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Complex processing of rubber waste through energyecovery

Roman Smelik Sarka Vilamovd, Kateina Chuchrov&, Roman Koz€l,
Alexander Kiraly’, Adam Levif and Jakub Gajdd

This article deals with the applied energy recoveojutions for complex processing of rubber wasteehergy recovery. It deals
specifically with the solution that could maximjzessible use of all rubber waste and does not ereat additional waste that disposal
would be expensive and dangerous for the environmEre project is economically viable and energif-safficient. The outputs
of the process could replace natural gas and crmitleroducts. The other part of the process is dle separation of metals, which can be
returned to the metallurgical secondary production.
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Introduction

Constantly increasing production of rubber produstsh as tires, conveyor belts, cables, gaskets
or footwear made of rubber and the associated qubst accumulation of rubber waste results in are@sing
trend for energy recovery using rubber waste aslt@nnative fuel source. However, there are mafficdities
associated with the recycling of this waste [1, 2].

Many authors come with various methods of recyctinglegradation of discarded tires and other rubber
waste [3]. In the study “Waste type rubber as aseéary fuel and power plants” [4], the use of wastes
in the combustion of coal and the subsequent eomsgiduction and effective utilization of energgrfr waste
tires are explained. The Article “Waste tire pysity- A review” [5, 6] is dedicated to pyrolysis @s attractive
thermochemical process to tackle the waste tirpodal problem while allowing energy recovery. Given
this waste-to-energy pathway, a comprehensive wevias been carried out in order to show the effects
of the main process conditions on the physicochainpcoperties and distributions of the resultingdarcts.
The essential features of an efficient and enviremialy attractive pyrolysis for used tires valatien
with energy and material recovery present the lartiEeatures of an efficient and attractive envimemtally
used tires pyrolysis with energy and material recgV[7].This article showedhat if carefully controlled, tire
pyrolysis can produce some valuable products. énatiicle “Pyrolysis, Combustion, and Steam Gasaiion
of Various Types of Scrap Tires for Energy RecoVgBy, the pyrolysis processes were investigatdue Tesults
indicated that the scrap tires can be used as enfit energy resourc@he article “Comparative life cycle
assessment of beneficial applications for scrags'tif9] shows that life cycle assessment is usedetermine
the most environmentally beneficial alternatives feuse of scrap tires, based on the concept afsindl
ecology.Life cycle inventory data are collected from primmandustry sources as well as published literature,
and life cycle impact analysis is performed usihg TRACI tool. The results indicate that benefigialise
of scrap tires, particularly in cement plants anmtiffiaial turf, provides reductions in greenhousasg({GHG)
emissions, air toxics, and water consumptRubber is also used to produce certain types dfviear. The next
paper is titled “Shoe manufacturing wastes charaetigon of properties and recovery options” [10his paper
deals with the characterization of the chemical ahgsical properties of representative types ofesho
manufacturing wastes, the quality profile of a igatr material recovery finalized to a soil deation,
and the flue gas emissions from burning testsem\of the potential for energy recovery [11].

Our team of authors, in relation to the above staaly years of practical and theoretical experiémd¢bese
issues in cooperation with LTS Ostrava and VUCHArInc., came with an energy evaluation of rubber
material, which would be applicable not only fomamnt, lime kilns and incinerators, but also for wemional
energy production plants operating on the basisashbined production of heat and electricity. Théywe
for a solution that would be the maximum possibielet of energy using all the rubber waste and mali create
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additional secondary waste and will maximize the obthe energy potential of rubber waste withcegative
impact on the environment.

Rubber waste can be characterized as a set of gisothat already had lost its useful properties due
to damage, age or redundancy and will become tlstewaategory "O - Other waste". The most famoubeub
waste are tires of personal vehicles and trucksigAificant segment of rubber waste is represebyecbnveyor
belts in deep and surface mines, cement works, faotories, brickworks, etc. It is known, that aksoother
waste that is rubber based exists like rubber -amefaste from industry, rubber cables, rubber seals
of automobiles, rubber profiles and more (Fig. E)jgure 1 shows a block diagram of the rubber waste
and its mechanical pre-treatment. Inputs are onléfieside of the image. These inputs are inserted
the mechanical separation process. Subsequendyrutbber that can't be mechanically processed gdes
the thermal separation (pyrolysis). The outputstted process are shown in yellow (metals and feeksto
for pyrolysis).
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Fig. 1. Block diagram of rubber waste and its neetbal pre-treatment.

Rubber waste is currently used for energy in sgieei incinerators and furnaces of cement clinkised
tires can be also used for energy gain, insteddwfding a tire landfill. Due to the completion thie process
of landfilling of waste in 2024, the share of swgdved tires will be no longer significant. Partvadrn tires
are also used to make surfaces for sports andadpasulation covering. Experts are also tryingagd tire
debris into bituminous mixes for road constructioBgcause the rise of rubber based waste of uses ti
in the Czech Republic is about 60 thousand toresaa, yheir current energy utilization in speciatizecinerators
is negligible. Rubber waste due to its specific oival composition represents a very significantrgpe
potential, which with the use of conventional enebpilers should bring substantial savings of fofiséls.
The problem, which prevents the expansion of therggn use of rubber waste as fuel, is legislativedne
of transforming waste into fuel and proper techgaal equipment that would use rubber-based fuel
for the production of thermal energythout adverse effects on the environment.

During the last ten years, the projects that detd the conversion of used tires into fuel or rawtemials
also useful in the chemical industry have appedvkstly, it is a technology of thermal decompositiaf rubber
to hydrocarbons and solid carbon residue. Despiteesadvances in technology, these projects areyetot
commercial due to frequent failure rate, unresoldedal issues and the resistance of general public,
municipalities, and environmental activists, whe@ s, analogy of incinerators in the technology hafrtnal
decomposition.

Methods- suggested solution

Our research team is engaged in a solution thatddmiable to maximize the possible energy ofudiber
waste. This solution must be comprehensive and maostcreate additional, especially hazardous seargnd
waste. Emissions from waste incineration must naieed emissions from boilers to natural gas, adegrd
to the methodology of the Ministry of Environmeiihere are two possible ways of processing of thbeu
waste. The first method is the evaluation of theemal (Fig. 2), and the other option is called #ergy
recovery (Fig. 3).
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Because rubber is produced on the basis of polygatgsh or copolymerization of unsaturated
hydrocarbons (polybutadiene, the copolymer butadiestyrene and ethylene - propylene rubbers) caasion
of its reverse transformation process of depolyradion on usable fuel for energy production exi§tse most
desirable secondary raw materials are liquid hyahtoans, which are divided into a light fraction lwiefinery
process (gasoline) boiling up to 80 ° C, intermtdifiactions (naphtha and gas oil) boiling in tlege of
80-170 °C and a heavy fraction (oil and heavy ledjling in the temperature interval of 170-340 f€the case
of energy recovery of liquid hydrocarbons on thsidaf co-firing with other products of depolymextion,
the refining process is not required and investnedts of complex technology would be inapproplyate
increased. Many of rubber waste contain a proportd sulfur and sulfur compounds, which were used
in the manufacture of originating products as pdamdrs. As the most common example of this cadbeadtire
for winter use, which comprise about 3 % sulfur.

Sulfur content in the exhaust products of depolyna¢ion must be minimized to a level permissiblelem
applicable standards. The solution is to transfotm sulfur compounds to hydrogen sulfide ;%M
and the application of the Claus process for thedipetion of elemental sulfur. This is a capitaleimive
but perfectly mastered technology that does nodyre waste, and it is a very effective processe lemental
sulfur is also applicable to the market of chemical materials. The chemically comparable prodsct i
produced in refineries and coking plants.

During the process of depolymerization, hydrocarigasses that don't condense at normal temperature
also occur. It is a mixture of purified gas witthigh energy potential (about 42 MJ f)mwhich can be used
inthe heating process of depolymerization itsedf well as for generating electricity by cogeneratio
for crushers, conveyors, and other energy-consurnaipgliance. The surplus of electrical energy can be
transformed to the required voltage supplied to dhisribution network. According to local condit®n
of the project, the accumulation of gas in highsptge vessels and its distribution as in the cédejeefied
gasses based on propane, propane-butane, andaiselare also viable. The last product of depolyraéidn
of rubber waste is called solid residue, which &lmup of tiny carbon with the enlarged surfacet,dmy steel
cords and debris of inorganic origin. This dirtlwithanging composition prevents from more significenergy
use of solid residue from the process of depolyma¢inn from a legislative point of view, althoughaptitative
and qualitative terms differ just a little from innities in the fuel coke.

With a suitable method of processing (magnetic sdjwen and flotation), a pure carbon for the chexhic
industry can be obtained, or a solid residue carused after mechanical treatment (magnetic separati
crushing and grinding) as a fuel with high calarifialue (about 28 to 32 MJ / kg) for fluidized bledilers.
By applying suitable flotation reagents, inorgacinitaminants can be removed from the solid resiatiading
heavy metals. The added value of such fuel wilixgho the market to 6000 - 7000, - CZK / ton. Th&erof our
fuel was compared with the price of fuel coke. Eptcdepolymerization, there is a possibility to afta
significant amounts of metals from rubber wasteesehmetals occur in the pre-treatment of raw nadtbefore
the process of depolymerization (tire beads), ey fre also contained in the solid residue afterprocess
of depolymerization. All contained metals are negihded by oxidation as in incinerators and cantlieed
in the market of secondary raw materials for tleelsihdustry. This process is shown in Figure 2.
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Fig. 2. Scheme of processing of rubber wastetfeiproduction of fuel applicable to conventionalveo plants without fluidized bed
combustion.
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Chemical analysis of the pyrolysis products

This chapter lists the various chemical analysighef input material - rubber waste, chemical anslys
of pyrolysis coke, pyrolysis oil, and pyrolysis gés cooperation between LTS Ostrava and chemadaratory
VUCHZ in Brno, a series of chemical analyzes waralized. For the following article, data were sepea
and described in the following tables. The nextpthapresents the chemical analyzes of individyablysis
products. We want to prove that the composition pyfolysis products does not negatively affect
the environment. That is why it is necessary t@ahemical analysis.

Tab. 1. Elemental analysis of input material.

) The individual components of the material [%]
Material
C Hz N2 S O M FC \Y A
Waste rubber 85,4 7,57 0,48 0,44 0,01 0,98 23,03 70,86 6,11
Tab. 2. The chemical analysis of the pyrolysiscok
Analyticalindicator R rowcol Analytical indicator R rotocol
measueE amount measure | amount
Total water ¥s (m'm) 095 Content of heavy metals in ashes:
Ashin the anhydrons state Yelm/m) 045 Amenic, As Yolm'm) <00
Calorific value in odgnal condition Elkg 34814 |Cadmium Cd Yo(m'm) 0001
Sulfur m the anhydrous state Yelmim) 161 Chrome, Cr Yolm'm) (001
Nitrogen i the anhydrous state Yelm/m) 029 Copper,Cu Yolm'm) (0006
Chloring in the anhydmus state elm'm) 0,034 |Mercory, He Yo(m'm) <0001
Sumof PCB me/ kg <005 |Lead.Pb Yolm'm) 0013
Zme, Zn Yo (m'm) a7l

The sum of PCB is less than 0,05 — which is thé.li@hlorine is also allowed at the rate of 0,06r tate is

0,034. The measured quantities of heavy metals asidadmium, chrome, copper, mercury and leadnaadiey
than allowed, see Table 2.

Tab. 3. The chemical analysis of the pyrolysis oil

Analytical indicator unit of | protocol Analytical indicator unit of measure protocol
measure| amount amount

Water content % (m/m 12 Content of heavy metals imeas
Ash content %(m/m) 0,005 [ Arsenic, As mg/kg of dry meltte <40
Calorific value KJ/kg 40990 | Cadmium, Cd mg/kg of dryitte <0,25
Sulphur content %(Mm/m), 1,05 Chrome, Cr mg/kg of drytemt  <1,5
Nitrogen content %(m/m) 0,85 Copper, Cu mg/kg of drytmzi <0,25
Total chlorine %(m/m) 0,025 | Lead, Pb mg/kg of dry meftte <2,5
Sum of PCB mg/kg sup.  1,076] Zinc, Zn mg/kg of dry matte 3,08
Density at 40° C g/cmd 0,9 Mercury, Hg mg/kg of dryttegg  0,0197
Kinematic viscosity at 40 ° C mmg/s 53
Flash point at 0.k. °C 82

In Table 4, we compare a natural gas with a pyislgas produced by us, with properties of the pisl
gas produced at the process temperature of 65@rf€Cthe transit of natural gas.. The calorific vafihowed
that pyrolysis gas can replace natural gas.

Pyrolytic decomposition of the rubber waste wasdemted on technology PYROMATIC 50. Individual
fractions were formed at the process temperature6®® °C. The results of measurements prove
that physicochemical modifications of individualadtions are applicable when using ordinary refinery
and processing technologies [13, 14].

Our products do not have a negative impact on tiar@nment because chemical analysis showed
that it does not exceed the permitted substancesissions.
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Tab. 4. The chemical analysis of the pyrolysis gas

Name Marking Unit P)(/;?\Iégi S Nzt;ral
Calorific value Q; [MJ.mi°N] 31,79 35,87
Combustion heat Qs [MJ.mi°N] 34,68 39,79
Density p [kg.mi°n] 1,04 0,73
Relative density d [1] 0,8 0,56
Specific heat capacity Cp [kJ.mn.KY 1,33 1,56
Vol. the proportion of clean combustibles Qe [%0] 63,7 99,09
\ol. the proportion of CO in the pure combustible Qo [%0] 4,55 0
The volume fraction of H2 in pure combustible Qo [%0] 44,43 0
The volume fraction of CH4 in pure combustible| Qcu4 [%0] 7,22 99,29
Volume fraction of pure C2H4 in pure combustible Qcons [%0] 8,16 0
Volume fraction of pure C2H6 in pure combustible Qcone [%0] 9,89 0,44
XC3HY volume fraction in pure combustible Qyc3Hy [%] 10,99 0
XC4HY volume fraction in pure combustible QycaHy [%] 7,54 0,16
XC5HY volume fraction in pure combustible QycsHY [%] 5,02 0,07
YC6HY volume fraction in pure combustible QyceHY [%] 2,2 0,03
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Fig. 3. Energy evaluation of rubber waste at thenpwith fluidized bed combustion.

The second solution of the energy use of rubbeten@sg. 3), especially of used tires, involves maction
of depolymerization technology with the physicocleah processing of products and fluidized bed bpile
which burns down all products of depolymerizati@he process of transformation from waste into figghes
up after physicochemical processing of depolyméomaproducts. The incineration of gaseous andidiqu
hydrocarbons is carried out in the specialized ndhixburner. The solid carbonaceous residue
of the depolymerization process is fed directlyittie fluidized bed. Selection of performance aathmeters
of the fluid is dependent on the boiler type ane desired efficiency of the steam turbine. Depolynation
lines can be modularly connected with the physieaubal processing plant, which brings savings wregtment
costs.
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Results

Impacts of solution

The impacts of a solution for this project are gebgraphically restricted. The results of the prb@an be
applied not only within the European Union, butoatsutside the European Union. Especially in devielpp
countries, the solution of collecting and dispasfatubber waste is not developed at all. The ussegbndary
raw materials based on liquid hydrocarbons showdebonomically very useful for countries without oi
and other fossil fuels. lllegal dumps of tires Ire tcountries of the former Soviet Union and in diepimg
countries in Africa and Asia contain hundreds aistof valuable waste. Its destruction is not yerdtive
for the local authorities and businesses.

The energy potential of some secondary productdepolymerization and their material value should
be interesting for the economy of some countridside Europe.

Environmental benefits

The process of complex processing of rubber wadstaugh material and energy recovery in the specific
conditions of the country has a very significantismnmental benefit. It is an energetically inteiag material,
and its process is very friendly to the environm@ee previous chapter ,chemical analysis"). Tiehtelogy is
not harmful to the atmosphere. In the context of thater protection, more-casing containers known
from the using of liquid fuels can be easily apglie

Generally speaking, voluntary and economic motbratican lead to reaching its goal sooner
than the commands, prohibitions and persecutiorthigy government and local authorities. For this oaas
it would be good to encourage the population talpase tires and other rubber waste, especiallgweldping
countries. lllegal dumps would have been transfariné technological lines for complex dealing witibber
waste.

Economic benefits

According to Fig. 1, we can conclude that we canmgetals, liquid hydrocarbons, carbon and elemental
sulfur from rubber waste, Fig. 2. Application ofrqaroduct - pyrolysis gas is comparable with ndtgess, so it
can be replaced, and elemental sulfur is also rtetvle Liquid hydrocarbons, such as gasoline fractionselie
fraction, fuel oil and heavy oil are also marketah$ the input raw material for the petrochemisdustry (raw
fuel). The quality fuel is created after adding itiuds to it.

In the context of the entire technology, there isomplex process of separation of metals, whergdrig
elements can be separated mechanically, and sne#erents must be separated thermallge separated
metals can be sold again as a secondary raw materia

Another product is pure carbon, which can be useféedstock for producing activated carbon thaised
in wastewater treatment plants, in filters, codkeods, etc.).

Three separate economic variables are availaldase of the economic contribution:

e The proceeds from the sale of secondary raw médretals, liquid hydrocarbons, carbon, and sulfur
e The proceeds from the sale of electricity and heat.
e Savings of the fossil fuels and an increase ofggnself-sufficiency of the country.

According to the territorial localization of tecHagical lines, revenues will naturally vary.

Effect on Employment

Lines for complex processing of rubber waste casater new job opportunities in the labor market.
For the operation, line workers are needed for lagdankers, loaders and other blue-collar jobhwiinimum
requirements on educatioBue to the continuous use of this technology alir fehifts will be needed to fill
with workers.

The secondary benefits of the project

As secondary benefits of the project can be highdid following: The composition of raw materials
that arise from rubber waste is similar to the piaig of primary oil refining. For this reason, ceudil
can be replaced with these raw materis¥arldwide, there was a move away from large cemimler plants
to a large number of smaller plants (Blackour project is supporting a global policy based smnall
and medium sourcefegarding the territorial dimension, for examplertBgal has not fossil fuel resources.
The price of energy will then be equal to the praéduel plus shipping. Greece and Cyprus also imfeel.
Therefore, rubber waste is a good alternative poseerrce.In this case, the population can be positively
motivated to buy rubber waste, which could leadh® end of so-called illegal dumpS&ompanies that deal
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with the purchase of such material could betten fleeir economic resultsThis application is an analogy
to the waste plastics, which have different procegsirements, but it is the same process thdidady tested.

« Reducing dependence on imports of oil-based ravemadd and their products

e Energetics solution for small and medium level

e Use of alternative energy sources

e Change the population attitudes to waste in dewadppountries

e Solving energy self-sufficiency in isolated areas

e Sustainable development of manufacturing companies

*  The application of this process for other typesvaéte.

Conclusion

The aim of the research team was to demonstrateatieptation for incineration of waste-based fuel
in a conventional power plant is possible. Theyehaucceeded to prove experimentally that the rullaete
may not be burned in special power plants only. aittiele shows the possible and technically feasfisbcess
of transforming waste into a product without anywanted secondary waste. This procedure is legislsti
correct, and it is recommended by the EuropeanrJnio

We succeeded to verify experimentally the procdsmaterial assessment and energy recovery of rubber
waste.The advantage of one or another process dependgpamific conditions in the country. For example,
electrical energy from tires is not subsidizedhia €zech Republic but it is subsidized in SlovakiaPoland,
there is a high demand for liquid hydrocarbons. theo positive aspect of this process is that tliatld
countries do not have electrical power. In eachgggghic area, one of these processes (Fig. 2 antag@)be
applied according to local conditions [12].

It has been proven that this is a good directiomdgearch on possibilities of energy utilizationl anaterial
evaluation of other kinds of waste like mixed pilestand residues from beverage cartons. In therdutu
we can focus on the decontamination and subsegeeoxery of hazardous waste.
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