State Shear Extrusion (SSSE)

Schocke, Arastoopour, and Bernstein®® studied noncryogenic processing of
vulcanized natural rubber obtained under high compression and shear using
a modified Bridgman anvil apparatus. They determined the effects of tem-
perature, shear forces, and residence time on particle size of the powder with
minimum agglomeration. The rubber particles had an irregular shape, and
a wide distribution of particle sizes was observed (from 40 to 1500 um).

Bilgili, Arastoopour, and Bernstein*>*? investigated solid-state shear extru-
sion of rubber, using a small-scale modified single-screw Brabender conical
extruder.>-*® They studied particle size and physical properties of natural
rubber as a function of extrusion parameters, and the effect of several passes
through the extruder. Due to an excessive agglomeration of small particles
during SSSE, a high-speed laboratory blender was used to break the agglom-
erates into discrete particles. The agglomeration increased with the multiple
passes through the extruder, possibly due to a surface oxidation of the
powder at 135° C. The investigators found that specific surface area of SSSE-
made rubber powder was three times higher than that of cryogenically
ground rubber. The cross-link density of produced rubber was significantly
lower than that of feedstock, which was indicative of the breakage of sulfur-
sulfur bonds in vulcanized rubber, due to a partial devulcanization under
excessive mechanical stresses. The gel-fractions of SSSE-made rubber pow-
der were also lower than that of the feedstock, suggesting main chains
scission due to a degradation of natural rubber. The authors proposed that
bonds breakage occurred with sulfur-sulfur bonds rather than carbon-carbon
bonds, at cross-links.
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In another study of pulverization of natural rubber by the same authors>
a number of independent variables during the SSSE process were examined.
These independent variables included degree of compression, number of
extruder passes, and the effects of the processing parameters, including
material and screw temperature, RPM, and the feed rate. The effect of these
conditions on the dependent variables, such as particle size and PSD, and
power consumption, were investigated. The authors concluded that nonlin-
ear stress-strain behavior of rubber under compression and shear, and the
storage of strain energy were essential to cause rubber to fracture into pow-
der. Their data suggested a narrowing of PSD with multiple passes through
the extruder. As in their earlier work,*? significant, undesirable agglomer-
ation of the small particles less than 250 um in diameter was observed. The
investigators noted that some particles formed clusters, which may have
resulted from oxidation and surface tackiness of the softened rubber. The
extent of the agglomeration increased with the formation of fine powder
(causing more compaction) and at a higher temperature in the pulverization
zone of the extruder. The authors concluded that there was a minimum
particle size to be obtained during the SSSE process, which was defined by
the specific combination of processing parameters and the screw design,
especially using the screw with a high compression ratio.

The authors further hypothesized that the degree of compression could be
the most important variable of the process, since it affected the storage of
high-strain energy and prohibited slip at the rubber-metal interface. These
two effects caused shear strain of the rubber granulate, and the combination
of high compression and shear resulted in more strain energy accumulated
by the rubber. At some critical energy level, cracks were initiated and prop-
agated, with the dissipation of the stored energy.

Bilgili, Arastoopour. and Bernstein® reported the characterization of rub-
ber powder made by the SSSE process. The observations by SEM revealed
that the particles had irregular shape and rough surface; the larger particles
were mostly clusters of small particles. These authors determined that the
extend of thermo-oxidation of rubber was a function of the surface area of
the powder. Their data suggested that the extent of devulcanization and
degradation of the rubber particles ranging from + 40 to — 30 mesh (420 to
590 pum) size increased with the multiple reprocessing of rubber through the
agglomeration of particles. The authors found that the agglomerates had
lower cross-link density and gel-fraction than those of the single particles of
similar size. They postulated that the extent of devulcanization was higher
than that of the degradation, since the sulfur-sulfur bonds at the cross-links
were weaker than the carbon-carbon bonds.

A different method for pulverization of thermoplastics and thermosets has
been proposed by Patel and Shutov, called pressure shear pulverization
(PSP). They described PSP as a nonextrusion, low-cost process that is realized
with a specially designed pulverization device. The authors claimed that
PSP is different from both SSSE and cryogenic grinding and that PSP has
high throughput and low energy consumption. They described their device
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as a pulverization head between very smooth “mirror-like surfaces”; the
design is based on a Bridgman anvil and utilized a combination of pressure
and shear to achieve pulverization. The authors stated that there was neither
change in chemical structure of the polymer chains nor degradation after
the PSP process. Microscopy revealed “lettuce leaf-like” shape and smooth
surface texture of particles. Particles smaller than 200 um had elongated
shape and aspect ratio of 5:1. The authors concluded that PSP process is
strictly a mechanical disintegration process that preserves all physical prop-
erties of the feedstock.

4.4.3 Developmental Tire Rubber/Plastic Composites

Wolfson and Nikol’skii®**” published review papers summarizing research
results of the Russian scientists dedicated to EDG from the early 1980s
through 1997. In spite of the authors’ considerable time and effort spent at
the several leading scientific institutions on the theory of the EDG of poly-
meric materials, this unique process is not yet fully understood. The authors
emphasized advantages of the EDG process that include, but are not limited
to, continuous production of polymeric powder of controlled particle size,
large surface area of powders, development of new composites based on tire
rubber and thermoplastics, recycling of large waste streams including used
tires, etc. Since EDG discovery in the early 1980s, numerous devices to
practice the process have been developed in Russia, Germany, and the U.S.
The modified Banbury mixer, single- and twin-screw extruders, the extruder-
grinder, the rotor-dispergator, and other machines were built for the scale-
up effort. Wolfson and Nikol’skii indicated that large-size, twin-screw
extruders with screw diameters of 90 mm and 120 mm were efficient in
producing rubber powder from used tires and other rubber wastes. Both
units were capable of producing 500 to 1000 kg/hr of rubber powders, with
an average particle size of 300 to 800 um. The specific energy consumption
was 120 to 160 kwt/ton, which is five to six times lower than that of con-
ventional milling. In the 1990s, a few companies in Russia built several
versions of so-called rotor-dispergators of different sizes and throughputs.>®
In Germany, modified co-rotating twin extruders were designed and built
by Berstorff for powder production on a laboratory scale (25 mm in diameter)
and on a production scale (60 mm and 90 mm in diameter).

Arinstein and co-workers® investigated physicochemical properties of sin-
gle polymers and composites subjected to high pressure and shear-induced
strain. Their studies have revealed some previously unknown phenomena
of theoretical and practical importance. One of the most significant observa-
tions was that the multiple cracking of polymers at high temperature under
compression and shear resulted in a formation of polymeric powders with
a sharp increase of the surface area. This process, according to the authors,
intensifies with an increase in temperature of the process. They proposed
that each polymer has its own temperature range, where the shear-induced
multiple-cracking process is most efficient at the minimal mechanical energy
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applied. A family of devices called rotor-dispergators were built in Russia
for internal use and for export to several countries in Europe, the U.S., and
Asia. It has been reported® that the size and the shape of powder depends
on the type of polymer, type, and amount of additives, cross-link density (in
case of thermosets), and processing parameters during pulverization. For
many powders with particle size of 10 to 200 pum, the authors reported the
specific surface area ranging from 0.5 to 10 m?/g. They observed that the
average particle size of powder decreased with an increase in temperature,
although the energy consumption was lower. Based on these observations,
they concluded that ISAC&S grinding could not be considered as a consec-
utive size reduction, but rather, should be viewed as an avalanche-like pro-
cess. At present, there is no traditional theory explaining the above-
mentioned peculiar behavior of polymers’ fracture under intense shear and
compression, although some models have been proposed. One of them by
Arinstein® is based on the assumption that a polymer subjected to simulta-
neous compression and shear at the elevated temperature accumulates
micro-defects, and when its concentration reaches a critical level, the new
surface (powder) is formed.

During conventional mechanical grinding, the micro-defects appeared at
the most stressed areas of the material. In contrast, Arinstein stated that
during EDG, the micro-cracks are the main stress concentrators; he assumed
that, due to these micro-defects, the local regions of the stressed solid relax
toward the unstressed state, dissipating the accumulated energy as heat (i.e.,
induced warming).

At 80 to 230° C various vulcanized rubbers have been successfully ground;
ethylene-propylene rubber, however, could only be converted into a powder
at 200 to 230° C. The specific surface area of these powders was high (0.3 to
3 m?/g). The rubber particles produced by the ISAC&S method had
“sponge” morphology, with a high concentration of open and closed pores.>
Several composites comprising virgin isoprene rubber, butadiene-styrene
rubber, and nitrile rubber and 10 to 15 wt% of waste of the respective type
of rubber, exhibited physical properties similar to those of virgin rubber.
These data suggested an opportunity to recycle and reuse tire rubber with
some reduction in cost, as compared to that of using virgin rubber.

Goncharuk and co-workers®! studied an effect of the surface area and the
shape of ground tire rubber on the mechanical properties of rubber-filled
thermoplastics. They found that rubber particle morphology (which depends
on a grinding method) significantly influenced stress-strain properties of the
resultant composites with LDPE. Both the tensile strength and elongation at
break were increased for the powders with higher specific surface area (for
similar particle shape of the powders). The authors investigated rubber/
LDPE composites using tire rubber made by EDG and by cryogenic grinding
for comparison. The composites with 60 wt% of rubber were compounded
with a single-screw extruder at 120 to 150° C. Physical properties of the
rubber/LDPE composites were tested on compression-molded specimens.
Goncharuk stated that the stress-strain properties of the composites made
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with cryogenically ground used tire rubber were not affected by a particle
size of rubber powder. When EDG-made rubber powder was used in the
composites, the stress-strain properties showed dependence on a particle
size (tensile strength and elongation were lower for a larger particle size
powder). Overall, composites made with cryogenically ground used tire
rubber showed substantially lower tensile strength and elongation than those
measured for composites containing EDG-made powder.!

SEM of tire rubber powder obtained by different grinding methods
revealed that specific surface area of powders increased with a decrease in
particle size, as expected. The surface area was measured by gas absorption
using the Brumauer-Emmett-Teller method as 0.3 m?/g for EDG-made
rubber. The particle shape varied from smooth for cryogenically ground
rubber to “snow-like” shape for EDG-ground powder, and it was concluded
that the particle morphology affected the specific surface area of the pow-
der. Goncharuk also stated that the shape of particles was partly responsible
for the areas with high stress concentration and reduced interactions
between the matrix and the rubber interphase. The authors proposed that
these highly stressed sites cause critical defects during tension, facilitating
earlier rupture. It was concluded that the method of preparation of rubber
powder had a significant effect on the stress-strain properties of rubber/
LDPE composites.

Erikolopyan and Fridman® indicated that Bridgman'’s discovery of plastic
flow of metals using Bridgman anvils resulted in further advances in the
chemistry of solids. They proposed that in solids subjected to high pressure
coupled with intense shear, the molecules and atoms become unusually
mobile and activated. This mechanism was supported by measuring molec-
ular mass of sieved fractions of powder by GPC. During brittle fracture that
takes place in a device like a ball mill, particles are getting smaller over time
and molecular mass is decreased. Unlike with a ball mill, during EG, molec-
ular mass of the powder does not depend on the particle size. The authors
postulated that all particles are formed simultaneously and not consecu-
tively. Energy consumption and yield were calculated as 0.8 to 1.0 kwt/ton
of polyethylene powder of 20 um size; these values were a basis for designing
equipment to be run at increased yield and energy savings, compared with
current grinding practices. More recent investigations of EDG-made pow-
ders by microscopy showed that EDG of polymer blends is accompanied by
homogenization of those mixtures, which could not be achieved during
conventional melt-mixing.

Knunyants and co-workers®® discussed high-temperature EDG under
shear deformation of polymers at a temperature near transition (crystalliza-
tion). They explained high-temperature fracture of polymers based on het-
erogeneity of materials subjected to grinding (in the case of polymer
mixtures, heterogeneity is caused by the presence of multiple phases; for
single polymers, it is caused by the presence of crystalline and amorphous
regions). The authors believe that high-temperature grinding is a process
where micro-cracks are accumulated in the polymer, and at some critical
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level powder is formed. It is also possible that the coefficient of friction is
influencing the deformability of a polymer during grinding.

Pershin and co-workers* studied high-temperature, multiple fracture of
various plastics and rubbers. They found that dispersity of powder increased
with the lower elongation at break value in a given polymer, that is, more
“brittle” vulcanizates typically produced finer powder. These authors pro-
posed a model for the EDG process based on the physical aspects of the
process; they believe that during grinding a gradual accumulation of defects
leads to size reduction of a powder (as opposed to earlier models stating
“explosive” character of the EG process).

In the most recent technical literature, researchers continue to develop
new models to explain the relationship between the polymers’ structure,
their mechanical properties, and friction during high-temperature grinding
under compression and shear. Pertsov and co-workers® proposed new
approaches for a better understanding of EDG, following a principle,
“strength through fracture,” established by the academician Rebinder. In the
EDG process, the comminution occurs as a result of shear deformation of
polymers in the compressed state. According to previous experimental data
and theoretical considerations,?”?52 the EDG process was conducted at a
temperature close to the melting point of a crystalline polymer, and the
specific surface area of the resultant powder was correlated with a coefficient
of friction of that polymer.%

Pertsov® indicated that stored elastic energy may cause fracture only
under very limited conditions. The fracture and the formation of new sur-
faces, leading to an increase of surface energy, must be accompanied by a
decrease of stored elastic energy. The latter is easily realized during fracture
of brittle materials with micro-cracks under stretching, according to the
Griffith theory.! Contrary to that, Pertsov stated that compression forces
applied to polymer cannot cause its fracture, so a possibility to realize stored
elastic energy during EDG required new considerations. Pertsov believed
that a structure’s nonuniformity in the case of polymer mixture is responsible
for conversion of elastic energy into the work of grinding. More likely, under
complex stresses, numerous micro-cracks initially occurred, eventually lead-
ing to material disintegration, and the dispersity of powder was related
somewhat to friction between polymers (in the case of polymer mixtures).

Prut®® published a review concerning EDG of thermoplastics and elas-
tomers. According to Prut, in elastomers, viscoelastic deformation is prevail-
ing over plastic deformation, and the defects in a shape of spiral cracks
appear at some critical value of accumulated viscoelastic deformation. At
increased deformation, these spiral cracks are well pronounced, and the
fracture proceeds as more small spiral cracks occur. During complex loading
at certain processing conditions, the deformation is lower than its critical
value. This deformation is reversible and no fracture occurs. As deformation
exceeds critical value, micro-defects form and accumulate, and partial release
of elastic energy takes place. The remaining energy strains the material,
followed by a sharp increase of surface fracture. Multiple fracture continues
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because there is no other way to release the elastic energy other than to form
a new surface (as the deformation increases, the surface area also increases).

Prut stated that formation of defects varies for different types of rubber
and it is dependent on temperature during EDG as well as on the degree of
vulcanization. During EDG at least two competing processes take place:
formation of particles with a size smaller than that of a feedstock, and
agglomeration. Which process prevails depends on the size of a feed material
and on the design of the grinding zone of the equipment. Prut suggested
that for rubber powders with a wide particle size distribution, small powder
particles act as antifriction additives, thus decreasing the efficiency of large
particles to fracture. It was noted that small particles are formed primarily
due to a friction between particles and friction of particles against the surface
of the grinding equipment. The amount of fine powder corresponded to the
removal of small particles from the surface of ground rubber crumb. Prut
stated that the EDG method is not just a conventional size reduction process.
Mechanical forces during EDG initiated several chemical processes, includ-
ing but not limited to oxidation, destruction, secondary structure formation,
and others.

Chemical analysis of powders from used tread rubber showed that during
EDG, oxydated oligomers with the molecular mass between 300 to 2000 were
formed. Their presence influences the mechanism of grinding due to a
change in the character of friction. Prut®® believed that polydispersity of
powders during EDG depended on a type of processed rubber waste. EDG-
made powder had particles with an asymmetric shape, with high surface
area. By adding this rubber powder to a virgin compound for shoe soles,
the resistance to multiple bending increased tenfold, while other physico-
mechanical properties were unchanged as compared to a compound made
with virgin rubber.

During EDG, mechanical destruction takes place near the surface. Since
grinding is accompanied by intensive mixing, sol-fraction is distributed over
the whole surface of the powders. After grinding, sol-fraction is redistributed
in accordance with the adsorption of the particles, so the large particles with
looser networks are capable of better absorption of sol-fraction than the
smaller particles. Removal of sol-fraction allowed larger amounts of rubber
powder to be incorporated into shoe sole compounds.

Goncharuk and co-workers®” studied mechanical properties of modified
thermoplastic elastomers based on used tire rubber powder and low-density
polyethylene. When EDG-made rubber powder was made, some surface
oxidation of the powder resulted in a poor adhesion with polyolefin matrix,
which in turn led to low mechanical properties of the rubber/thermoplastic
composites. The investigators used compatibilizing agents such as ethylene
vinyl acetate (EVA) and a cross-linking agent such as dicumyl peroxide to
improve the interfacial adhesion between EDG-made rubber (both treated
rubber and whole tire product) and LDPE. The composites containing 60
wt% rubber and 40 wt% LDPE were made by first melt-mixing rubber with
additives followed, by melt-mixing with LDPE. A single-screw extruder was
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used for melt-mixing. Both melt-mixed materials were then co-ground via
EDG, utilizing a Berstorff twin-screw extruder.

Goncharuk and co-workers® reported that elastic modulus and elongation
at break of 60/40 tire rubber /LDPE composites containing different amounts
of EVA were improved due to the reaction of polar vinyl acetate groups and
reactive groups on the surface of the rubber. Tire rubber/LDPE composites
made with dicumyl peroxide resulted in an increase of both tensile strength
and elongation at break, without sacrifice in elastic modulus. The authors
believed that the improvement in mechanical properties was due to chemical
bonding between polymer matrix and rubber at the interface and because
of cross-linking with LDPE. The use of another additive such as maleimide
C changed the elasticity of rubber component in the rubber/LDPE compos-
ites (elastic modulus increased).

Polyakov and co-workers® studied the influence of modification of extru-
sion-ground rubber on dispersity and physicomechanical properties of recy-
cled vulcanizates. EDG was carried out with a single-screw extruder at
different temperatures, ranging from 75 to 150° C. Small amounts of sulfur
(2%) were added to used rubber during EDG. The authors found that at 75
to 90° C finer powder was made; chemical analysis showed that vulcaniza-
tion of rubber had taken place. Tensile strength and elongation of EDG-made
material were lower in the presence of vulcanizing agents, which was
explained by the increased density of powder during compression molding
and reduced contact between particles, due to an increased rigidity of the
vulcanized powder.

Pavlovskii and co-workers® studied the influence of additives on EDG of
used tire rubber with a twin-screw extruder ZSK-53 by Werner-Pfleiderer.
Three sieved fractions of tread rubber (1.0, 3.5, and 20 mm) were ground in
two passes. After one pass through the extruder, the amount of large particles
decreased, as expected. Optical microscopy revealed that the second extru-
sion pass increased the tendency for agglomeration. Several additives, such
as calcium stearate, silica, and others, were used to reduce agglomeration
and to chemically modify the surface of EDG-made rubber powder. The
authors found that these additives increased the amount of particles below
0.5 mm up to 70%; throughput was higher with an increase of the amount
of a small fraction of the powder.

Abalichina and co-workers™ studied five types of used rubber, including
porous and oil- and wear-resistant shoe sole rubber obtained by EDG on a
ZE-53 twin-screw extruder by Berstorff. They stated that powders made by
extrusion-grinding were finer than those obtained by conventional milling
using a Unimax mill (84.8% vs. 8.4% of particles, respectively, were below
500 um). These investigators concluded that at higher torque and increased
shear deformation during extrusion-grinding, the resultant powders had
larger surface area, especially for powder with particle size smaller than 250
um. Best physical properties were achieved when 35% used shoe sole rubber
was added to a virgin compound; resistance to multiple flexing increased
tenfold as compared to virgin material.
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Kaplan, Chekunaev, and Nikol’skii”* have developed a mechanochemical
model of multiple crack rupture of stressed polymers. They addressed the
phenomenon of crushing polymers under simultaneous application of shear
stress and pressure at elevated temperature, conducted over many years at
the ICP in RAS. Kaplan’s model described the polymer’s rupture as a two-
stage process. The first (physical) stage involved the critical size crack prop-
agation and generation of active centers. The second (chemical) stage con-
sisted of the recombination of active centers or an interaction with chemically
active molecules in the polymer, leading to the formation of micro-defects
that can combine with existing cracks of precritical size to form a critical
crack. Their model considered multiple cracking of mechanically stressed
polymers as an “avalanche-like” fracture of the initial micro-cracks, in accor-
dance with the Griffith theory.!

The Kaplan model emphasizes the role of micro-defects available in solids
to be transformed into self-propagating cracks of critical size during fracture.
The micro-defects started as a result of interaction of chemically active impu-
rities in polymers with macro-radicals, or as a result of recombination of free
radicals formed in the areas of concentration of elastic energy near tips of
micro-cracks. Contrary to known theories that it is possible to fracture
stressed solid with one critical crack that would propagate and break a
polymer into pieces, Kaplan’s model proposed the possibility of stopping
the critical crack propagation, and therefore eliminating it from the fracture.
The model is based on multiple-crack formation leading to fracture. In the
EDG where a polymer or a mixture of polymers are subjected to high com-
pression and shear, cracks are formed far from the critical crack, leading to
rupture of material. The authors observed this type of rupture of polymers
by multiple cracking at elevated temperature of 106 to 126° C. Kaplan’s
model contributed to the new theory of polymer fracture by extrusion-
grinding at elevated temperature, under combined action of compression
and shear.

Trofimova and co-workers? analyzed used tire rubber crumb ground by
two methods: so-called “ozone-knife” and EDG, and investigated the effect
of grinding method on the mechanical properties of resultant materials. The
relatively new “ozone-knife” method invented by Danschikov and co-
workers” involves treatment of tire rubber with about 0.5% ozone under
pressure of at least 0.5 kg/cm? for less than 15 minutes. During this process,
both metal and plastic cord are separated from rubber, with minimal energy
consumption. Rubber obtained by the “o0zone-knife” method was addition-
ally ground by EDG in a rotor-dispergator. The intensity of chemical pro-
cesses during grinding tested by sol- and gel-fractions analysis was found
to be the same for all powders, with the particle size not exceeding 0.315
mm, irrespective of the grinding method. For smaller particles, however,
intensity of chemical reactions was higher for the “ozone-knife” method than
that for EDG. The authors interpreted these results to be based on difference
in particle morphology, specifically, having more dense core and less dense
shell layer. Since mechanodestruction takes place near the particle surface,
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solvents are penetrating the shell more easily than the more dense core. In
addition, due to intense mixing during EDG, sol-fraction localized on the
particle shell is absorbed by all particles formed during EDG. When the
“ozone-knife” method is used, sol-fraction dissolved in acetone was lower
than that for EDG-formed particles. At the same time, due to ozone diffusion
during the “ozone-knife” method, the extent of rubber destruction was
higher than that during EDG; therefore, the amount of fraction dissolved in
toluene (fragments of vulcanized network, products of mechanodestruction,
and non-bound rubber molecules) from particle core was greater than that
for EDG. The authors concluded that sol-fraction localized on the particle
shell during EDG and on the particle core during the “ozone-knife” process.
The surface area of EDG-made rubber powder was higher than that for
“ozone-knife”-made rubber powder.

Materials obtained by compression molding showed that tensile strength,
elongation at break, and elastic modulus were higher for finer powder.”
With the addition of vulcanizing agents, such as sulfur, tensile strength and
elongation of rubber increased, but elastic modulus decreased. Mechanical
properties of composites consisting of used tire rubber made by EDG and
“ozone-knife” methods and LDPE (11 to 23 wt%) showed that elongation at
yield for composites based on the EDG method was greater than that for
analogous composites based on the “o0zone-knife” method; these data were
explained by a more active surface for EDG-made tire rubber powder.

4.4.4 Solid-State Shear Pulverization (S3P)

Khait™ developed the solid-state shear pulverization process (SSSP or S°P)
for polymeric powder production, polymer blends, dispersion of additives
in the solid state, and plastics recycling. This mechanochemical process is
also suitable for recycling of used tire rubber from whole tire product (WTP)
or tread rubber (TR) for composites with thermoplastics. A laboratory-size
(25 mm in diameter) pulverizer, a pilot-scale pulverizer (40 mm in diameter),
and production-size pulverizers (60 mm and 90 mm in diameter) by Berstorff
were used. This work was a continuation of a previous joint development
effort between the Academy of Sciences, the former Soviet Union, and Ber-
storff in the 1980s.7576

The Berstorff PT-25 co-rotating, intermeshing twin-screw pulverizer
(screw diameter 25 mm, length to diameter ratio of 26.5) utilizes a patented
barrel design for cooling, which allows it to maintain a processing temper-
ature below the melting point (for semicrystalline polymers) or below the
glass transition temperature (for amorphous polymers). The screws, consist-
ing of a series of kneading (shearing) elements, are designed to compress,
shear, and mix the polymer or polymer mixtures as the feedstock moves
along the barrel by the use of conveying elements. Due to a modular screw
design, the combination of elements is tailored to achieve various degrees
of shear and different residence times. In addition, screw speed, feed rate,
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FIGURE 4.1

Dr. Klementina Khait with laboratory-scale PT-25 Berstorff pulverizer, volumetric feeder, chiller
(shown on the left), and vibratory cooling conveyor. (From Khait, K. et al., Solid State Shear
Pulverization: A New Polymer Processing and Powder Technology, Technomic Publishing Co., Lan-
caster, PA, 2000. With permission.)

and temperature are varied for a specific material(s), to control the degree
of shear and the particle size of the resultant powder. It has been shown
that, under certain processing conditions, immediately after pulverization
the polymeric powders have a significant number of free radicals detected
by ESR, which is indicative of chain scission during S°P and typical of
mechanochemical processing.”

Rubber powders were made from used tires (WTP containing textile cord
and TR), using both the laboratory-scale PT-25 pulverizer and production-
scale PT-60 pulverizer at The Polymer Technology Center at Northwestern
University, Evanston, Illinois, and the commercial-size PT-90 pulverizer with
a patented Berstorff cooling system.” Powders were made from shredded
and coarsely ground 1/4-inch tire rubber by subjecting this feedstock to the
simultaneous actions of compression and shear in the co-rotating twin-screw
pulverizers. A laboratory-size PT-25 pulverizer and a production-scale Ultra
Torque® PT-60 pulverizer are shown in Figure 4.1 and Figure 4.2, respectively.
The Ultra Torque® pulverizers have higher torque transferred by spline shafts
and increased speed up to 1200 RPM, depending on the process and the
machine size.

Particle size of S’P-made tread rubber powder produced with a commer-
cial-size Berstorff pulverizer (90 mm in diameter) is presented in Table 4.1.
Particle size was determined with a mechanically operated Ro-Tap sieve
shaker and U.S. Standard sieves.

As can be seen from the data in Table 4.1, the majority of powder (38 %
by weight) was of 60 mesh (250 um) size followed by 80 mesh (178 um) size
and small amounts of even finer powder. Some coarser powder of 35 mesh
(500 um) was present as well (7.7% by weight). It is important to note that
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FIGURE 4.2

Research engineer Matthew A. Darling with production-scale PT-60 Berstorff pulverizer.
TABLE 4.1
Sieve Analysis for S’P-made Used Tread Rubber Powder
Mesh Size Micron (um) Weight Percent Retained

35 500 7.7 7.5
60 250 38.0 36.5
80 178 20.0 19.6
100 150 6.5 6.3
140 104 11.5 11.2
200 74 8.7 8.5
230 63 2.1 2.0
325 45 8.1 7.9

the particle size is controlled by changes in the modular screw design and
by adjustments of the processing parameters.

Due to high shearing forces during pulverization, the resultant powder
has a well-developed surface, which is advantageous for further use in
rubber processing as a partial substitute for virgin rubber in many applica-
tions, such as a filler or as an impact modifier for plastics. A degree of shear
was controlled by the equipment design. Co-rotating twin-screw pulverizers
provide the flexibility to tailor screw design to a polymer or polymer mixture
to be pulverized, and to be mixed as well. In the co-rotating, fully intermesh-
ing twin-screw pulverizers, an intense mixing (both distributive and disper-
sive mixing) occurs depending on mechanical energy input and screw
geometry. Of course, feedstock properties, such as interfacial surface tension,
elasticity, and coefficient of friction, among others, play an important role
during S°P processing.

In addition to having a well-developed surface, particles have a unique
shape, described as “cauliflower.” In contrast, conventionally ground tire
rubber powder has particles with a flat, angular shape and a relatively small
surface area.
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TABLE 4.2
Key Physical Properties of Used Tire Rubber/Virgin LDPE Composites

Tensile Properties
Ultimate Mpa % Tear Strength ~ Hardness
Composition/Ratio (PSI) Elongation = KN/m (Ib/in)  Shore D
PTR/LDPE, 60/40 3.7 (540) 39 25.5 (146) 33
GTR-30/LDPE, 60/40 3.0 (440) 27 21.7 (124) 32
PTR/LDPEy, 60/40 5.3 (770) 40 43.2 (247) 38
GTR-30/LDPE, 40/60 4.9 (720) 33 39.9 (228) 38

Note: GTR-30 = ground tire rubber, LDPEy = virgin low-density polyethylene, and PTR =
pulverized tire rubber.

During S°P, some chemical changes in rubber have occurred. Since these
changes are a result of an application of mechanical energy, the S°P is cate-
gorized as a mechanochemical process, which causes bond rupture, leading
to partial devulcanization of rubber. Khait and co-workers” developed sev-
eral composites based on S’P-made used tire rubber and thermoplastics.

Some of the scrap tire rubber mixes contained virgin plastic, to understand
what improvement in properties would be obtained compared to those
achieved with the use of recycled resin. Table 4.2 compares properties of
compression-molded scrap tire/virgin LDPE composites at two ratios: 60/
40 and 40/60. The co-pulverized rubber/plastic blends showed increases in
properties over composites made with the conventionally ground tire rubber.
The pulverized tire rubber (PTR)/LDPE blends had higher tensile properties
and tear strength than those for the ground tire rubber (GTR)/LDPE blends.
These increases were due to the larger surface area of the PTR, which resulted
in better bonding between the rubber and the plastic.

Khait”# investigated physical properties of developmental tire rubber/
postconsumer plastics composites made by co-pulverization of tread rubber
and various polyolefins with ethylene-vinyl acetate (EVA UE 645) at 28 wt%
as a binder. Postconsumer polyolefins used in those composites were linear
low-density polyethylene (LLDPE), HDPE, and LDPE. Key physical prop-
erties of these developmental materials are shown in Table 4.3. All pulver-

TABLE 4.3

Physical Properties of Developmental Used Tread Tire Rubber/
Postconsumer Polyolefins with EVA as a Binder at 50/40/10 Ratio

Tensile Strength
Ultimate % Tear Strength  Hardness
Components Mpa (PSI)  Elongation = KN/m (Ib/in) Shore D
TR/LLDPE/EVA 6.1 (890) 34 42.5 (243) 40
TR/HDPE/EVA 9.0 (1,310) 28 67.4 (385) 50
TR/LDPE/EVA 6.7 (980) 168 53.7 (307) 35

Note: TR = tread rubber.
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ized materials were melt-mixed at 180° C at 80 RPM for 5 minutes using a
small Brabender mixer with cam blades followed by compression molding
at 220° C.

As can be seen from Table 4.3, the highest values for elongation were
achieved utilizing postconsumer LDPE, while highest tear strength was
exhibited by composite containing HDPE. These results suggest improved
compatibility between rubber and plastics due, in part, to intimate mixing
that accompanied the pulverization process.

Large prototype parts have been made from TR/polyolefin composites
using production-scale fabrication equipment. Composites containing 60
wt% of pulverized tire rubber, postconsumer LLDPE, and EVA have been
compression molded into heavy-duty mats measuring 18 by 18 inches, which
used 8 pounds of the rubber mix. The mats were textured on both sides. One
side had large knobs measuring 1/4 inch in length and 3/8 inch in diameter;
these knobs were sharp and firm, which was indicative of good flow of the
developmental compound. Overall stiffness and surface appearance of the
heavy-duty mats made from S°P-made tire powder, LLDPE, and EVA were
exceptionally good.

Deitering®! studied several techniques to characterize rubber powder, and
developed a procedure combining SEM and digital-image analysis to phys-
ically characterize the size, shape, and surface texture of S*P-made rubber
powders and cryogenically ground rubber. A Hitachi S-510 microscope was
used to view the rubber particles; the microscope was equipped with a
system to capture the SEM images and to acquire digitized gray-level images.
Gray-scale analysis was used to detect the size and the number of protuber-
ances on the surface of the particle. Deitering used Fourier analysis to char-
acterize the size, shape, and surface texture of the particles by two-
dimensional projection.

The SEM image shown in Figure 4.3 is typical for rubber particles made
by S°P; particles are produced by the combination of pressure and high shear
by a modified tearing mechanism, generating prominent folds and nob-
ules.The SEM image shown in Figure 4.4 is typical for rubber particles made
by cryogenic grinding; particles are produced by brittle fracture, resulting
in sharp edges and ridges on the relatively featureless particle surface.

S%P-made rubber powders show a highly developed surface texture. This
property is very beneficial in several applications such as impact modifica-
tion of plastics, use as a filler, and in rubber compounding. Small particle
size (less than 500 um), well-developed surface, and narrow PSD are advan-
tageous for an increased adhesion at the interface during the above-men-
tioned applications. When S°P-made powder is used as a filler, physical
properties of the final product are improved. Due to small particle size and
large surface area, faster incorporation of the filler into a compound is
achieved. It has been established by the rubber processors that the smaller
the particles, the more rubber may be introduced into a formulation with
other components while maintaining the key mechanical properties at a
required level. In addition, finer rubber particles have resulted in superior
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FIGURE 4.3

SEM image of ground tire rubber produced by solid-state shear pulverization (300X magnification,
4.7 cm = 100 um). (From Khait, K., et al., Solid State Shear Pulverization: A New Polymer Processing
and Powder Technology, Technomic Publishing Co., Lancaster, PA, 2000. With permission.)

FIGURE 4.4

SEM image of ground tire rubber produced by cryogenic grinding (300X magnification, 4.7 cm
=100 um). (From Khait, K., et al., Solid State Shear Pulverization: A New Polymer Processing and
Powder Technology, Technomic Publishing Co., Lancaster, PA, 2000. With permission.)

surface appearance of the rubber products, as compared with those contain-
ing coarser rubber powder.

Khait reported” that S°P-made tire rubber powders made from both WTP
and TR were used at 5 wt% in soft-tread rubber formulations. The physical
properties, such as modulus, hardness, and tear strength of the compounds
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were unaffected by the presence of used tire rubber powder; tensile strength,
however, decreased by about 20%.

Lipp,® at Berstorff, reported the specific energy consumption data on S°P-
made tire rubber powder using Berstorff PT-90 commercial-size pulverizer
in Germany. The specific energy consumption ranged from 0.3 to 0.9 kw/
kg on the product, depending on the particle size of the resultant powder.
Two particle sizes were made, ranging between 0.05 and 0.20 mm or 0.4 and
0.6 mm, respectively. According to Lipp, the best results were obtained with
57% of the powder with particle size from 0.05 to 0.20 mm. To eliminate
agglomeration of fine powder, some chemical additives were used during
pulverization. The throughput of the PT-90 pulverizer was up to 1600 kg/
hr, depending on the feedstock.

Khait and co-workers demonstrated that properties of rubber/plastic com-
posites could be tailored by varying the rubber/plastic ratio of the compos-
ites and changing processing parameters during both co-pulverization and
melt-mixing following S°P.83

In spite of many years of research geared toward better understanding of
physics and chemistry of mechanochemical processing, the S°P process is
not yet fully understood. Future research should include more work on the
theory of fracture of various polymeric materials exposed to complex
stresses. Additional studies should be devoted to a behavior of mixtures of
various polymers, filled systems, and polymers with reactive additives dur-
ing S°P. These studies would enable scientists and engineers to create new
materials with designed properties and to develop better knowledge for
tailoring properties for value-added applications.

4.5 Summary

Tire rubber recycling is one of the most important directions in utilization
of waste rubber, which is inevitably accumulated during the initial produc-
tion, fabrication, and use of tires. Ironically, many advantages of tire rubber
composition such as toughness and wear resistance, which are accomplished
by using many types of rubber (up to seven types) in a tire, make recycling
very challenging and not always economically attractive.

Further research and development efforts to increase recycling rates for
used tire rubber are needed. In spite of continuing increase in utilization
of used tires, there are huge quantities that are still being landfilled. Envi-
ronmental concerns affect new routes to waste management in the twenty-
first century. Stockpiling of used tires causes a threat to the environment
that requires new “cradle-to-grave” approaches. These tires are a valuable
material that could be recycled and reused in a variety of applications as
a partial replacement of virgin rubber as well as a filler, impact modifier
for plastics, and as TDF. It is apparent that powdered rubber and composites
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based on used tire rubber products have a significant role to play in future
recycling efforts.

Fine grinding of tires consumes a lot of energy and causes high abrasive
wear to the grinder. The conversion of electrical energy through mechanical
action to surface energy of fracture is very inefficient. Development of more
energy-efficient processes represents a challenge for scientists and engineers
to be addressed in a new millennium.

Investigations that started in the early 1920s of various substances under
high pressure and shear need to be continued. Controlled mechanochemistry
is a useful tool for tailoring properties of polymers for specific applications.
The pioneering research by P. Bridgman, Nobel laureate, stimulated system-
atic investigations on the effects of high pressure on properties of solids. The
discovery of new mechanochemical processing technology such as EDG
greatly contributed to higher utilization of used tires.

Although fracture of polymers has been studied for a long time, chemical
phenomena during fracture were largely ignored and a purely physical
approach was adopted. There is, however, a direct relationship between
application of mechanical forces and chemical reactions in polymers during
fracture that occur during mechanochemical processing.

Saving raw materials through the use of secondary feedstocks gains more
acceptance due to a concern for a “green” environment. The continuous S°P
process for obtaining fine tire rubber powder offers many possibilities for
an increased reuse of that powder in many applications, especially in com-
posites with recycled thermoplastics, thus utilizing both waste streams. The
S°P technology will make a valuable contribution to eco-efficiency of post-
consumer polymeric waste recovery worldwide. The recycling of used tires
and plastic wastes will continue due to the increased cost of fossil fuels and
because of public and government concerns for protecting our environment.
In the future, disposal of waste tires in landfills will decrease due to gov-
ernment regulations. In some Euro