MARKETPLACE

Pyrolysis of scrap tires:
Can it be profitable?

Processing them into higher value-added, marketable products—
activated carbon and carbon black—may be the answer to the
question of what to do with all of our used tires.

Marek A. Wojtowicz
Michael A. Serio

posal problems. The same prop-
erties that make them desirable

as tires—most notably, durability—
also make their disposal and repro-
cessing difficult. Tires are almost
immune to biological degradation.
Dumping the 280 million tires that are
generated each year in the United
States into landfills is becoming an
unacceptable solution (/). In addition
to the continuous flow of waste tires,
approximately 2-3 billion tires are
already stored in piles throughout the
United States; illegal dumping is also
becoming a serious problem. Tires
take up large amounts of valuable
landfill space, provide breeding sites
for mosquitoes and rodents, and
present fire and health hazards.
Recently, a large mountain of tires in
Canada caught fire, and widespread
environmental consequences resulted
because of the oils and gases gener-
ated from the decomposing rubber.
Such fires are difficult to contain
because of the tires’ high flammabil-
ity and because of the pockets of air
present in the piles. One fire in Hun-
tington, VA, burned for nine months.
Large-scale efforts use tires either
as a fuel (Oxford Energy Corp.) or as
a filler for asphalt (Rubber Asphalt
Producers). These two technologies
consume about 28 million tires annu-
ally (2). However, feeding the tires
and slagging are problems when the
tires are burned, and the rubber
asphalt filler costs 40% more than
conventional material. RW Technol-
ogy has also tried to convert tires into

s crap tires present formidable dis-
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other plastic products, but the market
niche seems to be small.
Pyrolysis—the thermal degradation
in the absence of oxygen—is another
way to reprocess scrap tires. The prod-
ucts are fuel gas, oils, and a solid resi-
due (char), which contains appreciable
quantities of mineral matter and low-
grade carbon black. The three products
have comparable yields by weight.
More than 30 major pyrolysis projects
have been proposed, designed, pat-
ented, licensed, or built over the past
decade, but none has been commer-
cially successful (3). The success of
any tire-processing technology depends
on environmental performance (emis-
sions) and process economics. Almost
no emissions are produced by tire
pyrolysis except for minor fugitive
sources and equipment leaks (3, 4).
The two most important factors
affecting process economics are the
tipping fees charged for tire disposal
and the selling prices of the products
(4). Tipping fees have been steadily
increasing over years, and this trend
is expected to continue. Depending on
the region, fees vary from $35 to
$108 per ton of whole tires delivered
in mass quantities (3). Selling prices
of the products yield low returns
because of the low market value of
the fuels and the low quality of the
recovered char or carbon black (carbon
black extracted from the pyrolysis
char is of very low purity and cannot
be used in tire manufacturing). There-
fore, to obtain a positive cash flow, it
would be desirable to develop a pro-
cess based on the recovery of value-
added products such as high-grade
carbon black, activated carbon, or
valuable chemicals (e.g., benzene, tol-

uene, and xylene). We believe that
significant improvement in the eco-
nomics can be accomplished by
upgrading the primary pyrolysis prod-
ucts to secondary products of higher
value.

Process description

The concept of pyrolytic reprocess-
ing of waste tires into value-added
products is presented in Figure 1.
Characteristics of the reactants and
products, the process conditions, and
the yields of pyrolytic products are
based on an extensive literature
review and on the data collected in
our laboratory (5, 6). The primary
products of tire pyrolysis are pyro-
lytic gas (also known as pyro-gas),
oils, and char. This process yields
substantial quantities of oils and char,
which can undergo additional pro-
cessing to secondary, value-added
products. According to the proposed
scheme, char upgrading is imple-
mented in a closed-loop activation
step that yields an activated carbon
and eliminates undesirable byproducts
and emissions. A stream of CO, is
used for high-temperature char activa-
tion, which is followed by CO, recov-
ery through the reverse Boudouard
reaction. The latter step is an optional
feature of the proposed process.
Upgrading the char produces high-
surface-area activated carbon and
finely divided carbon, which we refer
to as the Boudouard carbon. Ash-free
oils are turned into high-quality
carbon black by using the furnace
process. As an alternative, oils can be
separated into valuable chemical
feedstocks by distillation. Product
upgrading is expected to greatly
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Figure 1. The pyrolytic reprocessing of scrap tires yields substantial quantities of oils and char, which can undergo further processing

to secondary, value-added products. Char upgrading results in producing high-surface-area activated carbon and Boudouard carbon. Ash-
free oils are turned into high-quality carbon biack, or the oils can be separated into valuable chemical feedstocks by distillation.

improve the economics of scrap tire
pyrolysis.

Our proposed process is shown in
Figure 2 (p. 50). A stream of scrap tires
enters the pyrolyzer, where it comes
into contact with a recycle stream of
product gas, which acts as a carrier
gas for pyrolysis. Mixing used tires
with other waste material and solid-
waste pretreatment are optional fea-
tures of the process. Another option is
to recycle part of the pyrolysis oil
from the condenser into the pyro-
lyzer; this option is represented by a
dotted line in Figure 2. It is expected
that the recycled oil will undergo par-
tial cracking, leading to an altered gas
composition at the reactor outlet.
System flexibility allows for wide
variations in the ratio of gas to oil
recycling, depending on product char-
acteristics and requirements. The
pyrolyzer operates at ~1173 K, and
the product streams are fuel gas
(which also contains pyrolysis lig-
uids) and char. The pyrolysis liquids
are separated from the volatiles in a
condenser and then subjected to par-
tial combustion in an oil furnace to
produce carbon black. The latter step
is almost identical to the commercial

carbon black manufacturing, except
that the feedstock is pyrolysis oil
rather than a petroleum product. The
high-BTU gas is combusted to supply
the process heat requirements. The
solid product does not have sufficient
surface area to make it commercially
attractive, and thus, an activation step
is needed. Char activation uses CO, at
the same temperature as the pyrolyzer
(~ 1173 K), which reduces the CO, to
CO. The consumed CO, is regenerated
in a Boudouard reactor with simulta-
neous formation of finely divided
carbon.

The net result of this process is the
conversion of used tires into three mar-
ketable products: activated carbon,
carbon black, and Boudouard carbon.
The production of carbon black and
Boudouard carbon is a novelty in the
proposed scheme, yet it may be inte-
grated into the process by adapting
existing technologies. The elements of
the process are described here.

Feed stream preparation. The tires
are shredded and possibly combined
with another waste stream. The use of
mixed wastes would improve the
appeal and the number of sites where a
plant could be installed. This feature,

however, increases the complexity of
the design as well as the operating
costs. The size reduction required for
scrap tires does not appear to be exces-
sive. In fact, higher char activation effi-
ciencies were reported for coarse waste
material (~ 170 mg) than for fine parti-
cles (<50 mesh) (5). The optimal size
of scrap tire material for the process
has not been determined. Because the
cost of shredding increases with
decreasing particle size, there is an eco-
nomic incentive to make the tire pieces
as large as possible. For smaller parti-
cles, pretreatment with O, increases
char yields and surface areas (5). It is
not clear, however, whether these ben-
efits justify the added cost of oxygen
pretreatment.

Pyrolysis and char activation
units. Although a rotary kiln reactor
has been successfully used for pyroly-
sis of tires, it is not necessarily the best
solution for a high-throughput system
(7). A kinetic analysis of tire pyrolysis
indicates that the process is relatively
fast and can be completed in <1s at
873 K. This speed allows the use of
an entrained-flow reactor, which is
appropriate for high-throughput appli-

cations. Unfortunately, only relatively
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Figure 4. Co-separation pracess. One disadvantage of the single-reactor scheme is that, if Boudouard carbon is produced, a fairly com-
plex separation step is required to recover pure CO from the pyrolysis gas.

is required.
m Use as transportation fuel would
require upgrading because of the rela-
tively high aromatic content of the oil.
m Because carbon black is required to
make tires, the production of carbon
black from the oil is a form of tire
recycling and seems to be more prac-
tical than trying to recover the origi-
nal carbon black from the char.
Boudouard carbon production
from CO. This process step was dis-
cussed by Walker (9) as part of his
coal-processing scheme. The tempera-
ture of the Boudouard reactor is main-
tained at 773-800 K, and the carbon
product is ash free and has a particle
size significantly smaller than can be
obtained by grinding (/5). In fact, the
particle size of Boudouard carbon is
small enough to burn completely in a

diesel engine (16). Boudouard carbon
is similar to carbon black (except for
having a zero-hydrogen content), and
in some cases can be substituted for
carbon black. The potential applica-
tions of this product include the man-
ufacture of colorants and lubricants.
The production of finely divided
carbon from CO has never been com-
mercialized, presumably because of
the relatively high value of CO and
uncertainties associated with market-
ing Boudouard carbon. During World
War II, however, the reaction was
used in Germany to produce a substi-
tute for carbon black (/7). Although
some information on the reaction
kinetics and product characteristics
has been available for a long time
(U8, 19), more research and develop-
ment are needed to make the process

commercially viable. In particular, the
following topics must be addressed:
product quality, the determination of
reaction rates at various CO-to-CO,
ratios in the feed gas, reactor-type
selection and design, separation of
Boudouard carbon from the iron cata-
lyst, and exploration of noncatalytic
reaction pathways.

Energy and mass balances. The
fuel gases produced during pyrolysis
can be used to provide process heat
for the pyrolysis and activation
stages. Some heat can also be recov-
ered from the manufacturing of
carbon black by partial combustion of
the oil and from the production of
Boudouard carbon. Preliminary esti-
mates show that the process outlined
in Figure 2 will be self-sufficient
from an energy standpoint. Existing
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Figure 2. Tire pyrolysis process progosal.
The net result is three marketable products:
activated carbon, carbon black, and Boud-
ouard carbon. The production of carbon black
and Boudouard carbon is very much a nov-
elty, aithough it may be integrated into the
process by adapting existing technologies.

small particles can be fed into such a
reactor, mainly because of heat-transfer
limitations. For the larger pieces of
tire material, a fluidized-bed reactor
could be used. In either case, a hot
cyclone is desirable to separate char
particles from the volatiles. In this
scheme, char activation by CO, takes
Place in a separate reactor, allowing
the oxides of carbon to be cycled
between the activation step (produc-
ing CO) and a disproportionation step
(producing CO, and carbon). In this
way, CO, is periodically consumed
(activation) and regenerated (dispro-
portionation), and CO and CO, stay
relatively pure.

Another possibility is to use a
moving-bed countercurrent system.
Although the solids throughput would
necessarily be lower, this disadvan-
tage would be offset by combining
the pyrolysis and char activation
stages in a single reactor. In this
scheme, tire pieces would be fed into
the reactor at the top and CO, at the
bottom (Figure 3). A temperature of
~ 1173 K would prevail at the bottom
of the reactor so that the char would
be progressively pyrolyzed and then
activated as it moves through the
reactor. This design simplifies the
process of feeding the tire pieces and
eliminates the need for a hot cyclone
because the volatiles and char come
out of opposite ends of the reactor.
The moving-bed concept has been
used in a large-scale coal gasification
plant in Beulah, ND, that produces
synthetic pipeline gas (8).

There are some differences between
the two processes, however. The tire-
processing unit would operate under
atmospheric pressure because there is
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little or no advantage in producing acti-
vated carbon at an elevated pressure.
The coal gasification system is inter-
nally heated by introducing O, at the
bottom and partially combusting a por-
tion of the coal. In the tire-processing
reactor, the pyrolysis gases that come
off the top of the unit would be com-
busted externally, and the hot exhaust
gases (mostly CO, and H,0) would
be introduced into the bottom of the
reactor for char activation. The reac-
tor would be insulated to prevent heat
losses.

The single-reactor scheme (Figure 3)
for processing tires has two disadvan-
tages: The pyrolysis gas has a lower
heating value because it is diluted
with the flue gas, and if Boudouard
carbon is to be produced, a fairly
complex separation step is required to
recover pure CO from the pyrolysis
gas (Figure 4). Previous work has
shown that the final activated carbon
product is not very sensitive to the
conditions under which pyrolysis is
carried out (§), thus allowing for
greater design flexibility.

We have shown that activation using
an 8% CO,/He mixture at 1173 K for
3-10 h is sufficient to obtain chars with
high surface area (5). The residence
time can be reduced by raising the tem-
perature, increasing the CO, partial
pressure, or by using steam instead of
CO,. The char activation chemistry can
be represented by the following two
reactions:

CO, activation
CO,+CZ22C0
(the Boudouard reaction)

Steam activation
H,0+C - CO +H,

Both reactions are endothermic, and
the equilibrium reaction becomes
more favorable as the temperature
increases. The use of steam produces
a higher reaction rate and a higher
surface area product, and the use of
CO, increases the production of CO
from the activation step. The CO can
then be subjected to the reverse Bou-
douard reaction for the production of
finely divided carbon (9-12).

Carbon black production. The
oils from tire pyrolysis can be used to
produce carbon black because the
properties of tire-derived oils are sim-
ilar to those of the petroleum fraction
used in carbon black manufacturing
(13). In the oil furnace process, a
highly aromatic feedstock is converted
to carbon black by partial combustion
and pyrolysis at 1673-1923K in a
refractory-lined steel reactor. The prop-
erties of carbon black that are impor-
tant in reinforcement applications—in
tires, for example—are particle size
and structure (degree of agglomeration
into three-dimensional networks).
These properties are controlled by the
nozzle design, reaction chamber geom-
etry, temperature, residence time, and
turbulence intensity (/4). As an alterna-
tive to carbon black production, the oil
from tire pyrolysis can be used for its
fuel value, although it requires addi-
tional processing to remove aromatic
components.

The conversion of the oil stream to
carbon black is a more attractive
option for several reasons:

m A solid product is easier to store
and handle.

m The value of the solid product is
higher than that of any possible fuel.
m Little or no upgrading of the material




tire pyrolysis units such as the one
operated by Conrad Industries in Cen-
tralia, WA, usually generate more pyro-
gas than is needed for process heat, and
excess gas is ofter burnt in an outside
flare. On-site energy savings could
improve process economics.

The net yields of the products
depend on the degree of activation
required in the production of acti-
vated carbon. A high degree of activa-
tion would correspond to a larger
amount of Boudouward carbon pro-
duced from the CO stream. Estimated
relative yields are shown in Figure 1.

Economics

A preliminary cost analysis for the
proposed tire reprocessing scheme
shown in Figure 2 indicates that the
process could be profitable. The fol-
lowing formula is used to evaluate
process economics:

P=F+R-C-T-8-D

where P is the profit, F is the tipping
fee collected for tire disposal, R is the
revenue received from the sale of
products, C is the processing cost for
operating the facility, T is the cost of
transportation of tires, S is the cost of
tire shredding, and D is the cost of
disposal of waste products. Further-
more, the revenue breaks down to

R =R,Y, + R, Y, + R;Y;

where R,;, R,, and R; are selling
prices of activated carbon, carbon
black, and Boudouard carbon, respec-
tively; Y, Y,, and Y, are net yields
of these products with regard to the
starting tire material. The value of
fuel gas is neglected, although proper
use of this source of energy can
improve process economics. All the
above terms are expressed in dollars
per tire.

We assume pyrolysis yields of 35%

char, 20% pyrolytic gas, and 45% oils
as well as a 50% char burn-off during
activation. Additional assumptions are
listed in the box.
" Simple calculations lead to the fol-
lowing figures (in dollars per tire): F
=050, R, = 1.05, R, = 0.38, R, =
045, C =050, T = 0.18, § = 0.40,
and D = 0. This is equivalent to the
net profit of $1.50/tire, an annual
gross income of 36 millien, and a
payback period on the capital invest-
ment of approximately 3.3 years.

More derailed economic analysis
still needs 10 be done, but even this
simplified and fairly comservative
treatrnent demonstrates the high com-
mercial potential of the proposed

Additional assumptions

m Average weight of a tire is 20 1b.

m Yield of carbon black in the furnace
process is 40%.

m The most economical tire processing
capacity is 100 tons/day (i.e.. ~4 million
tires per year) {20).

w Capital cost of such a piant is
$20 million—twice the capital invest-
ment estimated in Reference 20,
because mere equipment is required.

m Tipping fee charged by the plant is
$0.504ire,

m Seliing price of activated carbon is
$0.30/1; activated carben for wastewa-
ter treatment sells for about $0.68/1b
{(private communication from William
Petrich, Independent Environmental
Services, Inc., August 1993). .

m Selling orice for carbon black is
$0.16/1b; high-quality carbon black selis
for $0.28/1b (3.

m Selling price of the Boudouard carhon
is $0.131h, comparable with the price of
low-grade carbon black derived from
scrap tire char (3).

m Gost of plant aperaticn is $0.50/tire,
comparable to the cost of operating the
tire incineration plant in Modesta, CA {3).
w Tire transportation cost is $0.20/tor/
mi. This cost usually ranges from $0.15ta
$0.20 ton/mi for transportation of whole
tires over & distance of 100 mi (3},

m Average distance over which tires
need to be transported is 100 mi.

m Tire shredding cost is $0.40ire; the
typical cost charged by shredding com-
panies was $0.10-$0.75/ira in 1989
{3). Shredding costs vary depending on
the fineness of the product.

m Cost of waste product disposal is
negligible.

approach. The profitability of the pro-
cess is expected to increase because
of increasing tire disposal charges.

For the sake of comparison, the
cost of scrap tire incineration without
heat recovery is about $0.02-0.03/1b
(i.e., about $0.40-0.60/tire) (21). The
cost of power generation from waste
tires is 1.5-5.1 times higher than the
corresponding cost for coal, depend-
ing on whether whole or ground tires
are used (21). Depolymerized scrap
rubber can also be used as liquid fuel,
but in general, depolymerization is
difficult and involves extensive high-
pressure treatment. Cleasly, reprocess-
ing waste tires into fuels does not
seem to be an economically attractive
option.

Pyrolysis processes with value-
added products can be made profitable
and competitive compared with incin-
eration plants. In addition, despite its

reasonably good environmental record,
tire incineration faces increasing oppo-
sition from communities concerned
about potential emissions. This barmier
is expected to be significantly lower in
the case of scrap tire pyrolysis, Asphalt
rubber is probably the most competi-
tive tire-derived product currently on
the market. Although almost twice as
expensive as regular pavement, asphalt
rubber has demonstrated superior per-
formance and durability. According to
legislation passed in 1991, the use of
asphalt rubber may be required in 5%
of new pavement as early as in 1994,
with a projected increase to 20% by
1997 (3). Unfortunately, the estimated
total demnand for this product is stifl at
about 2% of the amount of scrap tires
available (21). Therefore, one can con-
clude that a large market exists for
other technologies targeted at scrap tire
reprocessing into useful products.

Tire-derived activated carbons could
be used, for example, in wastewater
treatment, stabilization of landfills, and
recovery of orgamic solvents and
vapors. Boudouard carbor may have a
variety of uses that are yet to be
explored, including the manufacture of
colorants and lubricants. The liquid
stream can be used in the production of
carbon black, fuel oil, or valuable
chemical feedstocks. Oil-derived
carbon black can be reused in tire man-
ufacturing, which forms a recycle loop
for this material. Pyrolytic gas can be
used for process heat generation.

Conclusions

Qur preliminary process design
uses scrap tires as the input; activated
carbon, carbon black, Boudouard
carbon, and fuel gas are preduced.
The technology has the potential to
convert a waste stream of tires into
marketable products. Because the typ-
ical feedstocks for activated carbon
and carbon black are either coal or
petrolenm, the proposed technology
would eliminate the need to deplete
these resources. The process allows a
high degree of flexibility in the rela-
tive amounts of each product to
reflect changes in the feed stream and
market conditions, Another advantage
of the system is the production of
activated carbon and carbon black
from used tires, with inorganic mate-
rial ending up in the product with a
high tolerance for this component
(activated carbon}. After additional
research is completed, the proposed
technology should be applied in
reprocessing other polymer wastes
found in U.S. industry (e.g., end



cuttings from automobile hoses or
products that do not pass quality con-
trol). Additional research and devel-
opment of the process as well as the
study of product uses are under way.
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AMBIGUOUS SCIENCE

Science demands a tolerance for ambiguity.
Where we are ignorant, we withhold belief.
Whatever annoyance the uncertainty engen-
ders serves a higher purpose: It drive us to
accumulate better data. This attitude is the
difference between science and so much else.
Science offers little in the way of cheap
thrills. The standards of evidence are strict.
But when followed they allow us to see far,

illuminating even a great darkness.

Carl Sagan, Pale Blue Dot

THEY HAVE EYES ...

... [Pleople do not see; they only recognize.
And what they do not recognize remains

invisible to them.

Simon Leys, N.Y. Review

“Take two of these and call me in the morning.”’



