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ABSTRACT

Recovery and Evduation of the Solid Products Produced by Thermocatalytic
Decomposition of Tire Rubber Compounds. (May 2004)
Lan Liang, B.S, Ddian Univeraty of Technology, Ddian, P. R. China

Chair of Advisory Committee: Dr. J.C. Holste

A thermal catalytic decomposition process has been developed to recycle used
tire rubber. This process enables the recovery of useful products, such as hydrocarbons
and carbon blacks. During the catdytic decomposition process, the tire rubber is
decomposed into smaller hydrocarbons, which are collected in the process. The solid
reection resdue, which normaly condsts of carbon black, catadysts, other inorganic
rubber compound components, and organic carbonaceous deposits, was subjected to a
series of treatments with the intention to recover the vauable carbon black and catalyd.
The process economics depend strongly on the commercid vaue of the recovered
carbon black and the ability to recover and recycle the cataysts used in the process.

Some of the important properties of the recovered carbon black product have
been characterized and compared with that of commercid-grade carbon blacks. The
composition of the recovered carbon black was andyzed by TGA and EDX, the
dructure and morphology were <udied through transmisson eectron  microscopy
(TEM), and the specific surface area was measured by BET nitrogen adsorption. The

recovered products possess qualities at least comparable to (or even better than) that of



the commercid-grade carbon black N660. Methods for increasing the market vaue of
this recovered carbon black product are discussed.

Anhydrous duminum chloride (AICkKL) was used as the primary cadys in the
process. A catayst recovery method based on the AICL sublimation and recondensation
was sudied and found to be nonfeasble It is believed that the catdyst forms an
organometalic complex with the decomposed hydrocarbons, such tha it becomes
chemicdly bonded to the resdue materia and hence not removable by evaporation. A

scheme for the further study of the catalyst recovery is suggested.
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CHAPTER |

INTRODUCTION

1.1 Purpose of Investigation

Environmental problems crested by discarded tires and waste rubbers have
become dgnificant in recent years. In the United States, an estimated 281 miillion scrap
tires are generated each year.! In addition, about 2 billion waste tires dready have
accumulated in stockpiles or uncontrolled tire dumps across the country.  Millions more
are scattered in ravines, deserts, woods, and empty lots®> Even though scrap tires occupy
less than 2% in weight of the total solid waste stream, they represent one of the largest
problem areas for polymer reuse and recycling in the United States.

For many years, one of the mgor disposa options for tires was the scrap pile. A
very significant hedth problem associated with scrap tire piles is mosquito infestation.®
Mosquitoes are reported to reproduce 4,000 times faster in tire piles than in their natura
environment, and they are known to cary vaious types of encephditis and ydlow

fever?

Mosquito infestation of tire piles gopears to be a globd problem. Large tire
dockpiles are dso potentia fire hazards. The low bulk densty, or loose packing
Structure of tires, ensures ample access to air.  Once large piles of whole tires begin to
burn, the fire is virtudly inextinguishable. In the open, burning tires emit a lot of

undesirable chemicds, including some carcinogens. In addition, subgtantia quantities of

This dissertation follows the style of the Industrial & Engineering Chemistry Research.



petroleum oil are produced and enter neighboring water sources or percolate through the
s0il, thereby contaminating the groundwater.

Due to the potentid fire and disease hazards, over 48 dates in the Unite States
have adopted regulations to manage collection, storage, and disposa of scrap tires. Over
35 dates have banned whole tires landfills, and a few dates even have banned landfilling
of chopped tires! Increasing legidation that restricts the disposd of used tires demands
economicaly and environmentaly sound recycling methods. Now, the issue of how to
effectively and efficiently treat and reuse scrgp tires becomes a mgor issue confronting

the United States and other countries worldwide.  The edablishment of recyding

technologies for recovering useful resources from the generd and industrid wastes for
reutilization is the most desirable solution.”

Some charecterigics of tire rubber, such as sability and durability, which are
very dtractive and dedrable during their use, present a mgor chdlenge during the
disposal process. The fact tha tires are thermoset polymers means that they are not
eadly mdted or separated into their chemica components. Tire rubbers are aso
virtudly immune to biologicd degradation. The demand for high-qudity rubber tires
makes the disposd problem more formidablee Some have described this current
dilenma as “the synthetic rubber problem al over again® The rubber industry faces a
magor chalenge to find a closed-1oop method to recycle this thermoset product.

On the other hand, scrap tires are composed of many vauable condituents,
including both natural and synthetic rubber, carbon black, extender oil, sted, fabrics and

additives. Therefore, the posshbility exigts to recover vauable products from wadte tires.



A number of research and commercia efforts have been directed toward developing new
usss for old tires’™” However, they either have some undesirable side effects or are not
economicdly attractive. A more dedrable solution, both environmentaly acceptable
and economicdly viable, would be to convert waste tires to reusable hydrocarbon
fractions and carbon blacks. In this way, the origind vauable resources from which
polymerized products were created are recovered.

Mog attempts to convert tire rubber into chemicds have involved pyrolyss, a
thermad decompogtion process in the absence of oxygen.  Pyrolyss commonly is
conducted at temperatures above 500 °C, for most hydrocarbons become unstable above
this temperature®  Pyrolysis processes typicaly yied 25 to 60% condensable liquids
such as benzene, toluene, etc., 30 to 50% char (a hydrogen-lean carbonaceous product),
and the baance non-condensable fuel gases such as hydrogen, carbon monoxide, carbon
dioxide, and light hydrocarbons. The harsh conditions of pyrolyss tend to produce
hydrocarbons and other products of limited market vaue. Some methods for improving
the qudity of the char have been developed’ but a the expense of considerable
additional processing.

Recently, a novel patented process has been developed to recycle waste polymers
as an dterndive way to recycle scrgp tires, which can be less codtly and have minimd
adverse impact on the environment® This technology employs a thermd cataytic
decomposition process to convert polymeric waste to valuable hydrocarbons and carbon
blacks for reuse. It is noted that molten sdts, especiadly duminum chloride (AICkL), of

which the base metd has an eectron structure hat satisfies the acceptor/donor exchange



requirement with the polymer undergoing decompodtion, can act as cadyss for
decomposing tire rubbers!® The fact that molten sdlt cataysis can be used to decompose
tire rubbers has been known for severd decades'™? However, to date no literature
reports a successful commercia catdytic converson process for the disposal of scrap
tires.

Compared to other methods of using scrap tires as an energy source, the recovery
of vauable chemicds appears to be more cost-effective.  Beddes, it provides an
opportunity to decrease the environmenta burden caused by manufacturing fresh
chemica feedstocks from crude oil or naturd gas. The thema catalytic decomposition
process produces hydrocarbon products that generdly fdl in the range of C4 to G, with
essentidly no light gases, and very few heavier hydrocarbons (or heavy oil) products
present. These products potentidly have great vaue in the fue and chemica feedstock
markets.

Another sgnificant product, carbon black, could possibly find its market in the
rubber industry. There ae approximatdy thirty grades of carbon black that are
commonly used in various industries. The largest market (about 90%) for carbon black
is in the tire industry where the carbon black enhances tear strength and improves
modulus and wear characterigtics of tires'® However, it is not clear that the recovered
cabon black will retan the superior properties required for reuse in this gpplication.
Additional gpplications of carbon black are found in plagtics, filters printing inks,
paints, and toners. The market value of carbon black varies widely, depending on its

qudity, but generdly fdls in the range of 30 to 45 cents per pound®>** Carbon black



extracted from pyrolysis char is of very low purity and therefore cannot be used in tire
menufacturing.’®  In contrast, the sgnificantly milder reection conditions in some
catalytic decomposition processes should produce less usdess char and consequently
more higher qudity carbon blacks. Therefore, the carbon black product recovered from
the catadytic decompogtion process will have a grester market vaue than that from
pyrolysis processes.  The economic value of the carbon black product has the potentid to

equal or surpass thet of the fluid products.

1.2 Objectives of this Research

The genera objective of this research is to devedop a thermocadytic
decomposition process for the converson of tire rubber compounds to reusable chemica
feedstocks that is both environmentdly acceptable and economicdly vidble.
Specificdly, the objectives for this sudy are

1) to develop an operation for processing the solid products from the reaction
residue that separates and recovers carbon black;

2) to determine the reaction conditions under which the yidd and qudity of
carbon black products are optimum,

3) to evauate the properties of the recovered carbon black products, to provide a
bass for determining its commercid vaue and possble gpplications;

4) to invedtigate a proper method for recovering and recycling the reaction

catalys.



This invedtigation is a continuation of earlier work performed in our laboraory
on the recovery of vauable products from scrgp tires by thermocatalytic conversion.
The dudy will provide further laboratory data and understanding required to develop a
commercidly viable continuous process that can treat a feed stream congigting of used
tires, plagtics, and other polymeric wastes. Based on information gathered here, a pilot
sde reclamation fecility will be dedgned in  cooperation with the indudrid

collaborators.



CHAPTER I

LITERATURE REVIEW

2.1 Scrap Tire Disposal & Recycling Technologies

Tire rubbers are very stable and long-lasting polymers. Progress through decades
in making them more resstant to degradation has extended ther useful life, but that
progress has made the disposd process more difficult. The effective and efficient
disposad and recycling of the huge number of scrap tires generated annualy becomes a
mgor issue confronting the United States and other countries worldwide.

The best way to reuse used tires is to remove the outside, or tread, of the tire and
add a new tread, a process referred to as retreading.®  Retreading offers a resource-
efficdient strategy for used tire recovery that saves both materid and energy.” Retread
tires most commonly are used for commercid vehicles such as trucks, school buses,
arplanes, and other emergency vehicles  Unfortunately, this market only represents a
very small section of the tire market, and it is Sow to expand.*®

Scrap tires cannot be reused in a large scde in new tires because of the
vulcanized nature of the rubber. Ground rubber from scrap tires is not chemicdly the
same as naturd rubber or synthetic rubber. The vulcanization process during rubber
compounding transforms the elastomer into a non-fusible and insoluble substance!’ The
rubber cannot be devulcanized during the grinding process. As an andogy made with
baked bread by Serumgard and Eastman'®: “Yeast and flour cannot be removed from the

find product and reused again. Old bread cannot be recycled into new bread.” Using



reclamed ground tire materid as filler in new tires will cause lower tensle strength, heeat
buildup, and oxidative aging. Therefore, ground tire rubber cannot just smply be
reused in new tires. In a sense, Charles Goodyear's discovery™® of vulcanization in 1839
was not only the red dart of the rubber industry, but adso of the rubber recycling
industry as wdl.?”  Methods to recydle wvulcanized rubber products through
devulcanization, while technicaly possble in the laboratory, are impractica for large-
scale use.

Some research and commercid efforts have been directed toward the
development of new uses for old tires'”’ The main srategies of the technology for scrap
tire disposal and recydling can be divided into three categories™®

1) Combustion asfud;

2) Grinding into smdal partides and usng in cvil enginesring condructions and
other gpplications,

3) Decomposing to chemica condituents.

A brief explanation of each recyding technology is given below.

2.1.1TireDerived Fue

Tire Derived Fud (TDF) as a means of disposd and reuse of scrgp tires on an
indudgtrial scde has increased dignificantly over the past decade. It now is the largest
market for waste tires in the United States. TDF represented approximately 41% of

overdl waste tire recyding in 2001 Some magor combustion fecilities for TDF are



cement kilns, power plants, pulp and paper bailers, tire manufacturing plants, and smal
package steam generators.?°

Burning scrap tires as fuel is a way to reduce energy costs. The heat vaues of
whole tires average about 35,000 kJkg (15,000 Btu/llbm), whereas that for most cod is
in the range of 28,000 kJkg (12,000 Btwlbm).?! Waste tires may be burned whole, or
shredded into pieces gpproximaedy 1 to 2 inches in sze. However, not dl tire
components contribute to energy generation because tires contain about 30% of metd
wire and fabric. The remova of the wire involves an expendve process, such as fine
dredding and the use of poweful magnetss Whole tire combustion requires less
processng expense. However, most of the plants currently burning tires for fud do not
have the capability to burn whole tires.

The potertidly harmful effects of burning screp tires are not fully known. There
are two factors chdlenging the future markets for TDF. One is the economic feashility
compared with other fud dternatives, the other is the technologica consideraion related
to emisson control from the combudtion facilities. From 1992 to 1996, the number of
TDF fadilities decreased.! The reasons are assumed to be increasing environmental
pressure and decreasing economic advantage.  Although the emission level of pollutants
from TDF fadlities is comparable with cod, it is potentidly higher than from other
conventional  facilities such as naturd gas.  Studies have shown that the emissions of
metas (zinc, cadmium, lead, nicke, and chromium) are 10 to 100 times higher than

from naturd gas. Table 2.1 presents the laboratory smulation results of TDF emissons
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of metas?® The test was conducted in a 73 kw (250,000 Btuh) rotary kiln incinerator

simulator in the EPA’s Environmental Research Center in Research Triangle Park, NC.??

Table 2.1 Estimated TDF Emissions of Metals (Base Fue - Natural Gas)*?

0% TDF 17% TDF 100% TDF
(natura gas only) (steady state) (estimated)

ngd IBMMBtu ngd IMMBtu  ngd  Ib/MMBtu

metas

antimony 7.72E-05 1.80E-07 9.05E-04 2.10E-06 5.32E-03 1.24E-05
arsenic 4.80E-04 1.12E-06 1.59E-02 3.70E-05 9.35E-02 2.17E-04
beryllium ND ND 2.14E-05 4.98E-08 1.26E-04 2.93E-07
cadmium 1.76E-04 4.09E-07 454E-04 1.06E-06 2.67E-03 6.21E-06
chromium 2.78E-04 6.46E-07 1.66E-03 3.86E-06 9.76E-03 2.27E-05

lead 3.45E-03 8.02E-06 2.83E-02 6.58E-05 1.66E-01 3.86E-04
manganee  1.21E-03 2.81E-06 248E-03 5.77E-06 1.46E-02 3.40E-05
nickel 3.00E-04 6.98E-07 1.50E-03 3.29E-06 8.82E-03 2.05E-05
Senium 3.56E-04 8.28E-07 193E-03 4.49E-06 1.14E-02 2.65E-05
znc 1.23E-01 2.86E-04 15.21 3.54E-02 89.47  2.08E-01

ng/J— nanograms per joule.
Ib/MMBtu — pound per million British thermd units.
ND — not detected.

Even though burning whole or dhredded tires for fud might seem attractive,
given that the cost of naturd gas and other fud oils continue to increase, one magor
drawback dill exiging is tha vauable basic chemica building blocks are consumed,

instead of being recovered.1°
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2.1.2 Whole and Processed Rubber Applications

Due to some unique properties and characteristics of rubbers, such as toughness,
durability, and redlience to impact, tires are used for ther second life in new aress
where these merits are bendficid. Whole tires can be used as atificid reefs,
breskwaters, playground equipment, and highway crash bariers?  Other reuse
dternatives require that tires be split or punched into smdl particles (1 to 12 inch) or
ground even findy. Shredded tires are being used as a lightweight road congtruction
materiad or playground gravel subgitutes in cvil engineering gpplications.  Split or
punched tires are used to produce many useful products, including floor mats, belts,
gaskets, shoe soles, dock bumpers, seds, and other miscellaneous products. As another
magor application, rubber modified asphdt concrete, (RUMAC) is ganing some
atention recently. The addition of crumb rubber in asgphdt can improve the asphdt
binder's rheologicad properties a low and high temperatures and provide a life up to
three times longer than conventiona asphdt! In the United States, asphdt rubber is
being used in significant amountsin Texas and Nebraska

Tire shreds contain dgnificant amounts of sed wire.  In comparison, ground
rubber, also referred to as crumb rubber, is a wire-free fine rubber particle made by size
reduction from scrgp tires  Vaious dze reduction techniques, such as mechanica
grinding and cryogenic reduction, can be used to achieve a wide range of particle Szes
down to 600 um or less® Ground rubber aso can be produced from tire buffings, which

are by-products from the tire retreading process. Using tire rubber for various products
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typicdly requires that the sted wire be removed. Currently, sed removd is a cosly
process.

From a resource consarvation point of view, many applicaions of the crumb
rubber, such as usng as bedding for farm animas, mulch for garden gpplications, are not
attractive because they represent a waste of vauable chemica resources. In addition,
dthough it is technicdly feasble to manufacture many new rubber products from
recycled crumb rubber, severd of these new products and processes have poor economic
viahility and have very smal and limited markets®® Certain objections dso must be
overcome when using crumb rubber in road congtruction. The increased cost, which can
be 100% more than regular asphdt, is one of the biggest obstacles for the wide
acceptance of rubber modified asphat concrete.  Additiondly, the crumb product usualy
is aufficiently fine that it poses a serious fire hazard both during the grinding process and
during the lifetime of the application. Therefore, tire derived products cannot replace
completely conventional condruction materids, and civil engineering projects do not
consume aufficient quantities of crumb rubber so as to sSgnificantly reduce scrgp tire

stockpiles.

2.1.3 Decomposing Scrap Tiresto Valuable Chemical Feedstocks

The objective of polymer recycling should be two-fold: (1) reduce the volume of
rubbish and the burden on the environment; (2) conserve resources. Scrap tires, as a
type of polymer wastes, are composed of many vauable condituents, including both

naturd and synthetic rubber, carbon black, extender oil, sted, fabric, and additives.
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Table 2.2 ligts the typica composition by weight for a passenger tire and a truck tire*
Noting the drawbacks associated with the first two categories of scrap tire disposd and
recycling methods, many attempts have been made recently toward finding dternative
technologies that are less costlly and more resource conservative. Tertiary recycling, a
terminology adopted from the American Plagtics Council, is rgpidy emerging as an
economicd method for reclaming vduable materids from a variety of polymer-based
waste?® This recycling method can ke applied but not limited to scrap tires, plastics, and

anumber of different polymerized products or complex mixtures.

Table 2.2 Typical Tire Composition by Weight®*

passenger tire truck tire
natura rubber 14% 27%
synthetic rubber 27% 14%
carbon black 28% 28%
steel 14-15% 14-15%
fabric, fillers, accelerators,
antiozonants, €tc. 16-17% 16-17%

new 11.34 kg, new 54.43 kg,
average weight scrap 9.07 kg scrap 45.36 kg

Tertiay recycling bresks down the polymer chains and converts polymers to
low-molecular-weight  materids. Both enthdpy and entropy increese during this
process. Thus, from a thermodynamic point of view, it is not dedrable. However, the
advantages can compensatel® Firstly, mixed polymers or polymers with additives such

as fillers and fibers that cannot be separated readily may be degraded to low-molecular-
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weight substances. These substances can be separated by conventional means, typicaly
digillation or filtration. Secondly, such lowmolecular-weight substances then may be
used for new chemica synthess such as polymerization, to make new polymers. The
molecular nature of the resulting polymer can be controlled better than by smply mixing
the origind waste polymes  And thirdly, nonrenewable petroleum resources are
conserved.

Most attempts to convert tire rubber into chemicd feedstocks have involved
pyrolyss, a thermd degradation process in the absence of oxygen. Pyrolyss is
commonly conducted at temperatures above 500 °C, as most hydrocarbons become
unstable above this temperature®  Pyrolysis processes typicaly yidd three principd
products. gas, oil, and char; each comprises about one third by weight. The fud gas is
mogtly low-molecular-weight hydrocarbons (C1 to C4). The ail fraction has properties
amilar to that of conventiond heavy fud oil. The char is a hydrogen-lean carbonaceous
particulate composed of carbon black, ash, and other inorganic materids, such as zinc
oxide, carbonates, and silicates?®

To date, no pyrolyss processes have been commercidized successfully.  The
problems blocking them have been both technicd and economic. The harsh pyrolyss
conditions tend to produce hydrocarbons and carbon/char products of limited market
vadue. Some methods for improving the quaity of the char have been developed,® but at
the expense of consderable additional operating cost and the capitd cost of the plant.
At high temperatures, vulcanized rubber decomposes quickly to low-molecular-weight

oefins.  Thus from high-temperaiure pyrolyss, vauable highmolecular-weight olefins
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ae typicdly produced in smdl quantities. Theoreticdly, high-molecular-weight
compounds can be generated by low-temperaiure pyrolyss, however, lower
temperatures require longer process times, which increases the process ©st. Therefore,
direct thermd pyrolysis does not gppear to be a viable method for converting scrap tires
to chemicds.

New technologies are being developed to decompose tire rubber, such as

26-27 27-28

microwave  pyrolyss, ultrasonic  devulcanization, supercriicd fluid
depolymerization,®®2° and the use of specid cadyss!''? One advantage of using
cadyds is that the processng temperature can be lowered dgnificantly.  Another
advantage is that no new equipment is required. Thus, compared with other new
technology, catalytic converson of scrap tires may hold a greater promise for further
invegtigation.

Molten sdts, such as duminum chloride (AICk), whose base metd has an
electron dructure satisfying the acceptor/donor exchange requirement with the polymer
undergoing decomposition, can act as catdysts in decomposing tire rubbers®  Molten
st sydems that have been widdy sudied are basicdly metdlic chloride or metdlic
chloride eutectics. Most molten sdlts have excdlent heat transfer poperties® that make
them a dedrable reaction media if rapid reection is unavoidable A cuprous
chloride/potassum chloride eutectic has been reported to promote the hydrocracking of

propane to smaler molecules®®  Extensive investigations on the use of zinc chloride-

containing melts for hydrocracking of coal products have also been reported.3+-3°
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The fact that molten sdt cataysis can be used to decompose tire rubber has been
known for severd decades!'™*? Reports®’ showed that the yidlds of oil and gas obtained
when molten sdts were used as catdyss compare favorably with those from kiln
pyrolytic recovery process (at resctor temperature above 700 °C). All ealy work
showed that the choices of catadyst components and composition as well as the eactor
operating conditions have sgnificant effects upon the nature of the products. So far, no
literature reports a successful cataytic converson process for disposing of scrap tires on
a commercid bass. Sudies of this technology, including the nature of the chemicd
reections between the catdyst and the rubber compounds and the economica viability

arefar from complete.

2.2 Background Study of Tire Rubber Compound

A modern tire is essentidly a cord/rubber compogite.  Tires are manufactured
from several separate components, such as tread, innerliner, beads, bdts, etc., and
different components have different rubber compostions. Tire rubber is not pure, but
rather is in the form of highly filled compounds, which are mixtures of dastomers and
vaious additives  These additives (compounding ingredients) can be classfied as
vulcanizing agents, vulcanization  activators and  retarderdaccderators,  fillers
(reinforcing, semireinforcing, or diluent), antidegradants, softeners and pladticizers,
pigments and organic dyes, and specid additives®*3° Table 2.3 gives a typica rubber

compound formulation and the function of the ingredients®
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Rubber compounds are criticd engineering materids tha offer many specid
properties required by the tire industry,®® such as flexibility, low hysteresis, good friction
on most surfaces, high abrason resstance, and good impermesbility to contained air.
These properties ensure that tires perform a variety of functions under severe conditions.
Meseting these properties demands sophisticated rubber compounding technologies and
precise compounding ingredients, which on the other hand makes screp tire disposd

more formidable.

Table 2.3 A Typical Rubber Compound Formulation®®

ingredient ingredient function amount (phr)*
natural rubber rubber 100.0
Whiting diluent whitefiller 100.0
HAF N330 carbon black reinforcing filler 50.0
naphthenic ail softener/process aid 20.0
zinc oxide vulcanizing activator 5.0
dearic acid vulcanizing activator 1.0
santoflex 13 antioxidant/antiozonant 1.0
heliozone protective wax for ozone resistance 2.0
MBTS accelerator (primary) 1.0
DPG accelerator (secondary) 0.5
Sulfur vulcanizing agent 2.5

* Based on 100 parts of rubber hydrocarbon.

Rubbers compounding technology and materids directly affect the thermd
catalytic decomposition process of the tire rubber compounds and the recovered products
characterization. Some compounding ingredients may be retained in the solid resdue or

even be present as impurities in recovered carbon blacks. To better explain the
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mechanism of the thermd catdytic decompostion of tire rubber compounds and to
ressonably evauate the solid products recovered from the reaction resdue, it is
necessary to understand the general compostion of tire rubber compounds and the basic
propeties of commonly used compounding ingredients. A gened overview of
edasfomers and two most important compounding processes, vulcanization and
reinforcement, is provided below. Specific atention is then given in the next section to

carbon black, the mgor reinforcing filler, and one of our main products.

2.2.1 Properties of Elastomers

The term “dastomer”, generdly meaning rubber, is described by ASTM“? as “a
materid that is capable of recovering from large deformation quickly and forcibly, and
can be or dready is modified to a dae in which it is essentidly insoluble (but can
swdl) in baling solvent”.  Rubber’'s high extenshbility combined with an ability to
recover from extenson has been found to depend upon its molecular structure.  Naturd
rubber, derived from the tree Hevea brasilienss, is the prototype of the various modern
synthetic rubbers. All rubbers have smilar physica properties, and they share a certain
molecular pattern in terms of basic chemica Sructure.

Naturd, styrene-butadiene, polybutadiene, butyl, and ethylene propylene are
caled genera-purpose rubbers* because of their wide usage in a variety of products.
The Internationd Rubber Study Group*? estimated that 18.15 nillion tons of rubber was
produced in 2002. Of this amount, 7.27 million tons or 40% was natura rubber, the

remaining 10.88 million tons or 60% was synthetic rubber. The most commonly used
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rubber in tires is the co-polymer styrene-butadiene rubber (SBR) or a blend of naturd
rubber and SBR.?°> Butyl rubber dso is used widely, especidly in tire innerliners. Some
selected properties of the three most used rubbers in tires: natura rubber (NR), styrene-
butadiene rubber (SBR), and butyl rubber (IIR) are Isted in Table 24.** The chemicd
structures are showed in Figure 2.1.*' Al three of these rubbers are polymers with long,
flexible molecules that can be crosdinked to form a three-dimensond molecular

network.

2.2.2 Vulcanization of Rubber

Pure rubber polymer chains are nearly perfectly uniform and symmetricd, thus,
the molecular attraction between them will reduce flexibility and even lead to crystd
formation.** For dimensiond stability over long periods of time, it is necessary that the
molecular chains be linked together by occasona crosdinks to form a three-dimensond
network. Charles Goodyear’s*™ discovery of sulfur vulcanization in 1831 improved the
properties of rubber and made it a preferred sructure for practicd applications.
Vulcanization today is one of the key processes used in rubber related productions.

During vulcanization, three-dimensona Sructures are formed between
the vulcanization agent and the polymer chains by closdinking reections. This reaction
causes the soft materia to become drong and less dadtic.  After vulcanization, the
rubber becomes insoluble in solvents and is more resstant to degradation normdly

caused by hedt, light, and aging. On the other hand, the difficulty with recycling of
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rubber dso results from the crosdinked dructure.  Rubber vulcanization is a nearly

irreversible process, which causes the polymer to become essentialy one large molecule.

Table 2.4 Selected Properties of the Three Most Common Tire Rubbers*

property* natura syrene-butadiene butyl
(NR) (SBR) (IIR)
bondability to metas E E G
density, g/ent 0.93 0.93 0.92
tensle strength, ps
(reinforced, max) 4500 3600 3100
elongation at break, max 550 450 750
Resilience, 73°F E G F
low temperature flexibility E G G
resistance to abrasion E E F
resistance to tearing E F G
resistance to heat aging F F G
resistance to oxidation G G E
resistance to dilute acids E G E
resistance to concentrated
acids F F E
resstanceto dkdis G G E
resistance to gas/oil/grease P
resstance to anima/
vegetable oils P P E

* E, excdlent; G, good; F, fair; P, poor.

2.2.2.1 Vulcanizing Agents
Generdly, dl substances that can form crosdinks between the rubber polymer

chains may be dassified as vulcanizing agents>® Successful rubber technology depends
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largely on the ability to control the vulcanization process. For different types of rubber,
different types of vulcanizing agents are required.***’  Besides sulfur, some of new
vulcanizing agents are peroxides, phenolic resn, and metdlic oxides. However, sulfur-
rubber sysems are ill the most widely used method by far. The uniqueness of sulfur as
a vulcanizing agent sems from the chemidry of S-S bonds. Through reactions of sulfur
with double bonds cortained in the polymer, the polymer chains are crosdinked
together, yidding mono-, di-, or polysulfidic crosdinks of varying lengths and
digributions. Some of the structurd festures that generdly are accepted as occurring in
sulfur vulcanized rubbers are shown in Figure 2.2.%8

There are gpecid cases where non-sulfur  vulcanizetions are necessaxty  or
desrable.  Sulfur vulcanization can occur only in unsaturated eastomers® whereas
organic peroxides can be used to crosdink a wider variety of both saturated and
unsaturated polymers.  Peroxides, especidly didkyl peroxides, diacyl peroxides, and
dibenzoyl peroxides, are used manly to vulcanize ethylene-propylene rubber (EPR) and
silicone rubber,®® but are not generally used to vulcanize butyl rubber (IR) because of a
tendency toward chain scisson rather than crosdinking when butyl rubber is subjected
to the action of peroxides*!

Reactive phendlic resans are used as vulcanizing agents mainly for butyl rubber
(IIR), which give vulcanizates with incressed resistance to edevated temperatures®
Naturd and nitrile rubber can dso be crosdinked with this type of system, but no great
advantages accrued®  Because of the low crosdinking rate, the phendlic resin

vulcanization system requires the presence of cadyss, such as meta hdide (most often
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those of zinc).3® The phenolic resin vulcanization system is widdly used for the bladders
in new tires and the curing bagsin retreed tires*’

Metd oxide is another important vulcanization sysem, which is commonly used
to vulcanize chloroprene rubber. The most widdy used meta oxides are magnesum
oxide, zinc oxide, lead oxide, and red lead® The type of oxide used can influence the
water and acid resstance of the vulcanized rubber compound. Other vulcanizing agents
may include soaps and strong organic bases used for acrylate rubber, and bisphenols and

akylphenol sulphides for olefin rubbers>®

2.2.2.2 Vulcanizing Activators

A wvllcanizing activator acts like a cadyd; rdativdy smdl additions can
considerably incresse the degree of vulcanization.®  Zinc oxide is probably the most
important inorganic activator, whereas magnesum oxide and lead oxide are aso useful.
Activation by zinc oxide depends upon the paticle Sze used. Normdly, it requires 35
phr (per hundred rubber hydrocarbon), but very fine particle szes can require as little as
1 phr of zinc oxide for adequate activation.®® Faity acids, such as stearic, pamitic, and

lauric acids, are the most important organic activators.

2.2.2.3Vulcanizing Accelerators
Modern methods for rubber vulcanization usng sulfur often use a smal amount
of an accderator. There are a wide variety of accelerators available today, most of them

are nitrogen or afur-containing organic compounds classfied as sulfenamides,
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thiazoles, guanidines, dithiocarbamates, thiurams, etc..*! Because of ther ahility to
provide good scorch delay and excdlent stress-drain properties, thiazoles and their
derivaives - sulfenamides, such as 2-mercaptobenzothiazole (MBT) and benzothiazyl
disulfide (MBTS), are the most popular accelerators by far.*64°

In summary, for over a century, accelerated sulfur formulations remaned the
most common vulcanization systems for the natural rubber and generd purpose synthetic

rubbers used widdly in commercid and industria applications.

2.2.3 Reinfor cement of Rubber

The rubber obtained by vulcanizing eastomer has some improved characteristics
compared with the virgin dastomer, which however do not suffice for its technicd
utilizetion. The dimensond dabilities of rubber compounds are improved further and
the costs are reduced by incorporating fillers.

Since the introduction of synthetic rubbers, particulaly of SBR during World
War |, the most commonly used reinforcing agent is carbon black. Before carbon black
atained its predominant pogtion, other inorganic fillers, such as day, whiting, zinc
oxide and various types of slica, were used, and some are ill in use today in the rubber
industry. It is not unusua that as many as four or five different carbon blacks
sometimes blended with finely divided silica, are used in building asingle tire*!

Reinforcing means the enhancement of tensle drength, modulus, abrason, and
tear ressance of rubber. The reinforcement of rubber depends mainly upon the

interactions between filler and the base polymer. Both particle sze and loading rate of
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the filler can dffect the interaction with the rubber, and dso the dructure of the filler
plays a role in the polymer movement under deformation.® Payne bdieved that the
interaction between filler and dastomer was caused by a phenomenon caled bound
rubber.> If reinforcing carbon black or any other filler is incorporated in an dastomer,
pat of the rubber becomes insoluble in wha ae ordinarily good rubber solvents and
forms an insoluble gd with filler.  This phenomenon has been gudied extensvely and is
recognized as a typicd feature of the filler surface activity. A lot of investigations have
been done on the mechanism and the factors that affect the formation of the bound
rubber and aso its influences on properties of the rubber compound.**°*>  Ancther
phenomenon of filler-polymer interaction is the formation of a more or less immobilized
rubber shel surrounding the filler.  This is patly because of the redriction of the
molecular motion of the rubber in the vicinity of the filler surface. It may dso be rdated

to the increased entanglement due to the filler- polymer attachments.*®

2.3 Background Study of Carbon Black

Carbon black has been the mgor reinforcing filler in the rubber industry for over
100 years and it will probably continue for years to come. Because carbon black plays
such an important role in rubber compounding, and it is one of the main products from

our thermal catalytic decomposition process, it deserves specid atention here.
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2.3.1 Production of Carbon Black

Carbon black is essentidly an amorphous carbon of quas-graphitic sructure,
which higoricdly has been produced from naturd gas or oil feedstocks usng the
channel, thermal, and furnace processes® The old channd process no longer is utilized
in the United States due to its inefficiency and poor environmentd effects  The thermd
process mainly is used to manufacture a coarse particle size black used predominately in
non-tire applications. In this process, natural gas decomposes thermaly to hydrogen and
carbon in a preheated brickwork furnace at temperatures as high as 1300 °C. The
resulting products are generdly N899 and N90O series carbons. As the price of natura
gas incressed, thermal black prices followed, and competitive materials took over much
of the market. By far the most popular blacks are those made by the oil furnace process,
with grades ranging from N100 through N700 series. They were found to be better
auited to synthetic rubber. This process utilizes petroleum feedstocks rather than natura
gas, and yidds much more carbon black from the feed materid. Acetylene black is
another unique black made by the continuous thermd pyrolyss of acetylene a
temperatures above 1500 °C in the absence of air. This black is used in rubber because
its dructure afords high dectricd and themd conductivity. Beddes, it is rdaively
clean with less than 0.05% ash due to its feedstock.

All the carbon black manufacturing processes described above can be classfied
into two categories, incomplete combustion and therma decompostion of hydrocarbons,
depending upon the presence or absence of oxygen.®® Incomplete combustion gives

lampblack, channd black, and furnace black, whereas therma decompostion gives
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therma black and acetylene black. In the plant, the black is first produced as a fluffy
powder and further processed into pellets for easer handling. About 9 types of carbon
blacks are produced today, the properties of which overlap considerably.3°

The mechaniam of carbon black formation is not wel defined. It is likely that no
angle mechanism can explain carbon black formation from different raw materids and
by different processes. Generdly spesking, in the production of carbon black, the
following basc processes occur: 1) decompostion of the hydrocarbon and its
dehydrogenation products, 2) formation of graphitic layers, 3) formation of particles
with complex structure, and 4) formation of primary aggregaies of these particles®°
The manufacturing process has more influence on product qudity than the raw materid
from which it is made.

The production of carbon black is dso possble usng a pyrolysis process with
scrap tires as the feedstock.'®  When tires are pyrolyzed, a mixture of al the blacks are
produced, dong with zinc oxide, titanium dioxide, dlica and other reinforcing agents.
The reault is a black-colored char with a carbon content around 88-90% and an ash of &

12%. These blacks are very coarse and contain much extraneous materiad, and as a

result, have limited market potential without additiona processing.*®

2.3.2 Classification of Carbon Blacks
There are approximately 30 grades of carbon black that commonly are used in
rubber products. They are dlassified by ASTM®’ into classes N100, N200, N300, N500,

N600, N700, and N90O. In this classfication system, they use an initid letter Sor N
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Rubber'®
designation genera rubber properties typica uses
N110, N121, N166 high drasion resstance specid tire treads, airplane,
off-the-road racing
N220, N234, N299 high abrasion resstance, good passenger, off-the-road,
processing specia servicetire treads
N326 low modulus, good tear tire belt, wire carcass,

N330, N339, N347,
N375

N550

N650

N660

N762

followed by three digits.

vulcanization rae S means that vulcanization is dow.*!

srength, good fatigue, good
flex cracking resstance

high abrasion resistance, easy
processing

high modulus, high hardness,
low die swdl, snooth
extruson

high modulus, high hardness,
low die swdl, smooth
extruson

generd purpose, low die swell,
smooth extrusion

high dongation and resilience,
low compression st

idewadl, bushings, weether
strips, hoses

standard tire treads, rail
pads, solid whedls, mats,
tire bdt, sdewadll, carcass,
retread

tireinnerliners, carcass,
ddewdl, innertubes, hose,
extruded goods, V-bdts

tireinnerliners, carcass,
bdt, sdewadl, sedls,
friction, sheeting

carcass, Sdewadl, bead
compounds, innerliners,
sedls, cable jackets, hose,
soling, flooring, MRG

mechanica goods,footwear,
innertubes, innerliners, mats

N indicates that the black in rubber has the norma

The next digit indicates the
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typicd average paticle sze, the lower the number, the more reinforcing the carbon
black. N300 series are the most wsed carbon blacks, they represent 40% of the entire US
carbon black production, N600 and N200 series are the second and third most often used
ones®® The N100, N200 and N300 series blacks generally are used in treads for
abrason resstance whereas the N300 and N500 series are used in carcasses of radial
tires. The N600 and N700 series dso are used in carcasses and sidewalls of less critical
performance bias and dow speed tires!® Some old nomenclatures for carbon black are
dill in use a present. For example, thermd blacks are identified as MT and FT,
representing medium and fine thermal blacks, and furnace blacks are designated as HAF,
ISAF, and SAF, meaning high-, intermediate-, and super-abrason furnace blacks
respectivey. Table 25 shows some common carbon black classes and their typica

gpplications in rubber.

2.3.3 Properties of Carbon Black

The properties of carbon black will sgnificantly affect both rubber processng
and product propertties. Manufacturers adways provide virgin carbon blacks with a
detailled specification sheet when sdling them.  The properties reported typicaly are ash
content, heat loss, 325 mesh Seve resdue, pdlet crush strength, iodine asorption, DBP
absorption and physical properties compared to an IRB reference black in the ASTM D

3192 or D 3191 recipe.®®
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2.3.3.1 Chemical Composition

Most carbon blacks used in the rubber industry are 90 to 99% elementa carbon.
Other components found in carbon black could be oxygen, hydrogen, chlorine, nitrogen,
sulfur, ash, and moisture**  Oxygen and hydrogen are the mgor constituents other than
carbon. Sulfur contents of 0.6% are common in furnace blacks whereas thermd blacks
are nearly sulfur free. Some carbon blacks may have as much as 1.5% sulfur. However,
dudies indicate that, as tragpped in the crystd lattice of the black, the contribution of such
alfur to the wvulcanizing process is negligible®  Some oxygenated functional groups,
such as carboxyls, lactones, phenols, and quinines aso have been identified on the
carbon black surface.  QOil furnace blacks with little volatile content usudly have a pH of
7.1 to 9.0. Ash content, mogtly inorganic substances, normdly is low for carbon black
used in rubber indudtry.

The chemicd properties of carbon black are not of direct interest to the
compounder dthough undoubtedly reinforcement is influenced by the chemicd reections
between the black and the rubber. Carbon black is relatively inert but can be oxidized by

concentrated nitric acid.

2.3.3.2 Microstructure and Morphology Properties

The primary characteristics of carbon black that influence the properties of
rubber compounds are the particle sze, aggregate sze, morphology, and microstructure.
Because of the fineness of this maerid and the variety of conditions under which it is

produced, precise descriptions of all these properties are difficult to make**
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Decriptions of carbon black’s microstructures have been developed largely
usng the dectron microscope. Studies indicate that the primary particles of carbon
black have spherica (or approximately spherica) shapes, with diameters of 10 to 100
nm. Individua separate particles are rardy found in blacks other than therma blacks.
Carbon black particles generdly are connected mutudly to form larger structures, such
as chains or networks, caled aggregates (50 to 500 nm). This characteristic usudly is
cdled the dructure of the carbon black. The grester the number of particles per
aggregate, the higher the sructure.  Carbon black aggregates may form even larger
agglomerates (5 mm or larger), which are held together by van der Wads forces. The
dructure between carbon black particles and aggregate has a rdatively strong strength
that resss mechanica dedtruction, whereas the drength of the connection between
aggregates is poor and easly destroyed mechanicaly during processes like pelletization
and mixing into the rubber3°

The average number of particles fused into aggregates corrdates with the amount
of absorbed oils, such as dibutyl phthelae® Dibutyl phthdate absorption number
(DBPA)®* commonly is used by the industry as an index of carbon black structure. The
higher the amount of dibutyl phthadae absorbed, the grester the dructure.  Tinting
srength, an indirect method for assessing the overdl level of carbon black particle size,
is another useful screening method because of its smplicity.>®>  This method is based on
the reflectance of mixtures of carbon black with a white pigment (zinc oxide) in the ail.
The light absorption coefficient is measured and compared with that of a reference black

sysem to determine the rdative tinting strength.? The vadue of the tinting strength
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relates primarily to carbon black particle sze, but dso depends on the sructure and
aggregate size digtribution.**  Generaly spesking, carbon black tinting strength increases
with decressing particle size but reduces with increasing carbon black structure3°
This method is not suited for very smdl paticle Sze grades and cannot provide any
direct information on the particle size distribution. ™

Surface area is another very important propety in carbon black grade
classfication. It is dso one of the parameters that determine the degree of interaction of
the rubber with the carbon black. Thermal blacks are nearly non-porous, so the surface
area is inversdly proportiona to the particle diameter. However, most other blacks have
pores, of which the areas are included in surface area measurements but cannot be
reached by rubber molecules. Many procedures are available for determining surface
area tha usudly involves the adsorption of specified molecules on the carbon black
suface.  Three of the most widdy used adsorption methods are BET nitrogen
adsorption,®® ijodine adsorption,®” and cetyltrimethyl ammonium bromide (CTAB)
adsorption.®  The BET (Brunauer-Emmett-Teler)®® nitrogen adsorption method is based
on the low temperature Langmuir adsorption theory, which dates that the surface area
for the solid can be determined from the volume or weight of the molecules tha are
adsorbed as a monolayer on the solid surface. The BET method has great utility because
it is dmple to use and generdly yieds the most accurate surface area determinations
compared to other adsorption methods'® The adsorption of iodine by carbon black aso
is commonly used, especidly for qudity control during manufacturing of furnace blacks.

High iodine adsorption indicates a large surface area and dso corrdaes with high



reinforcing ability. However, this method is not suitable for blacks with high volaile
content or high amounts of extractable matter. For such blacks, adsorption of
catyltrimethyl ammonium bromide (CTAB) from an agueous solution of the black is

preferred.*! Surface areas of rubber grade carbon blacks can vary from 9 to 143 n¥/g.”®

2.3.4 Effects on Rubber Reinfor cement

The dramatic increase in properties like modulus, hardness, tear srength, and
abrasion resstance that gppear when carbon black is added to rubber have caused many
researchers to ty and find the reason for this reinforcement. A review of the mechanism
of reinforcement is given by Meddia et. al..”* Other literatures includes the works of
Payne,>? Lake and Thomas,’? Bueche,”® and Dannenberg, " etc..

The incorporation of carbon black into the rubber creates interfaces between rigid
solid phases and soft solid phases™®  Due to the interaction between rubber and filler, the
polymer molecules are adsorbed onto the filler surface ether chemicdly or physcaly.
Thus the rheological behavior of the rubber is dtered, resulting not only in highly non-
Newtonian flow, but dso in comparatively high viscogty. With the addition of carbon
black, the shorter rubber molecules share the stress with longer ones, and the rubber does
not break as easly. Carbon black dso enhances energy disspation and improves the
fracture propertties of rubber materids by adding many points of friction within the
molecular sysem.  These effects have a condderable influence on the savice

performance and service life of rubber products. Also, carbon black surfaces are known
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to be very heterogeneous because of the presence of different radicd groups, which are
cgpable of surface grafting with a polymer matrix.

The main parameters of carbon black that govern its reinforcing ability in rubber
ae paticde sze and the generd morphology properties. The paticle sze and its
distribution directly determine the surface area of the carbon black.® As surface area
increases, the viscosity of the uncured stock and the smoothness of extrusions increase,
dong with the increese of tensle drength, abrason resstance, and flex resstance.
Carbon black structure, such as the degree of irregularity of the carbon black units or the
development of branches due to the aggregation of primary paticles and the asymmetry
of the aggregates, is another parameter. High structure blacks give increased hardness,
abrason resstance, and €dectricd conductivity, but decrease cut growth and flex
ressance®  The improved wear is due not only to high surface area, but to the
following consderations’® high surface activity, narrower distribution of particle size,
absence of very large particles that are believed to act as wesk spots in abrason or
tendle falure, and more open aggregates. Table 2.6 lists some properties of carbon
black compounded SBR and shows a rapid decline in reinforcement as the surface area

of the carbon black decreases.*®*!

2.3.5 Carbon Black Markets
The globa demand for carbon black most likdy will exceed eght million metric tons in
2004, of which more than one fourth will be used in the North American market.”

Depending on particle sze, dructure, purity and methods of manufacture, the prices for
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different grades of carbon black generaly range from 30 to 45 ¢/Ib.>** The carbon black
markets are split amost equally between hard (N100, N200, N300 series) and soft
(N500, N600, and N700 series) grades.® About 70% of al carbon blacks is consumed
as a reinforcement in tires for automobiles and other vehicles, whereas about 20% goes
into other rubber products such as hose, beting, mechanicd and molded goods, and
footwear. The remaining 10% is used in the nortrubber industry. By far the most
important non-rubber applications of carbon black are as a pigment in printing inks and
in the plagic industry. The next mogt important gpplication, especidly for the fine
particle sze, higher-priced blacks, is in the production of black paints and coatings. This
is followed by the paper industry, consuming about 4% of the production used in the
non-rubber industry. Carbon black is an important pigment for use with xerographic
toners. It was reported that over 2000 tons of carbon blacks were consumed in the
copier industry during 1990 in the United Sates.”® Although this was a rdativey smdl
share compared to carbon black used in the tire indudlry, it was a Sgnificant portion of

the market for specid blacks.

Table 2.6 Effect of Particle Size of Carbon Black on Main Properties of SBR***

ASTM industry average surface 300% tensile
No. type particle area modulus strength
size (nm) (m?/g) (MPa) (MPa)
N220 ISAF 21 116 17.5 29.8
N330 HAF 30 83 16.7 29.1
N550 FEF 56 41 15.8 23.9
N660 GPF 67 35 135 23.5

N990 MT 285 9 4.1 11.3
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2.3.6 Health and Safety

Cabon black is one of the safest materials used in rubber production. Unlike
other fine particle materids, carbon black does not explode spontaneoudy. It is difficult
to ignite and cannot support combustion.  Although it was found that some carbon blacks
might contain less than 0.1% of adsorbed polynuclear aromatic hydrocarbons (PAHS),
carbon black has not been liged as a carcinogen by the Nationa Toxicology Program
(NTP) or by the Occupationa Safety and Hedth Adminidration (OSHA). Industry
investigations of workers in the carbon black producing industries dso showed no

significant adverse hedlth effect due to occupationa exposure to carbon blacks.

24 Aluminum Chloride

This section gives a generd review of duminum chloride (AICk), an aggressive
Lewis acid catalyst used in this project to decompose tire rubber compounds. Good
knowledge of this catalys is necessary as it is dedrable to be recovered from the find
reection resdue and recycled for reuse. Thus, the chemicd and physica properties of
pure AlClk;, the properties of mixtures of AICk with other metal hdides, and the probable

cataytic mechanism for the rubber decomposition reaction are discussed below.

2.4.1 Physical and Chemical Propertiesof AlICl3
Commercidly, duminum chloride is avalable as anhydrous AICk hexahydrate,
AICL.6H,0, or as an agueous solution. The properties and uses of the anhydrous and

rat orms uminum ornae ae veay d erent. e an rous materd Is a
hydrated forms of aduminum chlorid different.””  The anhyd id |
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srong Lewis acid that is used widdy as an organic synthess catdydt, while the hydrate
is principaly used as a flocculating ad. Anhydrous duminum chloride is a hygroscopic,

white powder a room temperature, which reacts with moigure in the air, so that it must
be handled in a glove box. The reaction of anhydrous duminum chloride with water is
veay violent, evolving heat, hydrogen chloride gas <eam, and duminum oxide
paticulates. Some physcd properties of anhydrous duminum chloride are shown in
Table 2.7. At amospheric pressure, AlICk sublimes a 180.2 °C as the dimer, Al,Cls,
which dissociates to the monomer beginning a approximately 300 °C.”"  AICk has a
mdting point of 173 °C,”® a boiling point of 177.8 °C, and the triple point occurs a 192.6
°C and 233 kPa.”® As a molten sdt, AICk has an unusudly high vapor pressure a
moderate temperatures, and the vapor pressure increases nearly exponentidly with
temperature.  Based on this property the overdl concept of the process includes
separation of the catays from the solid resdue through sublimation and recondensation.

The purpose is to recover the catdyst for reuse and at the same time improve the qudity
of the solid carbon black product.

Aluminum chloride has a centrd duminum aom with only 6 dectrons, so it is
very dectron-deficient. Any eectron-deficient atom can act as a Lewis acid (typicaly
Group IlIA dements). By accepting an dectron par, duminum chloride can act as an
acid, according to the Lewis definition.  Crystad dructure andyss indicates that
duminum chloride exigs as the ALClg dimer. The crystd structure can be represented

as.
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Table 2.7 Physical properties of Anhydrous Aluminum Chloride®

property vaue
molecular weight 133.34
density at 25 °C, kg/n? 2460
sublimation temperature, °C 180.2

triple point temperature, °C 1925+ 0.2
triple point pressure, kPa 233

heat of formation, 25 °C, k¥mol -705.63 + 0.84
hest of sublimation of dimer, 25 °C, kJmol 11552+ 2.3
heat of solution, 20 °C, k¥mol -329.1

heet of fuson, k¥moal 35.35+0.84
entropy, 25 °C, J(K.mol) 109.29 + 0.42
heat capacity, 25 °C, J(K.mol) 91.128

Anhydrous duminum chloride dissolves reedily in polar organic solvents®® As a
srong Lewis acid, it forms addition compounds with numerous eectron donors, such as
hydrogen chloride, hydrogen sulfide, sulfur dioxide, sulfur tetrachloride, phosphorus
trichloride, ethers, edters, amines, and acohols. The ability to catayze akyldion
reactions will be log by complexing duminum chloride with solvents However, smdl
amounts of materids can act as “procatdysts’ and promote the formation of catayticaly
active duminum chloride complexes®® It dso can react vigoroudy with other metd
chloride to form AIClL. The addity of duminum chloride-akadi metd mdts varies

systematically with the composition, influencing its catalytic behavior.”
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In agueous solution, aduminum chloride is hydrolyzed partidly to hydrochloric
acid (HCI) and duminum oxychloride (AICIO). For this reason, anhydrous auminum

chloride cannot be obtained by concentrating the solution and calcining the hydrate !

AlCk + H,0 ® 2HCI +AICIO 2.1)

The importance of anhydrous duminum chloride is due to its cadytic effect in
organic  reactions incuding  decompodtion,  polymerization,  dkylaion, and
isomerization.”® Most of these reactions are classified by chemists as the Friedd-Crafts
resctions. The practical gpplications in a wide variety of manufacturing processes
indude cracking high-boiling hydrocarbons to produce gasoline, polymerization of
light-molecular-weight hydrocarbons into  synthetic resins, lubricants and motor fuels,
synthesis of agricultural chemicals, pharmaceuticals, detergents, and dyes.®?

Due to its importance in the petroleum industry as cracking, refining, and
polymerizing agent, the commecdd manufacture of duminum chloride through
chlorination of auminous materids has been investigated thoroughly.”® In the first step,
molten auminum reacts with chlorine vapor a temperatures between 600 to 750 °C.
The produced AICkL sublimes out of the molten duminum pool and solidifies on the
condenser wdls. In some commercid manufacture processes, gamma-aumina is used
as the feedstock, and sodium chloride (NaCl) is added to maintain a liquid phase within

the reactor and promote the converson of the solid dumina to duminum chloride



41

vapor.®®  Sometimes resublimation of duminum chloride is required to reduce
contamination of the reaction products®°

Aluminum chloride's cataytic activity depends largdy on its purity and particle
sze®®  Moisture contaminaion is dso an important concern and must be prevented.
Anhydrous duminum chloride reacts with water or moisture, generating hesat, steam, and
hydrochloric acid vapors, thus the product containers should be stored insde a coal, dry,
well ventilated area and bulk handling sysems must be waterproofed. As dready
indicated above, the product should be transferred only in a nitrogen or dry ar system.
In Storage, some reaction with moisture may occur and over time can lead to a pressure
build-up from HCl in the container, so containers should be carefully vented before

being opened.®* Also because of the presence of HCI, iron containers should be avoided

because it will result in severe corrosion.

2.4.2 Molten Mixturesof AlClzwith other Metal Halides

Molten sdts have been studied since the early 1900s to gasify cod in the process
cdled molten sdt oxidation (MSO).”"8 Many genera characteristics, such as the ability
to function like a solvent, good heat trandfer characteriftics, dectricity conductivity, and
chemicd cadytic propertiess make molten sdts particulaly suitable media for organic
reections. The mdt is generdly immiscible with hydrocarbon products, which will
therefore easily be removed after reaction.

Many sudies’® have been peformed on the liquid molecular structure and

chemicd equilibrium in AICKL/MClk sysems. There is condderable evidence for the
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exigence of a series of anion complexes, AICl", AlLCly', and AlsClyy. The existence of
large polyatomic or polymeric ionic species is condgent with the observetion that the
vapor pressure of AlCk is reduced drameticaly upon the addition of other sdts.

Limited dudies on utlizing different double metd hdides with duminum
chloride as catdysts in the decomposition of tire rubber dso have been conducted.’®*?
An additiond metd chloride was frequently used as an “activator” to activate and
support duminum chloride's cataytic activity. A liquid molten bed normdly is formed
and the mdting point of the system is reduced, which results in great process flexibility.
Optimum converson is achieved in fused sdts through good contact between the solid
reectant and the liquid caidyst. Additiondly, the patid pressure of AICkL above the
liguid dso is reduced, which reduces the likelihood of overpressure in the reaction
vess.

Kendal and co-workers® gudied the solubility of duminum chloride in severd
inorganic sdt mixtures, including LiCl, NaCl, KCI, NH,ClI, CuClk, AgCl, MgCh, ShCls,
etc.. Ther method conagted of adding the metdlic chloride to duminum chloride and
noting the temperaiure a which the solid phase dissppeared. From the temperature-
composition curve, the composition of the double sats formed was determined. Factors
influencing compound formation and solubility of fused <dts include diversty factor,
vaence, unsaturation factor, and the atomic number factor.”® Metds that are much more
electropogtive or much more eectronegeative than duminum provide the most complex
and stable compounds with duminum chloride.  Sdts of monovdent metas, such as Li,

Na, K, form more stable complex compounds than sdts of polyvdent metas. Complex



compounds of quadrivdent metd sdts with duminum chloride likdy are not formed. If
a metd can exig in more than one vaence form, the complexes produced from its lower
vaence st are more stable than those complexes formed from its higher vdence sdt. If
the two metds have the same vaences, but one is unsaturated, the complexes of the
unsaturated meta sdt ae esser to form and dso with grester dability.  Addition
compound formation within a given periodic group increases with increasing aomic

weight. A typical example of the interaction of AlCk with some other metdl halidesis’®

2 FeCly + AlL,Cls —— 2 FeAICk (2.2)

2.4.3 Catalytic M echanism in Rubber Decomposition Process

The cadytic effect of duminum chloride in organic reections was fird
announced by Friedd and Crafts as a condensing agent for the syntheses of aromatic
hydrocarbons®?  In the continuation of ther work, the reactions in which auminum
chloride could be used as catayst have been extended to various fields. Some of them
are reaction of organic hdides and unsaturated compounds with aromatic and aliphatic
hydrocarbons, reaction of anhydrides of organic acids with aromatic hydrocarbons,
polymerization of unsaturated hydrocarbons, and cracking of diphatic and aromatic
hydrocarbons®?  AICk can initiste a chemicd deavage of the monomers from their
polymer bond, a reverse process of polymerization. This process involves contact of the
polymer and the catalyst under conditions favorable to desired products. The disruptive

effect of AlCk aso has been utilized in petroleum cracking processes.



It was assumed that the formation of intermediate compounds accounts for the
origination of the mechanism of reactions catdyzed by duminum chloride. The fact that
duminum chloride forms complexes with organic compounds is reedily explained by the
fact that duminum chloride, having an incomplete octet, is eectron deficient, and thus

joins with any compound which has an unshared pair of electrons.”

RX +AICk U RXsAICk U R (XAICkY (2.3)

Sangdov and Minsker et. al.®” sudied the thermd degradation of polyiso-
butylene (PIB) in the presence of auminum choride complexes. They found that the
overdl yield of reaction products with the use of acidic catalysts increased from 65 to 90
wt % compared with the therma process. They dso found that under thermd cataytic
conditions, in the presence of AICk and a support dkadi metd hdide, the formation of
complex like M[AICL] (M is a group | metd) was likdy. With the exigence of this
complex, the yidd of isobutylene content was increased, the quantity of heavy products
was preserved, and an appreciable reduction in the temperature of decompostion was
adso observed.  Another duminum chloride complex catdyst M[C,HsAICL] with an
increase in acidity was o utilized in their sudy.

With respect to the polymer degradation, they pointed out a cationic
depolymerization mechanisn in the presence of duminum chloride complexes as

cadyds. Due to the action of a weekly acidic duminum chloride complex catdyd, the



saturated C-C bond in the main polymer chan can be cleaved randomly a lower

temperature;

~ %C—% ~ %O -~ '%[RAICE]' + % ~ (2.4)

M*[RAICK]

With the macroradicals, further macroion formation occurs by reection (2.5), the
gngle dectron oxidation of free radicals. Thus the therma degradation of PIB proceeds

sHectively asadatigica but random free radica degradation of the macromolecules.
-€
..%. + MT[RAICKL] ? ~#+[RA|C|3]_ + M (2.5)

Based on their podulation, the dimination of monomer by a reverse of the
cationic isobutylene polymerization reaction is the most thermodynamicaly probable
gep in the PIB decompostion process. The use of the specific complex catays,
M[RAICL], causes the formation of the cationic decomposition center. The occurrence
of caionic reactions in the degradation process “effectively reduces the contribution of
secondary reactions of the radica centers, which results in an increase in monomer yield
and in extended polymer decomposition’.®” In their opinion, the introduction of another
metalic hdide has no effect on the extent of thermad decompostion, however, the
behavior of it in the catdytic decompostion is very likdy linked with “the displacement
of the equilibrium of reection (24) towards formation of inactive products and a

decrease in the role of the decomposition reaction at ionic centers’.®’
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Depending on the catayst nature and process conditions, the main chain cleavage
could adso be initiated on the termina C=C bonds. And it aso occurs a temperatures
much lower than that of purdy themd degradation. Berlin et. al.®® found that it
occurred in the thermd catdytic decomposition of PIB with the presence of more active

cation in AlCk catalyst complex such as C4Hg[ CoHsAICK).

CHs R CHs
~CH :|c + RIRAICH ® ~CH-(|3+[R’AICL3]' (2.6)
CHs CHs

After the reaction initistion by this route a high temperaiure, the mogt likdy
means of dabilization would be the dimination of isobutylene, the so-cdled (3

decomposition.®

CHs CH3
~CH,- CHZ-B[R’AIClg]' —
-C4Hs
Hs~n Hs
(2.7)
CHs CHs CHs
~CH2-4I CH,-C'[R'AICK] + CH2=A?
Hy n1 CHs; H3

Thermd catdytic break down of butyl rubber (IIR), a copolymer of isobutylene

with isoprene (Figure 2.1) in the presence of combinations of AICkL with other meta
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chlorides has been studied by Ivanova, et. al.'? Their experiments indicated that the
breakdown of butyl rubber in the presence of AICk occurred a a much lower
temperature and with a congderably higher rate as compared with the purely therma
process. The gaseous products had a higher isobutene content but lower isobutylene
content. However, the use of mixed AICkL sdts with other low acidity metal chlorides
led to a subgantid fal in the content of isobutene and rise of isobutylene in the gaseous
reaction products. This phenomenon was consdered to be a characterigic of the
depolymerization of PIB blocks in the IIR macromolecules.

The formation of isobutene instead of isobutylene in the presence of an excess of
AICL; above the stoichiometric amount in the catdyst complexes is most probably due to
ionic hydrogendtion of the i-C4Hg molecules induced by the cadytic action of HAICl
andlor HCI.'>#°  The formation of HCl has been demonstrated in conditions of thermal
cataytic decompaogtion of polymers in AlCk caaytic sysems. The isomerized units of
i-C4Hsg with i-CsHg copolymer could serve as a hydride ions donor. A hypothess for the

isobutane (C4H10) production scheme can be described as follows.*2

CHs
CHp=C —A 5 (CHysC'A 2.8)
Hs
(isobutylene)
CH3 CHS
| H'A é
~CH,-C~ ~ CH,-CH (2.9)

H3 EH:%



Hs CHz3
(CHg)3C*A™ + ~CHp-C-H——= (CH3)sCH + ~CH,-C'A"  (2.10)
EHS isobutane H3
CH>
— CHz-é
CHs CH, ~
~ CHZ-F’A' A (2.11)
CHs CHs
— - CHz-%: ~
CHs

—— Croddinking of polymer chains

As depicted in the scheme above, the increase in the quantity of isobutene in the
gaseous products of butyl rubber decomposition must be accompanied by the rise of the
C=C unsaturated bonds in the polymer resdue and/or the formation of a crosdinked
polymer residue '?

All the works'*®78° indicated that AICk and its mixture with other metd halides
or organic complexes can serve as very effective catadysts in decomposing tire rubbers.
However, the component and the compostion of the AICkL complex profoundly
influence the odective thermd cataytic decompostion process, and thus the
decomposition products. More investigation is necessarily needed for the complete

understanding of this complicated catalytic converson process.
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CHAPTER I11

THERMAL CATALYTIC DECOMPOSITION PROCESS

3.1 Introduction

This is a continuation of a research project that began in our laboratory in 1992.
The first stage, Phase |, was conducted during the summer of 1992, which evduated the
concept of tire rubber resource recovery by cataytic converson in a smal-scae glass
laboratory reactor. Phase | conssted of only three experiments which decomposed tire
rubbers in the presence of catayds in a smal 0.3 L glass vessd. The initid study gave
little scientific information, but it successfully demondraied a concept for recycling
waste tire rubber. The second stage of this project, Phase 1, began rearly a year later in
August, 1993. Phase Il focused on characterizing raw rubber, the initid design and test
of reaction equipment and procedures, and the initidl sdlection of reaction conditions®®*
During Phase 1, 25 decompostion experiments were completed. Conversion of the tire
rubber to hydrocarbon products and a black solid residue product was developed. The
laboratory study during this period addressed the effects of reactor operating conditions,
such as temperature, pressure, blanket gas compostion, etc., on the yidd and sdectivity
of reection products. ~The information obtaned during this stage provided much
experience and insight for this polymer recydling technology. Four U.S. patents'®%?
were published based on the results of the first two research stages during the period

1993-2003.
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The Phase Il studies provided information on the nature of the fluid hydrocarbon
products, but were inconclusve as far as the solid resdue characterization due to
involuntary contamination during the residue treatment process. For the process to be
commercidly viable, the process must produce a carbon black product that has
condderable market vaue. Additionaly, the reactor used a the time was smdl (2 L),
therefore an increase in d9ze was necessary to confirm parameters before the detailed
desgn of a pilot scae reclamation facility can be conducted. Thus, a new stage of this
project, Phase IlI, began in June 2001 to provide better and more complete information
for evduding the economic potentid of this thermd cataytic tire rubber decomposition
process. This stage focused on the following three aspects:

1. The effect of process conditions and catadyst selection on the properties of the
recovered carbon black products;

2. The effect of process conditions and catdyst sdection on the yidds and
distributions of fluid hydrocarbon products;

3. Methods for recovering the catalyst for reuse.

This dissertation is one of two reports covering the results from the Phase Il
work.  While the emphads of this dissartation is on the treetment and qudifying the
solid product and the catalyst recovery, the second study®® focuses on the rubber
compound decomposition behavior, such as converson, sdectivity, and mechanism. In
this chapter, however, for the sake of completeness, we note the most significant aspects

of the decomposition study as it gpplies to this dissertation.
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3.2 Raw Materials
3.2.1 Rubber Compound

The rubber compounds used in this study can be divided into two categories.
Category 1 includes three model rubber compounds containing typica rubber types used
in the tire industry and other known components, including a single grade of carbon
black in each case. Category 2 includes three rubber composites chosen to reflect the
overdl compostions of tires used commercidly. All rubber samples were prepared by
Cooper Tire & Rubber Company.

The three model rubber compounds were vulcanized styrene-butadiene rubber
(SBR), butyl rubber (IIR), and natura rubber (NR). They were ground to create
partticles approximatdly 5 mm in size. Each of these rubber compounds contained a
sngle specific type of carbon black in a proportion representative of tires. Modd
sysems were used in an effort to better understand and trace the chemistry during
reection, and to determine whether the vulcanization process used in  rubber
manufacturing affected the characteristics of the carbon black. The reaction mechanism
is reported and discussed e sewhere®

The samples in category 2 are three composites representing specific parts of an
automobile tire.  The disclosure agreements with the sponsors prohibit the release of the
detailed components and compositions of these three samples. The samples are particles
approximately 5 mm tol0 mmin size

The primary components of al the rubber feedstock samples are listed below,

and the detailed compositions of the three modd compounds are shown in Table 3.1.



Table 3.1 Compositions of the Three Model Tire Rubber Compounds?®

sample designation 402 403 404
magjor rubber SBR butyl natural
magjor carbon black N234 N650 N121
tire part typicaly used in tread innerliner tread
compositions Wt. %

natura rubber (NR) - - 57.7
SBR, cold emulsion, 23.5% styrene 54.7 - -
butyl rubber - 55.9 -
carbon black N121 - - 30.0
carbon black N234 35.8 - -
carbon black N650 - 335 -
zinc oxide 1.2 2.8 2.9
Searic acid 0.8 11 12
dimethylbutyl p-phenylene diamine 1.2 - 1.7
wax 0.6 - 0.9
diary-p-phenylendiamine 0.2 - 0.3
aromatic petroleum oil 4.0 - 35
napthenic petroleum oil - 5.6 -
Elementd sulfur 0.7 0.3 12
tert, butyl benzthiazole sulfenamide 0.7 - 0.7
(TBBS)

2,2 benzothiazyl disulfide - 0.8 -
tetramethyl thiuram disulfide (TMTD) 0.1 - -
total 100.0 100.0 100.0
nonconvertible meterids” 37.0 36.3 32.9

& Sample compositions were provided by Cooper Tire & Rubber Company.
b- Carbon black & Zzinc oxide were assumed to be nonconvertible materials.

Category 1. three moded rubber compounds

Sample 402: Styrene-butadiene rubber (SBR) + carbon black N234

Sample 403: Butyl rubber (1IR) + carbon black N650
Sample 404: Naturd rubber (NR) + carbon black N121
Category 2: three tire rubber composites

1. Slicarubber (Slica)

52
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2. White Side Wall rubber (WSW)

3. Black SideWal rubber (BSW)

3.2.2 Catalyst

Anhydrous duminum chloride (grade 0025) was used as the primary catdyst. It
was supplied by Gulbrandsen Chemicas (La Porte, Texas) in a five-gdlon bucket with a
PVC liner. Because of the ungable and hygroscopic nature of anhydrous AICk in
amosphere, the storage and trandferring were done in a controlled amosphere glove
box, purged with dry nitrogen gas. Handling of this chemica requires rubber gloves and
appropriate respiratory protections.

Dud cadys systems, i.e. usng a second metd hdide as co-cadyd, aso were

studied during this project.

3.2.3 Gases

All gases except gas chromatograph (GC) cdibration gas were supplied by the
BOTCO gas company (Bryan, Texas). These gases include argon, used as the reactor
blanket gas, helium, used as the gas chromatograph carrier gas, and nitrogen, used as
inert medium in the glove box in which catadysts were sored and transferred.  The GC
cdibration gas was supplied by Aeriform Corporation (Houston, Texas), containing
methane, ethane, propane, iso-butane, n-butane and n-pentane, which was used to

cdibrate the gas chromatograph.



Experiments in Phase |1l use argon or helium as a blanket gas to exclude oxygen
from the sysem while maintaining the necessary system pressure.  The blanket gas dso
sweeps vaporized hydrocarbon products from the reactor to the downstream equipment.
The latter is necessary as the catalyst dso reacts in the vapor phase. Hence it is desirable
to remove the produced hydrocarbons from the reactor as quickly as possble to
minimize further chemicdly cracking to lower vaue products through continuous
contact with the catalyst in the vapor phase.

During the early period of our experiments, we used nitrogen (N») as an inert
reector blanket gas. The invedigaion of AICkL cadytic chemigry with time reveded
that N2 is not necessarily sufficiently inet in the presence of AICk. The posshility
exigs that it could participate in the reaction by forming “pyramidad species’ complexes
like N2 AICk a suitable temperatures.’®94°®  During further reaction, the nitrogen atom
could possbly be introduced into the polymer chains. Thus, we replaced nitrogen with

argon or helium as the reactor blanket gas from the beginning of Phase 11.

3.3 Thermal Catalytic Decomposition Experiment
3.3.1 Experimental System

For the laboratory study, a new apparatus was designed and congtructed. This
dlowed the thermd catdytic decomposition reactions to be peformed carefully under
controlled conditions. A schematic representation of this gpparatus is shown in Fgure
31 The experimentd sysem may be divided into four sections. 1) the rubber feeding

section; 2) the themd cadytic converson section; 3) the refluxing and liquid
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hydrocarbon accumulation section; and 4) the off-gas scrubbing and andysis section. A
10L carbon sted reaction vessel has been used throughout the entire Phase Il study.
Additional details of the experimental apparatus and procedure are available elsewhere®
The experimenta variadbles <udied were blanket gas, reactor and condenser
temperatures, reactor pressure, reactor residence time, feedstock compostion, feeding

rate, catalyst composition, and catalyst to feedstock ratio.

Reflux
Condenser

Feed
Hopper

Liquid Exhaust
Condenser Vent
—>

Pressure Control
Value Flowmeter

— e
Valve

Gas

Chromatograph

Accumlator NaOH Cadmium
Trap Acetate Trap

Reaction Vessel

Liquid
Discharge

Figure 3.1. Schematic diagram of the experimenta arrangement.
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3.3.2 Reactor Operating Conditions

Most of the experiments were peformed at temperatures between 200 °C and
300 °C and pressures between 274 and 308 kPa (25 to 30 psig). These conditions are
aufficient to maintain the cadys as a fluid insde the reection vessd. Experience has
shown that the therma catdytic corverson reaction proceeds much more rapidly when
the AICk catdys is a fluid, ether in a molten liquid or gassous date, than when it is
solid or granular®  When the AICk catdyst exists as a fluid, it is easier to obtain
intimate contact between the catayst and the rubber feedstock surface, thus an increased
converson rate is achieved. Additiondly, when AICk cadys exigs primaily as a
fluid, heat and mass transfer are more efficient. Reactor temperatures higher than 300
°C, while atandble, generally are not preferred because of possible degradation of the
recovered carbon blacks and the high partid pressure of AICkL veapor.  Higher
temperatures also waste energy resources.

Optimized reactor operating conditions provide rapid converson of rubber
feedstock into hydrocarbons.  With the optimized conditions, rubber samples having
dimensons as large as 5 mm are as dficiently as feedstock with 30 or 40 mesh (about
05 mm) particles Furthermore, the rapid chemicad converson rae results in shorter
reector resdence times, reducing the cost of energy required to maintain the reection
system at temperature.

Anhydrous auminum chloride (AICk) was used as the primary catays in al

experiments during the Phase 11l study. In some experiments, AlCl; was used as the sole
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cadyst component, while in other cases dud catdyst systems containing AICk and a
second metdlic halide were employed.

Approximately 40 runs were completed between June 2001 and April 2003. The
firg fifteen runs (I111-00A to [11-OON and 111-0S1) were performed during equipment
setup and testing stage.  Products from these fifteen runs are not discussed below, but the
information obtained was used in the interpretation of other runs. The next fifteen runs
(11-1 to 1I-8, with suffixes A, B, C, etc. denoting replications of a particular set of
reaction conditions) were peformed usng three specific modd tire rubber compounds
with known compostions. Five runs (I11-9 to 111-11) were performed on rubber samples
in category two, and another five runs were performed to study the behavior of the dua
sts cadys sysem. Table 3.2 summarizes the reaction operating conditions of each

experimentd run.

3.4 Liquid Hydrocarbon Products

The therma cataytic decompogtion of rubber is an exothermic process that
produces volatile hydrocarbons, which leave the reactor as vepors. The yidd and
composition of the hydrocarbons depend upon the reactor operating conditions, catalyst
composition, catalyst/ rubber feedstock ratio, and the specific rubber sample fed.

The hydrocarbon products recovered from this process are generdly low
molecular weight hydrocarbons having less then fifteen carbon aoms, particularly those
having from three to tweve carbon aoms. The specific hydrocarbons evolved can be

used as feedstocks for various synthesis reections, or as octane enhancers for gasoline.
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Table 3.2 Reaction Operating Conditions

rubber feedstock

run no. blanket reactor  reflux  pressure catdyst  catalyst/

rubber carbon gas tempera- condenser rubber

type black ture tempera- raio
(typeiwt. %) (c) tuwre(C) (kPg)

11-01D SBR N234/35.8 agon 225 70 274 AlCls 1.23
[11-02B NR N121/30.0 argon 225 70 274 AICh 1.26
[11-03 IR N650/33.5 agon 225 70 274 AlCls 1.38
[1-03A IR N650/33.5 argon 225 70 274 AlCls 1.36
[11-04 SBR N234/35.8 agon 250 70 274 AlCls 1.23
[11-06 SBR N234/35.8 argon 225 100 274 AICh 1.23
[11-07 SBR N234/35.8 agon 225 70 274 AlCls 1.23
[11-08 SBR N234/35.8 agon 225 70 274 AlCl 154

[11-09 Slica na hdium 225 70 274 AlCl 1.07

[11-09A  Slica na hdium 225 70 274 AICh 1.08

(11-10 WSW na hdium 225 70 274 AlCls 112

-11 BSW na hdium 225 70 274 AlCl 1.13
AICly/NaCl

-12 SBR N234/35.8 hdium 225 70 274 (32 1.49
AICly/NaCl

-13 SBR N234/35.8 hdium 225 120 136 (32 1.2
AlICly/NaCl

-14 NR N121/30.0 hdium 225 70 136 (32 16.3

n/a- datanot available,

Both uses lead to high market vaues for the products. This portion of the converson
products is gathered as two fractions. one is referred to as naphtha, which is the content
condensed a the system pressure in the 0 °C trap that remains as a liquid a room
temperature after the experiment; the other fraction is LPG, which does not condensein

the above conditions but leave the accumulator as vapor. (The compostion of the LPG
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product is such that it easly could be liquefied and stored as liquid under normad process
conditions) The total quantity of ngphtha and LPG is referred to & the yidd of liquid
products converted from rubber feedstock. The converson to liquid hydrocarbons is

quantified by defining the liquid yidd as

licuidyidd = naphthamass + LPG mass (3.1)
rubber feedstock mass

The liquid yidd is a useful parameter for evauating process economics, but it
cannot reach 100% because nonconvertible materias are present in the rubber feedstock.
A more useful measure of the effectiveness of the conversion process can be obtained by
cdculating the volatile hydrocarbon products converson rate based on the convertible
fractions of rubber feedstock. The liquid converson, defined as shown in equation 3.2,

provides such a measure.

naphtha mass + LPG mass

3.2
rubber feedstock mass (1- fraction nonconvert ibles) (32

liqud converson =

The total carbon black and zinc oxide in the tire rubber compound (Table 3.1) are
assumed to be nonconvertible materias.

Both the SBR and NR rubber samples yidd 23 to 27% by weght of liquid
products, while the yied from butyl rubber is dgnificantly higher, ranging from 36 to

41%. The ided converson of tota liquid products range from 35 to 40% for SBR and



60

NR, and from 57 to 64% for the butyl rubber samples. The liquid products produced
from the rubber samples in category two are reatively lower, a 18% by weght of
rubber feedstock for the Silica rubber, 22% for WSW rubber and 21% for BSW rubber
samples.  There probably is a larger fraction of nonconvertible materids in these
samples, but the precise compostions are not avalable to us for proprietary reasons.
The tota hydrocarbon products yield was unchanged, but the product spectrum exhibited
a shift in favor of the ngphtha fraction for the dud catdyst sysems. This is postive as

it has higher commercid vaue. The hydrocarbon yieds are shownin Table 3.3.

Table 3.3 Experimental Hydrocarbon Yields

rUbber on totd liquid naphtha LPG
runno. ¢ stock convertibles quuid quuiq quuid quuiq quuid quuiq
yidd converson yidd converson yidd conversion
(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)

[11-01ID  SBR 37.0 23.2 36.9 13 2.1 21.9 34.8
111-02B NR 329 22.8 34.0 1.8 2.7 21.1 31.3
[11-03 IR 36.3 36.2 56.9 2.7 4.2 335 52.7
[11-03A IR 36.3 41.0 64.4 2.3 3.6 38.8 60.8
[11-04 SBR 37.0 22.1 35.1 19 3.0 20.2 32.1
[11-06 SBR 37.0 26.1 415 1.3 2.1 24.8 394
111-07 SBR 37.0 36.9 58.5 0.6 1.0 36.2 575
[11-08 SBR 37.0 155 24.6 0.0 0.0 155 24.6
111-09 Silica na 5.9 na 2.2 na 3.7 na

[11-09A  Silica na 17.9 na 18 na 16.1 na

[11-10 wsw na 22.4 n‘a 0.8 na 21.6 na

n-11 BSW na 21.4 n/a 0.8 na 20.6 na

-12 SBR 37.0 28.2 448 0.0 0.0 28.2 44.8
11-13 SBR 37.0 19.6 31.1 9.7 154 9.9 15.7

n/a - data not available.
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The dealed description and discusson of the experimentd system  setup,
control, process operation, and hydrocarbon products composition and properties are

provided esewhere®®
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CHAPTER IV

SOLID RESIDUE TREATMENT AND PHYSICAL EVALUATION

4.1 Characteristics of Solid Residue

The materid remaning in the reector after the experiment is completed (solid
resdue) typicaly is composed of carbon black, cadys, nonvolatile hydrocarbons
formed during the decompostion of rubber, and inorganic ash. The s0lid resdue usudly
contains large amounts of catays, even when the catayst was pure AICk. Thisis a
surprising result, because the vapor pressure of pure AICkL at reactor conditions is such
that it should evaporate from a physcad durry of molten sdt and solid organic materid.
There dso is no evidence of unreacted rubber remaning in the solid resdue &fter the
completion of the run.

When pure AICk is used as the catalyd, the physica date of the solid resdue
near ambient temperature dso is unusud. When the sdts (both pure and mixed) are
heeted sufficiently to obtain a molten state and then cooled, they solidify to a rock-hard
date upon cooling to ambient temperature.  When binary sdt mixtures were used, the
behavior of the reactor resdue containing the carbon black and nonvolatile hydrocarbons
was Smilar to that of the sdts. However, when only AICkL was used, the residue did not
solidify upon cooling. Ingead, its consstency became “gooey”, much like that of a thick

mud.
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4.2 Solid Residue Treatment Procedures

After the decomposition run was completed and the reactor cooled sufficiently,
the remaining resdue in the reaction vessel was removed from the reection vessdl and
subjected to a seies of treatments intended to recover products with sgnificant
economic vaue.  The resdue trestment procedures are illustrated in Figure 4.1
Remova of the resdue was draightforward for the experiments using pure AlCh,
because the physcd date of the resdue was sufficiently soft that it could be scooped
from the reactor usng a large spatula The rock-hard dua sdt residues could be
removed by chipping them away with a shap tool, but only with great difficulty. As a
result, the resdues from the dud sdt experiments were removed by opening the reactor

a elevated temperatures (~140 °C) while the st dill wasin a molten state.

Rubber Compounds Decomposition

Reaction Residue L
| Catalyst Dissolution |

| Filtration & Water Washing ——0.ae Filtrate
THF
| THF Extraction (optional) Extract

. A4 A
| Diymg | IMSAnayss  LicPAnayss

| Fine/Coarse Separation |

| Evaluations |

Figure 4.1 Carbon black recovery procedures.



4.2.1 Catalyst Removal

The catalyst most eadly is removed from the resdue by hydrolyss of the AICk
and MgCl and dissolution of NaCl and KCl in water. This was done by mixing the
resdue with a hydrochloric acid (HCl) solution with a pH vaue of gpproximately 3, and
dirring continuoudy for about 24 hours. This procedure hydrolyzed or dissolved nearly
al catayss present within the solid resdue. Acid is used rather than pure water to
inhibit the formation of the insoluble Al,Os pecies, minimizing the introduction of grit
into the resdue. The reactions involved in the hydrolysis procedure are described by

Cotton & Wilkinson'® as

AlCk (solid) + 3H,0 (gas) ® 6HCI (gas) + Al,O3 (solid) (4.2)
A|203 + 6HClI ® 2A|C|3 + 3H,0 (42)
2AICKE + 10H,O ® [AlH18010]™ + 2H" +6CI (4.3)

AICL reects violently with water, evolving heat and a gas consgting of hydrogen
chloride and steam. The reaction is sufficiently exothermic that the temperature of the
residue durry easily can rise to 130 °C, which is above the boiling point of water. Also,
because reactions 4.1 through 4.3 result in the net production of H and CI, the acidity
of the solution increases. The hydrolysis procedure therefore must be carried out with

extreme care.
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4.2.2 Resdual Wash and Filtration

The resdue durry produced by the hydrolysis step was filtered to separate the
organic s0lids from the agueous liquid. The resulting filter cake (mostly carbon black)
was washed with copious amounts of deionized water to remove any water-soluble
contaminants.  During the washing procedure, the pH vadue of the wash filtrate was
measured and the filtrate samples were collected for a further characterization with

Inductive Coupling Plasma (ICP) and Mass Spectrometry (MS).

4.2.3 Tetrahydrofuran Extraction (Optional)

Selected water-washed residues were subjected to a Soxlett extraction using
tetrahydrofuran (THF) to determine the fraction of THF soluble nonvolatile hydrocarbon
materid present in the resdue. THF was used both because it is an effective solvent for
heavy hydrocarbon molecules and because it commonly is used as a benchmark solvent
to diginguish between “soluble’ and “insoluble’ hydrocarbon species  The THF
extracts were andyzed by mass spectrometry (MS) to determine the nature of the

nonvolatile hydrocarbon species.

4.2.4 Drying
After water washing and filtration, the wet residue cake normdly contained large
amounts of water (60 to 80% by weight), S0 the resdue samples were dried in ar in a

convection oven overnight. Two dgnificant problems were encountered with the solid
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resdue drying procedure: the oxidation (decompostion) of the carbon black and
nonvolétile hydrocarbons, and the incomplete remova of water.

During the early runs, we did not expect sgnificant oxidation to occur a solid
resdue temperatures of 100 to 120 °C, because this is wel bdow the ignition
temperatures of most hydrocarbons. However, on occason we did observe a brownish
ash layer on the dried materia after the solid residue was washed with water and dried
overnight at 100 °C. Once, brown “smoke” was obsarved coming from the drying oven.
The consumption of the resdue maerid by oxidation caused difficulty in cosng the
mass baances. After discovering the possbility of carbon black oxidation during drying
at 100 °C to 120 °C, the drying procedures were adapted. Temperatures were lowered to
80 to 90 °C and processes were monitored carefully. As a result, the drying process was
extended to more than 48 h. Sometimes, dthough the sample appeared dry, it is
sugpected to il contain high moisture.

Because of the difficulties encountered with oxidation, we aso evaluated vacuum
drying. A vacuum oven operated at goproximately 125 °C and purged with argon was
used to remove the large quantities of water present in the residue cake. The weight
loss, most of which is assumed to be water, was as much as 80% of the initid un-dried
sample weight. The vacuum drying procedure is safer and easser to control, and it
produced in a better fina product and better product particle size distributions. Thus, we
suggest that the vacuum drying method should be used in any future experiments.

The mogt likdy explanation for the unexpected oxidaion of the solid product

during drying is the large surface area of the resdue product. The large surface area
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may dlow for reaction of the oxygen with the nonvolatile hydrocarbon, perhaps
catayzed by the carbon surface. As the reaction begins to occur, poor heat transfer
through the powder dlows the surface temperature to rise, thereby acceerating the
reaction. Non-uniform oven temperature profiles dso might contribute because higher
temperatures than expected may exist in some aress, especidly adjacent to the bottom
and wdls of the oven. However, sufficient monitoring of the temperatures in the oven
were done to provide strong evidence that spontaneous oxidation can occur at
aurprisngly low temperatures. The amount of decompostion of solid resdue materid
vaied from experiment to experiment. This may be due to differences in compostion of
the nonvolatile hydrocarbons on the carbon black surface, or to differences in heat
transfer characterigtics of the powder adlowing for more or less spontaneous temperature
rise.  Spontaneous oxidation can be suppressed by removing the air, which can be done

ether by purging the oven with inert gas or by operating the oven under vacuum.

4.3 Physical Characterization of the Solid Product

After performing the resdue trestment procedures described in the previous
sections, the solid black powder can be described as “carbon black” with both organic
and inorganic impurities present.  The organic impurities are nonvolatile hydrocarbons,
mogly highly unsaurated, hydrogenleen compounds, with sufficently high  boailing
points that they reman in the reactor after being formed.  These nonvoldile
hydrocarbons probably are adsorbed on the surface of the carbon black particles, so they

are not eadly removed during the trestment steps. They can be removed only by THF
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extraction or vacuum thermd trestment (see Chapter V). The inorganic impurities are
nonconvertible materias present in the rubber compound feedstock. They include meta
supports and sulfur used in the rubber manufacture process, metd compounds from the
catays, and ash. The content of both organic and inorganic impurities are discussed in

Chapter V.

4.3.1 Carbon Black Yield

The find black solid resdue congsts of the recovered carbon blacks that were
used origindly as a reinforcement filler in rubber compounds (see Table 3.1), inorganic
components (e.g. zinc oxide) and carbonaceous deposits that may have been formed
during the rubber converson process. Carbonaceous deposits are defined here as heavy
molecular weight hydrocarbons (mostly aomatics and cyclic compounds) both
chemicaly and physcaly bound to the carbon black surface. The presence of these
carbonaceous compounds was confirmed by TGA and GC/MS compostion andyss
(described in detail in Chapter V).

By means of a mass baance it is possible to make a rough etimate of the amount

of this carbonaceous deposits. The carbon black yield is defined as

carbon black yidld = mass of treated s0lid resdue (4.4)
mass of rubber feedstock

There are two primary sources of inaccuracy when cdculating the carbon black

yiedd. The loss of weght due to oxidation during the drying process will cause the
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carbon black yield to be too smdl, while incomplete drying will cause the yield to be too
large.

The rubber feedstock contains approximately 30 to 36% carbon black and 1 to
3% inorganic components (ZnO). These two components are assumed to be
nonconvertible materids (see Table 3.1) in rubber feedstocks that end up in the solid
resdue. Therefore, if no carbonaceous deposits are formed and the catalyst is removed
completdly during the resdue treatment, the process should yield approximatdy 33 to
37% recovered carbon black products (see Table 3.1). Higher carbon black yields
suggest the formation of carbonaceous deposits during the decomposition process. The

fraction of carbonaceous deposits formed is

fraction carbonaceous deposits = carbon black yield - nonconvertiblesinfeed  (4.5)

The carbon black yields and the estimated carbonaceous deposits are summarized
in Table 4.1. All cases show the production of carbonaceous materids. Mass baance
cdculations incduding the fluid hydrocarbon products aso support this result®®
Although no “unreacted” rubber is present in the resdue there likdy are Sgnificant
quantities of longer chain hydrocarbons in the solid products.

The yidd of fluid hydrocarbon products from the rubber decompostion reaction
is lower than we expected, while sgnificant amounts of nonvolatile hydrocarbons appear
in the s0lid resdue. The mog likdy explanation is the hydrogen deficient reaction

environment with respect to the reaction stoichiometry (aso see discusson in Chapter



VI1). The hydrogen to carbon ratio is higher in the fluid products than in the origind
rubber, therefore other products must be formed that have lower hydrogen to carbon
ratios (the nonvolatile hydrocarbons). The addition of a hydrogen donor source, such as

hydrogen or methane, might increase the hydrocarbon product yield while improving the

qudlity of the carbon black product.

Table4.1 Carbon Black Yidds

rubber feedstock fraction
rubber carbon non- carbon black carbonace-
run no. type black convertibles yidd ous deposits
(wt. %) (wt. %) (wt. %) (wt. %)

[11-01D SBR N234/35.8 37.0 47.3 10.3
111-02B NR N121/30.0 32.9 63.2 30.3
[11-03 IR N650/33.5 36.3 440 7.7
[11-03A IR N650/33.5 36.3 51.9 15.6
[11-04 SBR N234/35.8 37.0 60.0 23.0
[11-06 SBR N234/35.8 37.0 77.8 40.8
[11-07 SBR N234/35.8 37.0 77.3 40.3
[11-08 SBR N234/35.8 37.0 na N/a
[11-09 Slica na na 70.4 N/a
[11-09A Slica na na 71.3 N/a
[11-10 WSW na na 67 N/a
I-11 BSW na na 68.3 N/a
[1-12 SBR N234/35.8 37.0 na N/a
11-13 SBR N234/35.8 37.0 67.1 30.1

n/a— datanot available.

4.3.2 Solid Particle Size Distribution
U.S. slandard Seves were used to determine the digtribution of particle sizes in

the solid product. These sieves with mesh numbers of 18, 25, 35, 50, 120, 230, 325,
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400, and 500 have openings of 1000, 710, 500, 300, 125, 63, 45, 38 and 25 nmm,
repectivdy. The sSeve pans were 25 mm (1 in) in heght and 200 mm (8 in) in
diameter. The testing procedures followed ASTM D 1511-98.%

In most cases, the recovered solid product gppears to be a soft fine powder after
washing and drying. The samples were crushed gently to bresk up agglomerations
formed during drying until the powder passed through seves No. 18 and 25, and then
transferred to a seve assembly with seves of 35 to 500 mesh from top to bottom. The
Seve assambly then was shaken for 1 hour on an automatic Seve shaker. The particle
Sze didribution was obtained by cdculaiing the fraction of resdue retaned on each
sieve and the bottom receiver pan.

The particle sze digributions of the recovered solid product are lised in Table
4.2. The appearances of the particles and the paticle szes differ from run to run,
primarily because of the different rubber feedstock used. The catayst system used aso
affects the particle sze didribution. Generdly spesking, most products were retained on
the deves with seve Nos. 50, 120 and 230. Products recovered from butyl rubber have
coarser particles than those recovered from SBR and naturd rubber. Products from
slica, WSW and BSW rubber feedstock have finer particles than those from SBR, NR
and IR rubber. The results adso indicated that the particle Sze decreased sgnificantly
when dua sdts were used as cataysts. Other reaction conditions, such as the reactor
temperature and pressure, have little effect on the paticde dSze digribution.

Comparisons of solid products paticle dze didributions from different  rubber
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feedstocks and from different catdyst sysems are showed in Figure 4.2 and Figure 4.3
respectively.

The current residue treatment procedure produces 80 to 90% of the products with
szes larger than 230 mesh. Only a few particles pass through the 325 mesh seve and
hardy any pass through the 500 mesh sSeve. However, the results suggest that the
cabon black materid could have finer paticle sze digributions if a vacuum drying
process is employed. A wet sSeving process dso was used to assess the particle sizes.
Selected dried carbon black samples were re-durried with deionized waer Seved in
sugpenson using the same seve assembly with the help of a soft brush. All particles in
the durry passed through the 500 mesh deve without difficulty. This leads to the
concluson that the larger particle szes observed by dry sSeving result from particle
agglomeration that occurs during drying, therefore the solid product from this process
has the potentid to meet the requirements of Seve resdues for industry applications as

determined by ASTM method®”.

4.3.3 Composition Analysis of Wash Solution

The agueous solution used to wash the solid products (as described in 4.2.2) were
andyzed by Inductive Coupling Plasma (ICP) and Mass Spectrometry (MS).  ICP
detects inorganic materids present in the sample, even a very low concentraions, while
MS was used to obtan a quditaive indication of the molecular weight of organic

compounds contained in the sample.



Table 4.2 Particle Size Digtribution of the Solid Product (wt. %)?

run no. sevenol

50 120 230 325 400 500 >500

11-01D  24.40 25.61 33.66 8.52 4.03 2.97 0.80
11-02B  52.34 33.44 9.91 2.83 0.37 0.07 0.02
M11-03A  60.15 28.06 10.86 0.89 0.03 0.00 0.00
[11-04 18.65 56.93 19.43 4.63 0.35 0.00 0.00
[11-06 19.27 30.73 40.36 5.59 2.09 1.52 0.42
[11-07 25.02 35.11 32.89 6.09 0.83 0.04 0.00
[11-09 0.00 13.28 60.41 21.33 4.32 0.61 0.04
[11-09A 0.00 17.96 52.70 23.77 5.23 0.00 0.00
[11-10 0.00 10.30 58.21 17.16 5.25 0.00 0.00
M-11 0.00 21.10 63.29 13.06 254 0.02 0.00
11-13° 15.30 35.52 24.35 13.95 9.08 1.80 0.00
111-14° 0.00 0.00 26.40 42.20 21.60 9.70 0.00

2 based on the total solid product weight from each run.

b calculated by the residue retained on each Sieve.
¢ dua sdts system was used as catalyst.

Table 4.3 Quantitative and Qualitative |CP Analysis of Water Washing Filtrates

sample no.* AI** concentration (ppm) qualitative components scan
1 1427 Na/Mg/Al/S/VICrIMFe/Zn/Cd/ITa
2 717 Na/Mg/Al/SI/SICalCrIMn/Fe/Zn/Ta
3 8 Na/Al/S/S/IFe/Zn/Nb
4 4 Al/S/SIFe/Zn/Nb
5 0.2 Si/SIFe/Nb
deionized water 0 SI/SINb

* samples were collected after every 4 L water was used to wash the solid residue.
sample 5 was collected after the find wash.
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The initid wash water has both strong chloride and gasoline odors and appears
dark brown in color. The concentration of AP* was as high as 1500 ppm. After more
water was used during the washing process, both the odor and the color of the filtrates
became clear, and the concentration of AP decressed sgnificantly. The quantitative
and quditative ICP andysis results of the water washing filtrates are listed in Table 4.3.

The dementd andyss by ICP suggests that severd metds are present in the
initid filtrate.  This is conagent with the carbon black bulk dementa compostion
andyss, which is described in Chapter V. Some of the metd dements most likely come
from the carbon sted reaction vesse employed during the decomposition runs, because
they are not present in any of the feedstocks, or in the washing water. Significant
quantities of Mn, Si, S, Cr, Fe, Mg, and V are present in the type of carbon sted from
which the reaction vessd was constructed.®® The weight loss of the reactor during each
run was as much as 20 g. This observation is condstent with the previous studies (Phase
1) during 1994/1995. Hence, to reduce the contamination caused by the reactor
corrosion, it may be advantageous to use a danless ded reactor vessd in future
research.

The fird wash solution sample aso was subjected to a quditative GC/IMS
andyds. The solution fird was filtered usng VWR grade 413 generd-purpose filter
paper to remove any sugpended solid materid from the agueous solution. The solid
materid was dissolved in THF and both the THF and the agueous solution were

andyzed by GC/MS. The GC/MS results are listed in Table 4.4.
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Table 4.4 Qualitative GC/M S Analysis of the First Water Filtrate Sample

moleclar weight groups (srong groups are given in bold italics)

THF solution 83,5, 90.9, 95, 101.6, 109, 119.9, 131.1, 145.8, 161.2, 170.6

91.1,93.1, 119.1, 133.2, 137.2, 155.1, 157.1, 191, 193.1, 207.1,
agueous solution 228.3, 246, 251.1, 267.1, 268, 269.1, 270.1, 293.2, 323.1, 339,
355.2, 356.2, 357.2, 358.2, 359.1

It is clear from Table 4.4 tha some heavy compounds are present in the first
water wash sample. These compounds are probably hydrocarbons or metaorganic
compounds. The THF solution appears to contain lower molecular weight compounds,
which probably include some hydrocarbons in the range of Cio to Cip.  Further

investigations are needed to characterize the heavy compound in more detail.
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CHAPTER V

CARBON BLACK CHARACTERIZATION

5.1 Introduction

The carbon blacks recovered from the tire rubber decomposition process could be
different in structure, morphology and chemicd compostion from thet of the carbon
blacks used as renforcing filler in that particular rubber compound. Typicd carbon
black properties that determine its performance in rubber include the paticle sze
disribution, the aggregate size, the surface activity and the agglomerate tendency.®®
Other important control parameters are the moidture, volatile, and ash contents.  The
recovered carbon black will be contaminated to some extent by various additives present
in the origind rubber compound and by the hydrocarbon products produced during the
rubber converson. Unremoved cadys and extraneous materids originating from the
s0lid resdue workup process and experimental equipment adso may add some
contamination to the product. A serious concern is that the degradation of carbon black,
i.e. the trandformation of high dructure carbon black into a form of gragphite with no
reinforcing ability needed for the mgority of agpplications, could dso teke place during
the rubber decompostion process. Thus the characterization of the recovered carbon
black qudity is required to assess its market vaue and contribution to the economic
viability of thistire rubber decompaosition process.

The recovered carbon black cannot replace commercid carbon black in some

goplications unless it possesses properties amilar (or superior) to that of commercid
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cabon blacks. The largest market (about 90%) for carbon black is in the tire
manufacturing industry where the carbon black enhances tear drength and improves
modulus and wear characterigtics of tires.  Additionad applications are found in plagtics,
filters, printing inks, paints, and toners. The characterization work is intended to assgn
a quditative carbon black grade to the recovered product, which will suggest what
gpplicaionsit is suitable for, and hence its gpproximate economic vaue.

In this chapter severd evaluation procedures that determine the characteristics of
the recovered carbon black product are described. An approximate bulk compostion is
obtained by thermogravimetric andyss (TGA). The dementary compostion andyss is
performed by the energy dispersve X—ray spectroscopy (EDX). The hydrocarbon ail
extracted from the recovered carbon black is andyzed by GC-MS. The structure and
morphology of carbon black are dudied through transmisson electron microscopy
(TEM), and the gpecific surface area is measured by BET nitrogen adsorption.

Commercid carbon black grades N220, N330, and N660 are used as reference materials.

5.2 Sample Preparation

The carbon black samples described here were recovered from the thermd
catalytic decompodtion of tire rubber compounds. The reaction conditions for each run
are summarized in Table 3.2. The detailed description of the reaction process, resulting
products and decomposition mechanism are reported in Chapter 111, Chapter 1V, and
esavhere™. The commercia carbon black grade N220, N330, and N660, used as

reference samples were provided by the Sid Richardson Carbon Co., Akron, Ohio.
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These three grades of commercia carbon blacks are used widely in the tire industry as

filling materids.

5.3 Composition Analysis

The main differences in composition between the recovered carbon black and the
commercid virgin carbon black filler are the volatile content and the ash content. The
recovered carbon black contains dmost al of the inorganic materids originaly present
in the rubber feedstock. In addition, the find carbon black product may contan catayst
st if the washing and filtration process is not efficent. Contamination aso can come
from the corroson of the carbon sted reactor, and hence contribute to a higher ash
content of the recovered carbon black. The volatile materid discussed in this chapter is
mostly hydrocarbons that are adsorbed on the carbon black surface and do not vaporize
at 100 °C. This materia B considered “volatile’ compared to fixed carbon and inorganic
ash contained in carbon black, but may be referred to as “nonvolaile hydrocarbons’ else
in this dissertation when compared to hydrocarbon products that leave the reactor as

vapors.

5.3.1 TGA and Ash Content Determination

Thermogravimetric andyss (TGA) is a technique in which the weght loss of a
sample is monitored as a function of temperature or time as the sample specimen is
subjected to a controlled sequence of devated temperatures. TGA offers a rgpid andysis

because of the smdl sample size and fast hedting raes. This method was used to
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characterize the moisture, volatile, fixed carbon and ash contents of the carbon black
samples. ASTM method D 1506 — 99'%* was aso performed to confirm the ash content

of carbon black samples.

5.3.1.1 Apparatus

The TGA expeiments were peformed with a Q500 Thermogravimetric
Andyzer from TA Ingruments Company. The indruments were provided by Dr.
Cleafidd's research group in Chemidry Depatment, Texas A&M Univerdty. The
TGA andyzer has asengtivity of 0.1 ng.

A muffle furnace, capable of temperature regulation of + 25 °C at 550 °C, was
used for ash content determination of large carbon black samples. The furnace was
provided by Dr. Anthony’s research group in Chemicad Engineering Department, Texas

A&M Universty.

5.3.1.2 Procedures
TGA Analyss
1. The sysem was initidly purged with nitrogen. A 30 to 40 mg carbon black
sample was heated a a rate of 10 °C/min. from room temperature to 110 °C;
the sample was then kept isotheema until no further weght loss was
observed (usudly about 30 min). The weght lost during this step was

considered as moisture content.
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2. The sample then was continuoudy hested to 600 °C and kept isothermal
agan until no further weight loss was observed (at leest 60 min). The weight

logt in this step was consdered to be the voldile content present in the

sample.
3. Switching the purging gas from nitrogen to oxygen while the furnace was
kept at 600 °C for 30 min so that al the carbon-based materia was burned

away. The weight lost during this step was taken to be the amount of fixed

carbon present in the sample.

4. Theweight of the remaining residue was taken to be the ash content.

ASTM Ash Content Deter mination

1. Approximatdy 10 g of carbon black was placed in an uncovered crucible and
weighed. The uncovered crucible and its cover were placed into the muffle
furnace and heated from room temperature to 550 °C. The sample was
maintained at this temperature for 20 h to ensure no further weight loss took
place.

2. The crucible containing ash was covered and removed from the furnace to a
desiccator. The sample was alowed to cool to room temperature.

3. The weight of the ash residue was taken to be the ash content of the carbon

black sample.
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5.3.1.3 Results and Discussion

Table 51 summarizes the results of the TGA andyds and the ash content
determined usng ASTM method D1506-99 for the three commercid grade carbon black
samples and nine carbon black samples recovered by thermd catalytic decompostion of
tire rubber compounds. The ash content generdly is less than 3%. The results from the
TGA dudies are condgtent with those obtained using the ASTM method. These results
indicate that catdyst removd by hydrolyss is effective.  The low ash content has a
positive effect on the specific area of the carbon black, because the exisence of minerd
st crydds or oxides will contaminae the active surface of the carbon, and
consequently decrease its specific areaand porosity. *°

Sgnificantly higher ash contents are found for carbon black samples from Run
[11-09 and Run [I11-09A, & approximately 17%. This sample contained a sgnificant
amount of dlica replacing carbon black as a reinforcing agent as used in current rubber
compounding development. The exact compodtion was not made avalable for
proprietary ressons. A dggnificant amount of dlica is used in off-the-road (OTR) tire
treads** Generaly, up to 20 or 25 parts of the carbon black loading may be replaced by
dlica to lower rolling resstance, improve traction, and ensure bonding to the textile and
sted cords used in the carcass. When combusted, silica forms a stable silicon oxide and
is retained as ash resdue. Run 111-09A was a duplication of Run I11-09 with the same
feedstock, same catalyst and the same reaction conditions. The consstent TGA andyss
results of the carbon black samples from these two runs demondrates a good

repestability of the experimenta work and the carbon black composition.



The TGA andyss d<0 indicates that the recovered carbon blacks have dightly
higher moisture contents and sgnificantly higher voldile contents then the commercid
cabon blacks. Higher moisture retention indicates a reactive carbon black surface,
while the high volatile content is manly due to the presence of high molecular weight
hydrocarbons produced by the decompostion reaction.  These hydrocarbons are
adsorbed on the carbon black surface and are not removed during the water washing or
drying process.

To enhance the commercia vaue of these recovered carbon blacks, it may be
necessary to develop a trestment to remove al or most of the organic materias formed
during the reaction. Three samples, I11-03A, 111-04, and 111-09, were degassed under
vacuum at 300 °C for 3 h. This temperature was chosen because temperatures above 350
°C are detrimenta to the activity and reinforcing properties of carbon black.’® Table 5.2
indicated that the vacuum treatment removed about hdf of the organicsin dl three cases.

The materiad evgporaed under vacuum from sample [11-03A, which had the
gppearance of a hydrocarbon oil, was characterized quditatively by GC-MS.  Typicd
compounds identified (based on the NIST Chemistry WebBook'%?) are shown in Figure
5.1. Additionad studies are required to confirm the identities of these compounds, but it
is clear that the carbon black product from the rubber converson process contains high
molecular weight hydrocarbons, mostly aromatics and unsaturated cyclic compounds.
The multi-ring aroméatic structures deserve specid attention as they are carcinogenic in

nature. As dready indicated, this aspect of the study should be addressed during future
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rescarch. No carbon bonded sulfur or chlorine compounds were identified by the

GC/MS andysis of this hydrocarbon sample.

Table 5.1 Composition Analysis of the Carbon Black by TGA and Ash Content
Determined Using ASTM Method (wt. %)

ASTM
TGA method
carbon black sample fixed
carbon moigure voldiles ash ash
N220 96.89 0.85 1.35 0.73 0.77
commercia N330 97.88 0.59 1.081 0.42 0.43
N660 98.74 0.32 0.74 0.22 0.27
[11-02B 77.33 342 17.00 2.10 1.68
[11-03A 69.75 2.69 25.27 2.30 2.26
[11-04 77.33 3.48 16.84 2.35 2.16
[11-06 81.65 5.40 11.32 1.64 1.65
recovered 111-07 77.58 2.59 17.66 2.17 2.17
[11-09 57.18 1.94 23.16 17.71 18.19
[11-09A 56.99 2.03 23.36 17.62 17.93
[11-10 69.93 1.84 24.14 4.09 4.38
-11 73.19 1.72 22.71 2.38 2.27
Table5.2 Volatiles Content of the Recovered Carbon Black Products
carbon black volatiles(wt.%) reduction ratio
[11-03A 25.27
[11-03A (degassed)* 11.56 54.25
111-04 16.84
[11-04 (degassed)* 8.82 47.62
[11-09 23.16
111-09 (degassed)* 12.14 47.58

* samples degassed under vacuum at 300 °C for 3 h.
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CsHi4 CeH14 CoH12
=0 O
CoHie CoH16 CaoHia
CaoH1s Ci1H1e Ci2H16
CasHis

Figure 5.1 Typicd organic compounds in carbon black sample [11-03A as identified
by GC/MS (based on NIST Chemistry WebBook'%?).
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5.3.2 Elemental Analysisby EDX

Energy disgpersve X-ray spectroscopy, or EDX (sometimes cdled EDS or
EDXS) was used to determine the bulk eemental compostion of the recovered carbon
black. EDX is the mogt reliable method and is used widdy in the fidd of materids
science’®®  This quantitative andytica technique is based on the principles of emission
of characterisic X—ays and their specific detectors.  An EDX indrument normdly is
attached to an eectron microscope and used to detect and anadlyze Xrays emitted from
the sample surface when impinged upon by the primary eectron beam. The emisson of
X—ays is a phenomenon produced by inner-shell dectron excitation of an dement.
Because characteristic X—ays have specific energies corresponding to each dement, the
dement can be identified from the pesk energy. The amount of the dement in the

compound is determined by integrating the intengity of the pesk.

5.3.2.1 Apparatus

The microandyses were taken with an Oxford Ingruments eXL EDX system
attached to a JOEL JEM-2010 high-resolution transmisson electron microscope.  This
EDX sysem is cgpdble of light dement (Z > 5) andyss A commercid software
package, Cynapse for Electron Microscope, from Emispec Systems, Inc. was used for
data acquidtion, processng and andyss  All the indruments and andytic tools were

provided by the Microscopy and Imaging Center at Texas A&M University.
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5.3.2.2 Results and Discussion

Table 5.3 summarizes the eement compostion of the carbon black samples. The
EDX gspectra for dl the samples are presented in Appendix A. Quditatively, the EDX
survey spectra of the commercid carbon blacks show only pesks of carbon, oxygen,
sulfur, and slicon, whereas most of the recovered carbon black samples contain carbon,
oxygen, sulfur, dlicon, chlorine, duminum, and iron. Some other dements such as
magnesum, zinc, scandium, tantalum, chromium, and osmium dso ae identified in
some of the recovered carbon black samples.  Our results indicated no sgnificant
difference in demental compostion between the three commercid grades carbon black
samples studied.

All recovered carbon black samples, except for [11-09, have dgnificant carbon
content (over or close to 90%). The dementa spectrum that most closdly resembles the
three commercia grades carbon black is from sample 111-13. This carbon black sample
was obtained usng dud ionic sdts as the cadys. Sample [11-09 showed sgnificantly
higher glicon content than the others, which is condstent with the resuts obtained by
TGA andyds and with the specid nature of the rubber sample. The duminum contents
from dl samples are low, less than 0.5%. This indicates that the resdue washing
procedure is effective for catayst removd. The unexpected presence of some of the
other metal elements can be traced to the corrosion of the carbon sted reactor utilized in
the rubber conversion reaction as well as other equipment setups used during the residue

treatments.
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Table 5.3 Elemental Composition of Carbon Blacks (Analyzed by EDX)

carbon dement (wt. %)
back C O S S CI Al Fe Mg Zn Sc Ta Cr Os
I11-02B  92.40 3.20 0.61 1.00 0.39 0.46 1.95
11-03A 93.35 1.83 1.16 0.73 0.49 244
[11-04 90.15 556 1.23 1.34 044 0.21 105 0.01

[11-06 9449 3.16 1.13 0.08 0.33 0.09 0.72

I11-07 86.67 6.04 1.48 1.84 1.38 0.43 2.03 0.06 0.07

[11-09 79.29 7.34 1.69 7.87 0.47 0.51 2.84
[11-10 87.30 349 1.40 2.14 0.30 0.34 0.67 241

-11 91.66 289 152 0.63 042 0.11 1.26 111 141 0.20 1.94
11-13 95.88 2.37 0.90 0.30 040 0.16

N220 96.19 1.13 1.38 1.30

N330 96.40 0.20 1.63 1.78

N660 96.95 0.81 1.79 0.44

5.4 Surface Area M easur ement

The degree of interaction of the rubber with the carbon black depends largey on

the contact area between the carbon black surface and the rubber, which is roughly equa

to the product of the specific surface area of the carbon black and its concentration in the

rubber compound.®® Thus, surface area is an important property in carbon black grade

classfication.

The BET (Brunauer-Emmeit-Teler) nitrogen adsorption method is the

most widely used procedure for determining carbon black surface area, pore Sze

digribution, and pore volume. This method is based on the low temperature Langmuir
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adsorption theory, which gates that the surface area for the solid can be determined from
the volume or weight of the molecules that are adsorbed as a monolayer on ther surface.
Once this volume has been determined, the surface area can be cdculated by smply
multiplying the number of adsorbed molecules or aoms by the cross-sectiond area of

the adsorbate.*®

5.4.1 Apparatus

An ASAP 2000 Micromeritics BET apparatus was used to determine the surface
area and average pore diameter of carbon black samples. The measurement is performed
a liquid nitrogen temperature (77 K) using nitrogen as the adsorbate.  The machine was
controlled by a computer using the ASAP 2010 software package. This software dso
was used to process data after the experiment was completed. The BET system was
provided by Dr. Anthony’s research group in Chemicd Engineering Depatment, Texas
A&M Universty. The BET measurement and andyss procedure followed ASTM

method D 4820 — 99.°6

5.4.2 Results and Discussion

The BET surface area, tplot surface area, and BET average pore diameter of
recovered carbon black samples and the three commerciad grades carbon black samples
are liged in Table 5.4. The surface area of the recovered carbon black depends on the
carbon black present in the feedstock. Table 5.5 shows the differences between the BET

surface areas of the recovered carbon blacks from those of the virgin carbon blacks



91

origindly used in the rubber compounds. The surface areas of the high structure carbon
blacks, N121 and N234, are reduced significantly during the rubber converson and
resdue treatment process, while the low structure carbon black, N650, is rdatively
unaffected. Generaly, based on the BET surface area done, the recovered carbon black
materiad gppears to be in line with the commerciad grades between N660 and N330. This

suggests a marketable product can be recovered from waste tires.

Table 5.4 Surface Area and Average Pore Diameter of Recovered Carbon
Blacks (Measured by BET)

externd surface

carbon black BET sufacearea area, t-method average pore
(mlg) (mlg) diameter (nm)
N220 107 95 8.5
commercid  N330 76 70 424
N660 31 28 27.4
11-02B 36 19 8.0
ecovared  |IIF03A 34 26 7.3
11-04 52 51 25.0
111-09 28 28 21.8

Table 5.5 Surface Area Alterations of Recovered Carbon Black

BET surface area (nf/g)*
carbon black sample recovered origindly in the feedstock
[11-02B 36 N121 120
[11-03A 34 N650 35
[11-04 52 N234 109

* The vdues of the BET surface area of carbon blacks used origindly in the rubber
compounds feedstock are estimated based on the vaues of the measured three
commercia grades N220, N330, and N660 as well as Reference 13.
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The BET method permits a rdiable determination of the total specific surface
area of carbon black. However, the nitrogen molecules can enter the particle pores.
Therefore, the specific surface area represents the totd area, including the area within
the micropores. It is probable that the surface area, as determined by BET nitrogen
adsorption, cannot take part in the reinforcing action completdy.’®*  The vadue of the
effective external surface area is determined by the “t-plot” method, which can aso be
obtained by the BET measurement sysem. The t-plot surface areas of the recovered
carbon blacks also are comparable to the commercial carbon black grade N660.

Because of the high hydrocarbon oil content in the recovered carbon black
samples, it is difficult to reech the end point in the BET expeiments The high
hydrocarbon oil content likdly will influence directly the specific surface area of the
carbon black as well. The reduction of these organic compounds likely will be necessary
to clean the active surface of the carbon and increase its specific surface area and
porosity. Although the average pore diameters of carbon blacks were aso measured by
BET, it gives no sysemdic information on the porosty for either commerciad carbon

blacks or recovered carbon blacks.
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5.5 Structure Characterization
5.5.1 Terminology

It is necessary to give some definitions before discussng the structure of carbon
black. Based on ASTM®* conventions, carbon black, carbon black particle, carbon
black aggregate and carbon black agglomerate are defined as:

Carbon black — materid condgging essantialy of dementad carbon in the form of
near spherical colloidd particles and codesced particle aggregates of colloidd sze.

Carbon black agglomerate — a cluster of physcdly bound and entangled
aggregates.

Carbon black aggregate — a discrete, rigid, colloidd mass of extensvdy
codesced partides; it isthe smalest dispersible unit.

Carbon black particle — a amdl sphericaly shaped, paracrystaline, nondiscrete
component of a carbon black aggregate; it is separable from the aggregate only by
fracturing.

The aggregation of the individud partides into larger complexes is usudly cdled
“carbon black structure’. Hence, primary structure means the connection of the
primary particles to the aggregates, which are resstant to mechanicad dedtruction. The
secondary structure represents the connection of carbon black aggregates to the even
larger agglomerates, which are held together by van der Waals forces*® The secondary
structure has a poor strength and is easly destroyed mechanicdly by carbon black

handling and processing, such as pdlletization and mixing into the rubber.
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5.5.2 Apparatus

The dectron microscope is the most accurate means of characterizing the
dructure of carbon black. The micrographs were taken with a JOEL JEM-2010 high-
reolution transmisson dectron microscope (TEM), which was provided by the

Microscopy and Imaging Center at Texas A&M University.

5.5.3 Results and Discussion

The reinforcement potentid of the carbon black when used as reinforcing filler in
rubber is governed by its paticle sze and dructurd levd. In generd, the larger the
particle sze, the lower the surface area and the poorer the reinforcement potentia of the
materid. The loss of reinforcement is indicated by a reduction in modulus, tendle
strength, abrasion resistance, and other physical properties*

Typicad micrographs of commercid grades carbon black N220, N330, N660
under different magnifications as examples for low-, medium-, and high-Sructure
commercid carbon blacks are shown in Figures B-1, B-2 and B-3 (Appendix B)
respectively. The micrographs of recovered carbon black samples are shown in Figures
B-4 to B-12. These micrographs indicate that the particles of recovered carbon black
ae nearly sphericaly shaped. In generd, these particles form aggregates in the form of
chains or clusers. When the differences in magnification are noted, the fineness of the
recovered carbon black particlesis readily apparent.

The aggregation of carbon black particles into aggregates is shown in Figure 5.2

below. An aggregate is the smdlest dispersible unit of carbon black. Figures B4 to B
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12 show that the dructure of virgin carbon black is largely preserved in the recovered
cabon black. Generdly, dl recovered carbon black samples have a high degree of
aggregation and the particle sze is on a scae of 10 nm to 100 nm, which is between

low-grade commercia carbon black N660 and medium-grade N330.

Figure 5.2 Electron micrograph showing the aggregaion of virgin
commercia grade carbon black N660 particles.

In addition to the dructure of the recovered carbon black, other information can
be obtained from the micrographs. Compared to commercia grade carbon black N660,
some morphology changes can be found in the recovered carbon black samples (see

Figure 5.3). Nearly al recovered carbon black samples show a continuous carbonaceous
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layer between the primary particles in the aggregate, which was not observed from the
commercia grade carbon black.  This carbonaceous layer could either be some
nonvolatile hydrocarbon deposits adsorbed on the carbon black surface or free carbon
formed during rubber decompostion reaction. Because the reaction temperature of the
rubber converson was rdatively low, it is more likdy that the carbonaceous layer is
heavy hydrocarbons than free carbon. This notion is supported by the TGA composition

andysis and GC/M S spectrum analyss.

EHER R MR —_
il e Ay N Y

N660 11-10

Figure 5.3 Comparison of recovered carbon black from run 111-10 with
commercia carbon black N660 — magnified 100,000 times.
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Some carbon black samples were exposed to a vacuum at 300 °C for 3 h. The
TEM micrographs for these samples (Figure 5.4, Figure B13 to B15) indicate that there
is no noticegble change in the carbon black dructure for the degassed sample, even
though a substantid amount of mass was removed. This suggests that thermd vacuum
treetment could be a good method to remove excess organic impurities from the carbon

black product.

S84 111 R

L
LR TRHT fE S

111-02B 111-02B (degassed)

Figure 5.4 Structure of recovered carbon black sample after vacuum degas
trestment — magnified 100,000 times.
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5.6 Conclusions

The particle sze, dructure, surface area, and bulk dementa compostion were
characterized for carbon blacks recovered by therma catdytic decompostion of tire
rubber. The results suggest that the recovered products possess qualities comparable to
or better than commercia grade carbon black N660. However, the heavy hydrocarbon
content of the recovered carbon black is significantly higher than that of the commercid
grades carbon black. These hydrocarbons, which generdly are high molecular weight
aromatics and unsaturated cyclic compounds, can be removed partidly by heating to 300

°Cin vacuum.
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CHAPTER VI

CATALYST RECOVERY STUDY

6.1 Introduction

Anhydrous duminum chloride (AICk) was used as the primary catayd in 4l
experiments during the Phase Il dudy. In some runs, AlCk was used as the sole
catdytic component, while in other runs a dud cadys sysem, usng AICkL with a
second metdlic hdide, was employed.  This ionic sdt cadys is an expensve
component to the current process. Furthermore, large quantities (the ratio to rubber
feedstock is more than 1.1 by weight) of catdys, primarily duminum chloride (AICk),
ae uxd in the process. Thus, an efficient and economic method for the catayst
recovery and recycle can dgnificantly influence the cost effectiveness of this thermd
cataytic conversion process. It is necessary not only to reduce the consumption of fresh
cadyd, but dso to retan the initid activity and to minimize the amount of a secondary
waste from the process.

A naturd idea for AICkL catdys recycling is to remove AICkL from the solid
resdue by sublimation and recondensation. As a low mdting point sdt, AICk has a
relatively low sublimation temperature of 180.2 °C, and the triple point occurs a 192.6
°C and 233 kPa. The bads for this idea is illusrated in Figure 6.1, which shows a
representative AlCk  pressure-temperature phase diagram.  Through this procedure, it
was assumed that most of the catalyst could be recycled for reuse by evaporation from

the catdys + resdue durry. However, AlICk was present on the top plate or other
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periphera parts of the reactor only in smal quantities after the experimentd runs were
completed. Further studies confirmed that catalyst recovery through this method does
not gppear feasble More work is required to understand fully the behavior of the
catalyst during the therma conversion process. Hence we embarked on series of studies

in an effort to recover the catdys. These studies and their results are described and

discussed below.
8
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Figure 6.1. Pressure-temperature phase diagram of AICI3,105

6.2 Vacuum Evaporation Test
A vacuum evaporation test was peaformed to test the viability of recovering
AlICl; catayst from the carbonaceous reddue through sublimation and subsequent

condensation. The experimental setup is depicted schematicdly in Figure 6.2.
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Inert Gas Swe‘ep

Thermocouple

Condenser

Vacuum Pump
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Heater 0°C Trap Liquid N, Trap

Figure 6.2. Experimenta equipment for catayst recovery through vacuum evaporation.

Approximatdy 623 g of catdys + resdue mixture (AICk sngle caadys)
produced by Run I11-08 was heated dowly in a glass reactor from room temperature to
574 °C (the highest temperature the heater could provide) and maintained for 2 hours.
Argon was used as an inert sweeping gas a a flow rate of 30 cn/min. A vacuum was
imposed dowly upon the caidyst + residue mixture before the heating was darted to
remove moisture and oxygen. A condenser maintained a room temperature was used to
collect the vaporized catadyst as solid AlICk, and two product traps, one maintained at
0°C and the other at liguid nitrogen temperature ¢196 °C), were ingtaled downstream to

collect any voldile discharges. During the hedting process it was evident that white
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fumes appeared and condensed in the condenser at a reactor temperature of 215 °C. As
the temperature rose further, the color of the collected materids became darker, from the
initid white to ydlow, brown, and eventudly dark brown. This change in colors was
presumed to be due to heavier hydrocarbon products that were released at high
temperatures.

After the £t was completed and the reactor was cooled to room temperature, the
collected materid in the condenser was weighed to be 22.0 g. In addition, 6.4 g of white
solid materid was found in the liquid nitrogen trgp.  Unfortunately, it escgped gradudly
when the container was removed from the liquid nitrogen trgp and warmed to room
temperaiure. Hence, no andysis of the compostion is available, but it mogt likedy was a
mixture of HCl and light hydrocarbons, such as propane and isobutane. The escaped
material passed through a deionized water trgp (initid pH ~ 7.0), resulting in a highly
acidic solution.  This observation srongly suggests that some AICKL was converted to
HCl (with a mdting point of —74 °C) during the vacuum evaporation process. The odor
as0 suggested that small quantities of hydrogen sulfide (H,S) might aso be present.

A second vacuum evaporation test was performed with 28.2 g resdue materia
left from the fird vacuum evaporation atempt after crushing this resdue into fine
particles to expose more surface area for evaporation. An additiona 3.39 g catalyst was
recovered with no additiona liquid or gas products collected in the liquid nitrogen trap.
However, the gas passng through the downstream system dill showed strong acidity,
indicating the presence of HCl resulting from decompostion of the catdyst a high

temperatures.
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The vacuum evgporation tests aso indicated that it is very difficult to remove the
catdys from the resdue under a vacuum environment, even a temperatures as high as
400 °C. Although the vapor pressure of AICk is severd MPa a this temperature, the
pressure in the reactor is much lower. When the temperature is raised above 550 °C,
about 60 to 70 weight percent of the origind amount of catdyst could be removed from
the solid residue, but not dl as AICk because of the formation of HCl.  Surprisingly, not
dl the catalyst appears to evaporate or decompose to form HCl at the temperatures
employed.

The two mog likdy explanations for the inability to remove dl the caidys are
1) The <0lid resdue materid may encapulate the catadyd, thus preventing the
evaporation of pure AlICkL; and 2) the catdyst is chemicaly bonded to the residue
material and hence not removable by evaporaion. The former 5 unlikdy as no proof of
physcdly encepsulated catdyst could be found when dissecting the cooled residue
materid, and crushing the resdue powder into finer particles caused no noticesble
change in catdyst evaporation. There are however strong indications that the catalys is
chemicaly bonded into the residue. There are severd reportst1%787982 which suggest
that a dable metd organic complex may be formed as a result of the hydrogen deficient
rubber decompostion environment. This is discussed in more detail below. We dso
found that after washing and drying, the solid maerid remaning &fter cadys
separation by evaporation was not the fine powders normaly produced, but a hard and

brittle materid that produced very coarse particles when crushed.
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6.3 Discussion

Results from the vacuum evaporation tests indicate that the catdyst cannot be
recovered effectivdly from the resdue by smple sublimation and condensation. This
concluson aso is supported by observations during the experimentd runs. During some
of the runs, we attempted to drive off the catalyst from the solid resdue in the reactor
vesd after the chemicd conversion was bedieved to have been completed. The heating
sysem to the reactor top was shut off while leaving the bottom hesting unit operationa
during the completion stage of the run. Because of the high vapor pressure of AlCk, this
procedure was expected to provide the necessary driving force to drive AICkL to
evaporate from the resdue and accumulate at the colder segments (on the top) of the
reaction vessd. Only trace amounts of catayst were recovered this way. In contrast,
when a reaction was terminated early with only a little rubber fed into the reactor, very
large quantities of AlCkL accumulated on the reactor top plate.

The optimized ratio of catdyst to feedstock and the rubber catalytic conversion
mechanism have been dudied during these experiments.  The results suggest that weight
ratios of catalyst to rubber compounds from 1:1 to as high as 2:1 are preferred. The high
ratio promises high converson raies. Ratios less than 1:1 resulted in dower reaction
rates and lower converson rates. The rubber catalytic converson mechanism is actudly
vay smple The caadytic activity of AICk is bdieved to be due to its eectron
deficiency. As a dronger Lewis acid, AICk can accept dectrons from organic
molecules, forming an intermediate organic metalic complex during the reection. This

intermediate complex can be further hydrogenated to give hydrocarbon products and
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rlease the catdyst for further use. The mechanism of this cadytic decompostion
reaction modt likely is asfollows:
1) Cadyd initiation:

AICK + MCl (cocatdyst) ——>[AICL] + M* (6.1)

2) Polymer chain bresk down:

decomposition
CH3CH2CH2-R + [AICL] ———> [RAICK]” + CH3CH2CH»-Cl  (6.2)

< i
(intermediate complex)

3) Cadyd regenerdion:

[RAICK] + H' ® R-H +AICh (6.3)

The thermd cadytic decompostion reection forms an intermediate organic
metalic complex ([RAICK]) 12787982 from which the catdyst can be recovered only
through reaction 6.3. However, as the rubber is decomposed, the environment becomes
more hydrogen deficient as the hydrocarbon fluids evaporate, so that reaction 6.3 cannot
be sustained indefinitdly. Hence the cadyd is retaned as a dable organic metdlic
complex. The formation of this dable organic metalic complex during the rubber
decomposition process in the hydrogen deficient environment makes it nearly impossible
to recover the cadyd in its origind active form by smple resublimation. One must
therefore free the catdyst during the rubber decompostion resction by supplying

additional hydrogen to sustain reaction 6.3.
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AICkL is used treditiondly as a Friedd-Craft cadys in dkylaion and
isomerization reactions. As these reactions progress, the catdyst aso degrades to a less
active state and forms a separate dudge phase.  Methods directed to the recovery of
AICl; from this Sudge have been proposed3:1% A recent U.S. Patent'® claims a 100%
recovery of AICk catdyst by hydrogenation of the dudge a low temperature (150 °C)
and high pressure (10.44 MPa) with metdlic duminum as a promotion agent.

The invedtigation of this hydrogendaion reaction and hence the catdyst recovery
is not possble with our current experimentd equipment. We have thus not verified
whether the catdyst can be recovered completely from the organometalic complex
through hydrogenation. This issue must be resolved during additiond studies. The
smndl amounts of catalyst collected by evaporation and condensation react readily upon
contact with tire rubber compounds in a smdl-scae glass reactor, indicating that the
activity is not degraded by evaporation.

Findly, no phase separation between the resdue and the caidyst was observed
when using pure AICk as the catalyst. However, employing an appropriate second sat
resulted in a homogenous molten liquid phase, which formed a rdaivey low
temperatures. The dud sdt sysem dso gppears to form a liquid + solid durry that
would dlow the catdyst to be separated from the reaction resdue usng online

ultrafiltration.



107

CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

Thermd catalytic decomposition of used tire rubber has severd advantages over
other tire recycding methods in that it is both environmentaly benign and economicaly
vidble.  The rubber portion of used tires can be converted by thermocataytic
decompogtion into vauable hydrocarbon products and the carbon black filler is
recovered. The economics of this process depends strongly upon the commercia vaue
of the recovered carbon black and the ability to recover and reuse the catdysts employed
in the process.

The carbon black recovered from this decompostion process is potentidly
auitable for a number of gpplications. The dructure and surface morphology of the
recovered carbon black resemble that of commercid carbon black with only dightly
changes. In generd, the recovered products possess qualities comparable to or even
better than commercia grade carbon black N660. However, a dgnificant amount of
hydrocarbon oil is present on the recovered carbon black surface and it may deectivate
pat of the active dtes on the carbon black surface. These oil compounds, which
generdly are heavy aromatics and unsaturated cyclic hydrocarbons, can be removed
patidly by vacuum therma trestment. Reducing this oil content should incresse the
surface area of the carbon black particles as wel as improve the market vaue and the

range of applications of the recovered carbon black products. An effective podt-
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treatment procedure also will dso increase the yidd of vauable hydrocarbon products,
and hence the overall economics of the process.

The molten <t cadys effectivdy cadyzes the tire rubber decompostion
reaction in both the vapor and liquid phases. However, AICk forms a dable
organometdlic complex with the hydrocarbon materid  produced during the
decomposition process in a hydrogen deficient environment. The result is that it is
nearly impossble to recover the catdys in its origind active form. Therefore, it is
necessary to add hydrogen donor molecules during the reaction, most probably through a
feed gas, to keep the cataytic activity of the catadyst at the required leve.

Dud <t systems agopear to have dgnificant advantages over pure auminum
chloride as catdys. Further sudies are needed to determine the nature of the
interrelationship between the primary catdys and the co-catdys, and the optimum co-
cadys. The interaction of the dud sdt sysem with the reaction resdue aso should be
investigated. It should be possble to separate the dud sdt catdys sysem from the
reection resdue usng ontline ultréfiltration. The feaghility of this molten sdt cadyst

recovery method should be studied further both theoreticaly and experimentally.
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APPENDIX A

ELEMENTAL COMPOSITION OF

CARBON BLACKS---ANALYZED BY EDX
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APPENDIX B

MICROGRAPHS OF CARBON BLACK TAKEN BY TEM
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Figure E-1 Commercia carbon black N220 — magnified 50,000 and 100,000
times respectively.

N330 X50K N330 X100K

Figure E-2 Commercia carbon black N330 — magnified 50,000 end 100,000
times respectively.
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Figure B-3 Commercid carbon black N660 — magnified 50,000 and
100,000 times respectively.
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Figure B-4 Carbon black recovered from Run I11-02B — magnified 50,000
and 100,000 times respectively.
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Figure B-5 Carbon black recovered from Run [11-03A — magnified
50,000 and 100,000 times respectively.
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Figure B-6 Carbon black recovered from Run [11-04 — magnified 50,000
and 100,000 times respectively.
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Figure B-7 Carbon black recovered from Run [11-06 — magnified 50,000
and 100,000 times respectively.
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Figure B-8 Carbon black recovered from Run [11-07 — magnified 50,000
and 100,000 times respectively.
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Figure B-9 Carbon black recovered from Run 111-09 — magnified 50,000
and 100,000 times respectively.
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Figure B-10 Carbon black recovered from Run I11-10 — magnified 50,000
and 100,000 times respectively.
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Figure B-11 Carbon black recovered from Run I11-11 — magnified 50,000
and 100,000 times respectively.
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Figure B-12 Carbon black recovered from Run I11-13 — magnified 50,000
and 100,000 times respectively.
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Figure B-13 Recovered carbon black sample: 111-02B (degassed)— megnified
50,000 and 100,000 times respectively.

X50K X100K

Figure B-14 Recovered carbon black sample: 111-03A (degassed)- megnified
50,000 and 100,000 times respectively.
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Figure B-15 Recovered carbon black sample: 111-09 (degassed)- magnified
50,000 and 100,000 times respectively.
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