WO 2008/073136PCT/US2007/008858 DEVULCANIZED RUBBER AND METHODS FIELD F THE
INVENTION 100011The present disclosure relates generally to compositions and processes for the
devulcanization of rubber. BACKGROUND OF THE INVENTION 100021The recycling of used or
discarded tires and other rubber products, which are almost always cured or vulcanized, by
devulcanizatioh hASHTEVER to be an extremely challenging problem. This pPSBiEHZeEH 8 Rttributed to
the fact that vulcanization cross-links polymers in the rubber or elastomer with sulfur. The resultant
cross-linked rubber or elastomer is thermoset, thus preventing it from being melted or reformed into
other products like theillioplastic polymers or metals. [00031An increasingly dire need exists to recover
the used or discarded tires andgther;rubber-products.in yn Wm@@@ﬁgnized, form: The fossil
fuels, e.g., petroleum, natural gas and coal, are the feedstocks for manufacturing various kinds of

synthetic rubber and elastomer. They are also ener%%:sources fog@%oducing and transporting natural
rubber. FIZLID OF THE INVENTT

e b

[GOGE] The present disclosure relates generally to compositions and processes for the

devulcanization of rubber,
BACKGROUND OF THE INVENTION

[0062] The recycling of used or discarded tires and other rubber products, which are
almost always cured or vulcanized, by devulcanization has proven to be an extremely
challenging problem. This problem can be atiributed to the fact that vulcanization cross-
links polymers in the rubber or elastomer with sulfur. The resuitant cross-linked rubber or
elastomer 15 thermoset, thus preventing it from being melted or reformed into other

products like thermoplastic polymers or metals.

[0003] An increasingly dire need exists to recover the used or discarded tires and
other rubber products in uncured, or devulcanized, form: The fossil fuels, e g, petroleum,
naturai gas and ceal, are the feedstocks for manufacturing various kinds of synthetic
rubber and elastomer. They are also energy sources for producing and transporting

natural rubber.

10604) A variety of devulcanization processes have been invented to recover or
reclaim rubber from the used or discarded tires and other rubber products comprising
cured, or vulcanized, rubber or elastomer. The recovered rubber can be co-cured or co-
vulcanized with virgin rubber to manufacture new tires and other rubber products ifa
large-scale devulcanization process can be carried out without degradation of the rubber
at a relatively low cost. Nevertheless, no devulcanization process has proven to be
commercially viable on a large scale heretofore. This is due to the fact that every
devulcanization process invented to date is excessively expensive to construct and
operate; moreover, every process is exceedingly difficult to scale up and contral, and/or
cumbersome to recover and purify the high-quality devulcanized rubber with minimum
degradation because of one or more of the following reasons: (1) operating at an
inordinately elevated pressure; (2) operating at a very high temperatre; (3) being

subjected to extremely large shear forces; (4) needing to use expensive vessels and
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100041A variety of devulcanization processes have been invented to recover or reclaim rubber from
the used or discarded tires and other rubber products comprising cured, or vulcanized, rubber or
elastomer. The recovered rubber can be co-cured or co-vulcanized with virgin rubber to manufacture
new tires and other rubber products if a large-scale devulcanization process can be carried out without
degradation ottRe{iiiét4t a relatively low cost. Nevertheless, no devulcafigatisHIe7E8ss has
proven to be commercially viable on a large scale heretofore. This is due to the fact that every
devulcanization process invented to date is excessively expensive to construct and operate; moreover,
every process is exceedingly difficult to scale up and control, and/or cumbersome to recover and purify

the high-quality devu ized. rubber wi ini n_degradation because of. one or more of the
following reaé%ﬁ%ﬁi%gggﬁ%ég% “éﬁ%?%%?%ﬁ%‘%% E?%%résﬂﬁé? 5 ”&5‘3 ?nsgu%??g Very high
temperature;EFFiHbitgE jeetoey 16-8xPERMEN arge sHeavfaYessdi)one&tlibging ssbiexpeisive
vessels and Wah2008/043136R6:] 4152007 (008858 machanitaldavita e dorexiradens and
high-speed rqllers; equiring to ly a.special form.of energy, e.g., ultrasonic and microwave
radiation; (6) eéﬁ%%“?l%b%é%@&ﬁ%‘é’ﬂ%%} ré?gcaékﬁnuﬁléjssﬁﬁogp, g?"‘t%v%xbﬁr %9%?%% %Yélﬁ(gs, catalysts and/or
promoters, wifivhlegeitpdghertaridrnphoxie (Apraneiimid umis saytbmf dmalevertias Hartial
devulcanizatigRrad Lyresk (el Qb alastame! Topd48h oRiy capabieRl tRYM canizi ngshasyrface of
reclaimed rubber cr mbd Té/piéiao!ﬁpr Wiil-k%ow devulcanizationéprocesses_invented to_date, all of
which suffer ISR SR P Hiof S HELE 8% SFaRRBR AL P Biitifne B Mo & FSilsMWilFS: 160051U.S.
Pat. No. 4,1042@5discloséslavyrazess to devulcanize sulfur-cured elastomer containing polar groups.
This process applies a controlled dose of microwave energy of between 915 MHz and 2450 MHz and

between 41 8177 whtthdarsTper pdtind WhiciPre SRfIGEREHS Breakc Bty MAtarbon-sulfur
and sulfur-sulfastbaadsdmimisgfficiengtoubsedkiappreciablepHeauntssaitatkbnecal haarbonds.

(0006)U.S. Paj o d8d arudiesiones: pisesss bl eaniinuaua. apRiessiliasanig fadiation to a

vulcanized elastoimer or rubber to break the carbon-sulfur, sulfur-sulfur and, If desired,
carbon-carb & HBhadiniy sERisa L Prets s eniigliyr e depredfisred eeHuinsdimeeEsitrasonic

amplitudes inhenpreianoe;obpeaissypec-antibaaiaptionply;Hbis oapontedidinat cured, Le., vulcanized
elastomer or rubber, can be broken down. By means of this process, the rubber becomes soft, thereby

enabling it td$f8fdprocdssekpaitprSstihbel iAiscintasrerroipaiaie seatinmenphesiolisly uncured rubber
or elastomery [PRRAR 24 R8bING a5:602:128 discloses & PLOBESH Tor-de Vil canieng auredubRer by

sulfur and, if desired, the carbon-carbon bonds in a vulcanized elastomer. Through the
application of certain levels of ultrasonic amplitudes in the presence of pressure and heat
optionally, it is reported that cured, i.e., vuicanized elastomer or rubber, can be broken
down. By means of this process, the rubber becomes soft, thereby enabling it to be
reprocessed and reshaped in a manner similar to that .with previously uncured rubber or

elastomer.

{0007} U.S. Pat. No. 5,602,186 discloses a process for devulcanizing cured rubber by
desulfurization. The process comprises steps oft (1) contacting rubber vulcanizate crumb
with a soivent and an alkali metal to form a reaction mixture; (2) heating the reaction
mixiure in the absence of oxygen and with mixing 1o a temperature sufficient to cause the
alkali metal to react with sulfur in the rubber vulcanizate; and (3) maintaining the
temperature below which thermal cracking of the rubber occurs, thereby devulcanizing
the rubber vulcanizate, The said patent indicates that it is preferable to control the

temperature below about 300 °C, or where thermal cracking of the rubber is initiated.
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desulfurization. The process comprises steps of: (1) contacting rubber vulcanizate crumb with a
solvent and an alkali metal to form a reaction mixture; (2) heating the reaction mixture in the absence
of oxygen and with mixing to a temperature sufficient to cause the alkali metal to react with sulfur in
the rubber vulcanizate; and (3) maintaining the temperature below which thermal cracking of the
rubber occurs. tharely d&ulcanizing the rubber vulcanizate. The said pate RGRESHELHEH is
preferable to control the temperature below about 300 C, or where thermal cracking of the rubber is
initiated. WO 2008/073136PCT/US2007/008858 [0008]U.S. Pat, No. 5,891,926 discloses a process
for devulcanizing cured rubber into devulcanized rubber that can be recompounded and recured into

useful rubbeygypgluctspRdFIR! Ieeavepnalbadevulcanizes RberdemLihe cueH DR, The said

process comprises the steps of. (1) heating the cured rdbber to, a temperature’within the range of
about 150C t8'asbitBop et Rddich Bréssnre sreameasndpdard moeTdemageafs! @peeatm) in

2-butanol to gasddeanizel the eutedtupler mtathedeyWeanizadnuabeltodqraiisedmixture of solid
cured rubber r%ogds%%vuIc%“re:]ézt%g r%ébtg%rfﬁqg a stolutit n of th ebvuli(::anitzed rubtger in.the %;butanol; (2)
removing theP Soltition of the devulcanized r %%ae"ﬁ%orr? & Solid cured b YT ARG e st
devulcanizedandsbef A{R) NG thaibotion SFtheddevpicanized rubbertinbthe 2-butaivhtecals
temperature @4lgss-ihan Aauk-HOthG: Al A4k SeRatating thsdevileanizad rubberfrom the, 2-butanol.

[0009]U.S. Pat. No. 6,380,269 discloses a process for devulcanizing the surface of reclaimed rubber

crumb into sEFFSEE TR TUICER A8 S YEa aFRsd thbBFer YHd i thsrrieet ibie ror dectsthipbendify and
recuring intocrigiipeiterimabios fublbe? products(?} hensaich prbeast:compfisesithe stapsedf (1) heating

the rec'aimG%B&@P%%%Hé%%@W%%EE%P{@%@S&%TM%%&Q@%Qi?e?-%5%89&%‘ #4020 C under a

pressure of at least about 3.4 x 106 Pascals (34.0 atm) in the presence of 2-bitanol té devulcanize the
surface of thiPhuipe PERR IS HSRBT S BEbeg Sty arahérsisamsgave cafsbirecaifitied rubber
crumb in the b etanoeld W erinritiey eslaimatsubla resumiibastegatictesize within the range of
about 325 mesh to about 20 mesh; and (2) separating the surface devulcanized reclaimed rubber

crumb from #9888 butahbl. H5015¢L5 S 8RN daI6 105 wRscloses alprotess Wadenbparafus for
devulcanizing.guieddqissessrlinketuslasiosaal-Qunariows kindmelswaber by.ths aiens afiddle

subdividing them into smac%l article form, (2) confining the particles of elastomer undey high force, as
in a screw e%furgg?rg he fﬁp ;aarllr%cf ?%‘ﬁ%h’?rtt?n%% gg%ﬁ%%ﬁ%%y o ré}aab;“ézl%c(lié °r %ﬁ[a?ﬁ‘?ﬁﬁsﬁonfined

to effect devedeaprizasidie fersgl iS Fdgabnp teopdinbdcganidiescmambiersedynpttiemxrigtalong which

they are advapGiiheaihBRG gy0FTAM A SRMECR IS Eligaigd ofless PRI iP: 9t ihe.apRRsadys gnd back into
the treatment zong E%g’s %Chia\/e maximum_energy utilization. In particular instances, reflection of

energy is achiGad Y ' BpFEEELHE 'F@ﬁaﬂﬁ}égdjﬁ’i‘@“m%etﬁﬁ?’é‘%ﬁ%ﬁ;meﬁﬁg?&rwith

crumb thereby producing a slurry of the surface devulcanized reclaimed rubber crumb in
the 2-butanol, wherein the reclaimed rubber crumb has a particle size within the range of
about 325 mesh to about 20 mesh; and {2} separating the surface devulcanized reclaimed

rubber crumb from the 2-butanol.

[6010] s ‘Pat. No. 6,416,705 discioses a process and apparatus for devulcanizing
cured, or cross-linked, elastomer or various kinds of rubber by the steps of: (1)
subdividing them into small particle form; (2) confining the particles of elastomer under
high force, as in a screw extruder or the like; and (3) imparting ultrasonic energy to the
particles remaining confined to effect devulcanization. Energy is fed to the confined
particles transversely of the axis along which they are advancing, and energy from a
source is reflected off a portion of the apparatus and back into the treatment zone so as to
achieve maximum energy utilization. In particular instances, reflection of energy is

achieved by providing opposed, powered ultrasonic horns that resonate in phase with
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each other. In another embodiment, oppositely directed, resonantly tuned horns are used, with less
than all such horns being powered and the remainder being passive or unpowered reflecting horns
whose resonant frequency is tuned to that of the powered horn. In one apparatus, the pairs of horns
resonate in phase by reason of delay lines interposed between the two power sources. In the other
form, the mas‘ggfzﬂ%/ Yak%ve horn is balanced with that of the active horn BECHBIFPRF¥ASe tuning
that maximizes reflection of energy. 100111U.S. Pat, No. 6,479,558 discloses a process and resulting
product in which a vulcanized solid particulate, such as vulcanized crumb rubber, has select chemical
bonds broken by biotreatrnent with thermophillic microorganisms selected from naturally occurring

isolates derived drom.hat, sl shrngsstheLigsatment ot de frumb,mbber rsnders, the yeated

crumb rubber more suitable for use in new rubber formulations. As a result, larger loading levels and
sizes of the tr&4beEsE AL B R e trederiferat PP BB F TS PIORLP TS Pat. No. 6,541,526
discloses a megharicdliclienioglipioseshanccampabiioaifoy devuleprizing eiadHubhes that
s LORTR SRR B0 ME DRSS PHIWCRERTNE [RRIEE IS A eBnGalany, T ai Process
comprises the steps of; B shredding ‘and crushing Used tu 52 3femovmg metal pieces from

shredded andnéHRshed Tedstssn Bivd (3) RayaneearRte ol i %mé@mwmqﬁm@mw@shredded

waste rubbemnaig paidesceetver e rolies thabiurthereiush thenadicles e madifying
composition igﬁﬁ?ﬁ[:ttjixtur%%]c ag%roton donor that selectively breaks the sulfur bonds and renders the

. 13 TEY. . . .
sulfur passive; a mefla?oxm?e, n organic acid that builds new bonds between macromolecules for later

re-vulcanizatign; an inhibiopthaiiprevenss sgaiiashment. ol suliun sadicals, with, eagh.piherbefore the

proton donor attaches_itself to the sulfur; and a friction agent that %revents sliding of the waste rubber

between the YBITEZAHE HERRES HrE SR Aot I febsT e SHS 1 PoRSReTbaes1rEb P4 No.

6,590.,0.42 d_ibrcté@eﬂya procsss fon mhhih@mshltﬁgmtmbmgmwm fubshegrinyllye steps of: (1)

combining fingly,graund, peramsHcANZed KHPOsEW d%s?@ﬁ&@'&?&t%k&'ﬁﬂﬁ%ﬁ%ﬂﬁw%@mb'e of
a

providing strong shearing and juston-time mixing; ( ing a reclaiming agent to the extruder; and
(3) masticatift & RO 568 O AIBEPEY ISF06Y, %@Fﬁ%@??ﬁ&#%%@a@ﬁﬁm A§ént within
the extruder wustil{lerpabbexserdpvis deviidanizé diclihavsd dpate nt sies distlo sesdarunigue
composition gfigeclaiming.agent, which preferably includes the following compounds: accelerators,
TBBS, ZMBT, MBT, and TMTM; activators, zinc oxide and stearic acid; and zinc salts of fatty acids
and sulfur. Tiereglaimedsraabands sisidaliedalsprads aing:bighigirdenibberqradueats without adding

a binder, or fog. complning,with [iesis LHhPSI, SaMBRHNAS (9 REashS gk, srslication fupber products.

renders sulfur passive for later re-vuleanization. The said process comprises the steps of;

(1) shredding and crushing used rubber; (2) removing metal pieces from shredded and
crushed rubber; and (3) adding a modifying composition as the particles of shredded
waste rubber are poured between two rollers that further crush the pamféfcs. The
modifying composition is a mixture of a proton donor that selectively breaks the sulfur
bonds and renders the sulfur passive; a metal oxide; an organic acid that builds new
bonds between macromolecules for later re-vuicanization; an inhibitor that prevents re-
attachment of sulfur radicals with each other before the proton donor attaches itself to the
sulfur; and 2 friction agent that prevents sliding of the waste rubber between the rollers.

The particles are subjected 1o at least ten sets of rollers.

[6G13] U.S. Pat. No. 6,590,042 discloses a process for reclaiming sulfur-cured, i.e.,
vulcanized, rubber, by the steps of' (1) combining finely ground scrap vulcanized rubber
within a specialized, twin-screw extruder capable of providing strong shearing and just-

on-time mixing; (2) adding a reclaiming agent to the exiuder; and (3) rmasticating the
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[00141U.S, Pat, No. 6,831,109 discloses a process that provides a modifier for devulcanization of
cured elastomer, and especially vulcanized rubber. The said modifier contains a first chemical
substance, which is disposed towards on and the formation of an organic cation and amine, and
further contalns a second chemical substance as promoter of dissociation of the first chemical
substance. TRE saltr Srobter contains a functional group constituting an aRE&HEH B &%&&mine.
[0015]U.S. Pat. No. 6,924,319 discloses a process for devulcanizing comminuted scrap rubber of
rubber granules, the sulfur bridges on which are broken and activated for revulcanization. The said
process comprises the steps of (1) treating the rubber granules to swell the rubber structure of the

granule surfage; and (o) mixing M freated WRRE granwies vt devuisanizatignsformulation, acting

mechanically and chemlcally reductively on the rubber granules, in a heating and coollng mixer
combination I HEAISIG: JHETAELAIRE RS LRGE s 2AMER D FRTRAGP AR FeAte ftf 286Rperature of
105- 150 C andchuhséquigihtiypdadtedlimiviboiately.chuslevideanizetionceo ot is prepaied, by mixing

the devulcanzatapRduGl it vicauizRUanAN.AINdIAG 2eNIRS0Ae P ERRLIE mhber granules

uniformly wit canization corr‘g)oun can also be prepared by coating the swelled

rubber grandibiim Tagars Bimuhanabey i sfonapeasdipsatoadibin g odetivators, auxiliary
agents, bindingageaidipy ganicadicabdonats: apdeaaieng arshd0keddd s kapr6492 dikh-discloses
a process Whosefmventlo {% bas%d Apon the unexpected discovery that the surface of reclaimed

3
rubber crum%)par %62 can be Bevulcanized by heating the crumb patrticles to a temperature of at least

about 150 Cigmder a presseee efatleastiabalitcdAes A%B@@c@ﬁ B Lsatmhisdie-presence of 2-
butanol. It |sf rt er based ont e un%ﬁ?ecte dISCOV Suc%ﬁ‘é% evulcanlz rubber
%

crumb partlc% NG P %%e i TR A r%??&gl o%at“i@%é Acan be
recompoundegiand sduisiatiénoHighbparfornvdnca mmmm@mmsme’gnmm efreh power

transmissiora%%&k EAH@M@W%@%M&I%ﬁ@ﬁl@%&ﬂ&%@ﬁ%&mﬁm@@glaemeaurface of
reclaimed rubber crumb intg surface devufﬂjanlzed reclaimed rubber crumb that is suitable for

recornpounding SR PEETHH IR HhiGRBY A THBHRRSR BES B0 BT T Sl hPIEEEE Whprises the
steps of: (1)gdreating:thiduecinamec: epblyerf crudnbrtova temperature within the range of about 150 C to
about 300 C under a pressure of at least about 3.4 x 106 Pascals (34.0 atm) in the presence of

2-butanol tolB8¥ Bl caniFetHerb UM BrhRd% 3%@8?%@%?&9%%%%%%@%@ surface
devuIcanlzegbfwlﬂmﬂseddﬂbhﬂeegtmbm -Im-.n-.-=- igedereiniticsedaikechidoReiaredibhas a

particle size W|tr}|n the1 % %25 mes 3910 2;% m q[‘és) ‘ g ghe surface
devulcanized rec g?r%e erSCr}u é rom the: uta?ﬁo &5 ﬁ?? %@?ﬁ aspect there is
provided a rivetiEd &Wﬁs@m e g:ranule surface; and (2) mixing the treated mbber

granules with a devulcanization formuiation, acting mechanically and chemically

reductively on the rubber granules, in a heating and cooling mixer combination. The
rebber granules and the devulcanization formulation are heated to a temperature of 105-
150 °C and subsequently cooled immediately. A devulcanization compound is prepared
by mixing the devulcamzation product with vulcanization and binding agents so as to
coat the rubber granules uniformly with them. The devulcanization compound can also be
prepared by coating the swelled rubber granules in layers by admixing vulcanization
agents such as accelerators, activators, auxiliary agents, binding agents, oxygen radical

donors, and scavengers.

[0016) U.S. Pat. 6,992,116 discloses a process whose invention is based upon the
unexpected discovery that the surface of reclaimed rubber crumb particles can be
devuicanized by heating the crumb particles to a temperature of at least about 150 °C

under a pressure of at Jeast about 3.4 x 10° Pascals (34.0 atm) in the presence of 2-
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comprising the steps of: providing a vulcanized rubber having a sulfur content with sulfur cross-links;
and contacting said vulcanized rubber with a turpentine liquid to form a reaction mixture, wherein said
turpentine liquid is present in an amount sufficient such that said turpentine liquid acts to break 54 to
100% of said cross-links and to reduce said sulfur content of said vulcanized rubber. [0016b]In a
second aspect, there is provided a method of devulcanizing rubber comprising contacting a vulcanized

rubber with,aWpentineiguidR-a (BAGHAR MxipEeda aRRRseNgROiiRR alkalkametalicahesgin said
turpentine Ii;juid further comprises a solvent selected from the group consisting of lower aliphatic

alcohols, I 5%&!}8&?%&%‘% RRHRS URSFEGY 16617 YAR BRMBEEMEAP B tHe pTESBAP dR¥bsure

provides aruether afdeyticanizingdadher wheteimeopostoreabwdlaasizeshenbbafiscentacted with a
turpentine liquid in a r\eactign mixtuge in an abs%n € gf an alkalti metal. 10| 8;Acc;orgin§§to an
embodimefit &F tie e SrE & 1 FPBRtRE TG one 6 FOTE G0 GsRIERE /O the group
consisting prnatsialfturpentinen @ymthetic terp@ntinef pindoiha-pineba’” Rrpineneta-tergineot,

14erp|neol,de;:;/;j arene , e},gﬁthole di Qt%rﬁgngB'Eszmha'"’t%Bqéeﬁ? terpene resins JA0RQI, pinane,

)
camphene, p-oymene, anlgérf]cf&i/u e, 2-pinane hy ?ospuelroxmle,rf:’:r,%c-0 ﬁﬁ%%ﬁyf?féoctaglené isohornyl
acetate, terpin hygraterfouhmenenibhginaneivdihydionspréemokdasobormesicaterpinedlollddcimene,

alloocimeng alcohols, geranial, 2-meti -2,6-di -(.8- )C Of < P~ than-8-ol,
o terpiny! S e R b
p-menthenabqumiditlién:84et acetatercitrdrelleds? dwgdrokydinyéifolitronelidil themthch renthone,

polymers te o A S S R T YRR RLIARE G LB P20 BB producing
slurry of the surface devulcanized reclaimed rubber crumb in the 2-butanol, wherein the
reclaimed rubber crumb has a particle size within the range of about 325 mesh to about
20 mesh; and (2) separating the surface devulcanized reclaimed rubber crumb from the 2-

butanol.
SUMMARY

[0016a] In a first aspect, there is provided a method of devulcanizing rubber
comprising the steps of: providing a vulcanized rubber having a sulfur content with sulfur
cross-links; and contacting said vulcanized rubber with a turpentine liquid to form a
reaction mixture, wherein said turpentine liquid is present in an amount sufficient such
that said turpentine liquid acts to break 54 to 100% of said cross-links and fo reduce said

sulfur content of said vulcanized rubber,

[0016b] In a second aspect, there is provided a method of devulcanizing rubber
comprising contacting a vulcanized rubber with a turpentine liquid in a reaction mixture
in an absence of an alkali metal, wherein said turpentine liquid further comprises a
solvent selected from the group consisting of lower aliphatic alcohols, lower alkanes, and

mixtures thereof,

[6617] An embodiment of the present disclosure provides a method of
devulcanizing rubber wherein a portion of vulcanized rubber is contacted with a

_ turpentine liquid in a reaction mixture in an absence of an alkali metal.
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100191According to a preferred embodiment of the disclosure, the turpentine liquid is any one or
more liquids selected from the group consisting of, natural turpentine, synthetic turpentine, pine oll,
ct-pinene, p-pinene, y-terpineol, p-terpineol, polymers thereof, and mixtures thereof. 100201According
to an embodiment of the disclosure, the vulcanized rubber may be provided in any size that facilitates
contact with a turpentine liquid. The rubber may be provided as chunks, one or more pieces, or blocks,
for exampl®Ukthe fragraentsoripiecesbédmeantofmabitisoroturek tireuTheiubbguiay comprise an
intact deviggOpagtile Rychas.ARIaRLTre 0T 3hEE AGLOIding19 3 preferred embodiment of the
disclosure, the vulcani_zgd rubber is provided as a u(:Ica[nls'(zBed“ r%%kr)]é%%?ﬁr%bm?&%@&cﬁ%t 6% preferred
embodimeM e disEsstite, tHaNkIbeBrignD haseapitaerafecpartcle Sizerffromabolat 0.074
millimetersitaeahaut B0.milimeters;i {00211 Acserdingto anembadiment of the disclosyre, the

turpentine quui%further comprises a solvent. According to a preferred embodimerit of the disclosure,
the solventis*&Eeiad frofitHE giétissnsistng o fowehalipHatietatéstiolss dower hlkaries, and
mixtures thegedof Aceptding teiapreferred emhodiment:dhe sqlyent issglested fromthe group
consisting ?{ ethanol, pr@garjol, Qutei%%l, heptane, ang mixtures thereof 100221 According to an
embodimeht SFIRE HisAOLTe e HiBarasd titurpdntheiaitr diacbrtdcletrarommperature of
from aboutd6@ to, aboptk8aEarPEeferably, theiribber iweantacted;hyithe tyrpepting liquid.at a
temperature of less than 180C. More preferably, the rubber js contacted by the turpentine liquid at a
temperatu?}ee%ﬁlé}é%?ﬁaﬁm 680 2{? %‘5](})%}%89“ %hg’ﬂfrtﬁ&%nﬁé%ffmgﬁ%f PHEAERSErY, the rubber
and the tuppentinecliguicare’ dontactetiatisnpresstiielof from @boutdix104Rassaltaabeut 4 x 105
Pascal. Acgarding, te.an smbodiment, the method is executed at a pressure of from about 0.4
atmosphere to about 4 atmospheres. f0024]According to an embodiment of the disclosure, the method
further comprises
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providing a reactor vessel within which the vulcanized rubber is contacted with the turpentine liquid.
According to an embodiment, agitation means are provided whereby the vulcanized rubber and the
turpentine liquid contained within the reactor vessel are mixed and agitated. [0025)According to an
embodiment of the vulcanized rubber and turpentine liquid are incubated in a holding tank so as to
prolong their t| of & ntact According to a further embodiment, the degree of vulcanization is
controlled by tRE1&RGtH of ime the rubber is in contact with the turpentine lighfck Ana g7 118855
temperature of the mixture of rubber and turpentine liquid. [0026iAccording to an embodiment, the
vulcanized rubber is contacted with a. heterogeneous liquid comprising a turpentine liquid and water.
[0027]According to an embodiment, the vulcanized rubber is contacted by the turpentine liquid in the
presence of rgy,input.selected fro ting of th rmal energy in excess of about
250C, press??é@r%?excggé% é%l?igawrﬁ sff err%%mmlc!r%%égge en%éiﬁc% uﬁ?asecﬁihu 63%%6%?/ Ui nical

shear-forces Wﬁ@?ﬁ%ﬁiﬁé@ﬁﬁf@réﬁﬁ%@@m% oty %%m&@%m@%ﬁfﬁﬁ%%talyst is
provided to thepabdWee pine oil, a-pinene, f-pinene, y-terpineol, B-terpineol, polymers thereof, and

mixtures thereof,

{BOZB]  According to an embodiment of the disclosure, the vulcanized rubber may be

provided in any size that facilitates contact with a twrpentine liguid. The rubber may be
provided as chunks, one or more pieces, or blocks, for example, large fragments or pieces
of an automobile or truck iire. The rubber may comprise an intact device or article such
as an intact tire or sheet. According to a preferred embodiment of the disclosure, the vulcanized
rubber is provided as a vulcanized rubber crumb. According to a preferred embodiment of the
disclosure, the rubber crumb has an average particle size of from about 0.074 millimeters to about
50 millimeters.

[0021] According to an embodiment of the disclosure, the turpentine liquid further comprises a
solvent. According to a preferred embodiment of the disclosure, the solvent is selected from the
group consisting of lower aliphatic alcohols, lower alkanes, and mixtures thereof. According to a
preferred embodiment, the solvent is selected from the group consisting of ethanol, propanol,

butanol, heptane, and mixtures thereof.

[86@22] According to an embodiment of the disclosure, the rubber and the turpentine liquid
are contacted at a temperature of from about 10°C to about 180°C, Preferably, the rubber

is contacted by the turpentine liquid at a temperature of less than 180°C. More
preferably, the rubber is contacted by the turpentine liquid at a temperature of less than
100°C.

I0823]  According to a further embodiment of the disclosure, the rubber and the turpentine
liguid are contacted at a pressure of from about 4 x 10° Pascal to about 4 x 10° Pascal.
According to an embodiment, the method is executed at a pressure of from about 0.4

atmosphere to about 4 atmospheres.

[0624]  According to an embodiment of the disclosure, the method further comprises
providing a reactor vessel within which the vulcanized rubber is contacted with the

turpentine liquid. According to an embodiment, agitation means are provided whereby the
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of rubber and turpentine liquid. [0029]According to an embodiment, the reaction mixture is
supplemented by the addition of a compound selected from the group consisting of carbon dioxide,
metal oxides, sulfur-radical inhibitors, N-tert-butyl-2-benzothiazolesulphenamide (TBBS), zinc
mercaptobenzothiazole (ZMBT), 2-mercaptobenzothiazole (MBT), tetramethylthiuram monosulficie
(TVITM), and mixtures thereof. [0030]According to an embodiment, a thermophilic microorganism is
included in the reaction mixture. [0031]Still other embodiments and advantages of the present

disclosure will become readily apparent by those skilled in the art from the following detailed
description, wherein it is shown and described preferred embodiments of the disclosure, simply by way

of illustratiom:déthediesihinodedconrtemptatad: dhoainyingoutitheidisclesure:Aswilk beJsealized the
disclosure |s~c&a£1qm%@f other and different embodiments, and its several details are capable of
modifications in Various obvious respects, without departing from the disclosure. Accordingly, the

description jsggshe regarded as Hustrative-in &@P}é%ﬁ%é&%éﬁﬁﬂ%ﬁ%mm liguid are

incubated in a héidiﬂg tank so as to prolong their time of contact. According to a further
embodiment, the degree of vulcanization is controlied by the length of time the rubber is in
contact with the furpentine liquid and/or the temperature of the mixture of mbber and
turpentme fiquid.

[0026]  According to an embodiment, the vuleanized rubber is contacted with 2
heterogensous liquid comprising a turpentine liquid and water.

[0027]  According to an embodiment, the vulcanized rubber is contacted by the turpentine
liquid in the presence of an energy input selected from the group consisting of thermal
energy in excess of about 250°C, pressure in excess of 4 atmospheres, microwave energy,

ultrasonic energy, mechanical shear-forces, and mixtures thereof,

[0028]  According to an embodiment, a devulcanization catalyst is provided to the mixture

of rubber and turpentine liquid.

[0029]  According to an embodiment, the reaction mixture is supplemented by the addition
of a compound selected from the group consisting of carbon dioxide, metal oxides,
sulfur-radical inhibitors, N-tert-butyl-2-benzothiazole sulphenamide (TBRS), zinc
mercaptobenzothiazole (ZMBT), 2-mercaptobenzothiazole (MBT), tetramethylthiuram

monosulfide (TMTM), and mixtures thereof.

H0030] According to an embodiment, a thermophilic microorganism is included in the

reaction mixture.

10031} Still other embodiments and advantages of the present disclosure will become readily
apparent by those skilled in the art from the following detailed description, wherein it is

shown and described preferred embodiments of the disclosure, simply by way of
illustration of the best mode contemplated of carrying out the disclosure. As will be
realized the disclosure is capable of other and different embodiments, and its several
details are capable of modifications in various obvious respects, without departing from

the disclosure. Accordingly, the description is to be regarded as illustrative in nature and

not as restrictive.
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DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 100321Non-limiting, representative
known turpentines which may be suitable for use in accordance with the present invention are
disclosed in Ullmann's Encyclopedia of Industrial Chemistry, Sixth, Completely Revised Edition,
Volume 37, p ), and may include natural turpentine, synthetic turpentine |ne oil,
a-pinene, f3- p?%g%%eﬁszt%%)ﬁeol 13-terpineol, 3-carene, anethole, dlpenteng%pméﬁgt isﬁgdlene)
terpene resins, nopol, pinane, carnphene, p-cyrnene, anisaldehyde, 2-pinane hydroperoxide, 3,7-
dimethy1-1,6-octadiene, isobornyl acetate, terpin hydrate, ocimene, 2-pinanol, dihydromyrcenol,
isobomeoi, a-terpineol, alloocimene, alloocimene alcohols, geraniol, 2-
methoxy-2,6-dimethyks7iS-epoxy ontanes nam terpiyhasgiates citral, citronellol,
7-methoxydihydrocitronellal, 10- camphorsulphonlc acid, p-menthene, p- -menthan-8- -y1 acetate,
citronellal, 7-1§d&ixy dibimdrdeitional lahrrenthiote fasnihoney golymersitieresf handiniittukesthereof,
[00331In preferied, embadimenks 9&5&}%%&;&% &ad&xyéggéa%ﬁtmm%%% QIEg I3, Terpineol,

natural Turpentine, synthetic Turpentine, or pine oil, the last three of which are’rich in a-Terpineol. The
most preferréﬂdﬁéwggﬁ%’ﬁgﬁ ’rgﬁﬁg’n@ F&r}%%‘f“f@@%‘ﬁ?%s@%é&’tﬁﬁ%ﬁé%m%n|zat|on of
cured (vulcanizedipsubbere metasibmereisite: beoheiedepbad el empeiaturpindbiptbaéange of about
10 C to abo pke. lcan r r in the ran e of about
60C to abou%%lﬂf(ﬁ%giﬁ'ﬁg%%g%reg é%%éegkg Wgﬁ%%%elgg%%%%% alﬁgqraig%s to é% é;!é%? *838%?%&" yﬁlcally be
within the rafi§B%f 2BaY FBRLHOP FLEXRIE® isal g o sy oy dpeercsidx 105 Pascals (4.0
atm or 74 Ibs‘dlﬂ%)[hgﬁﬁ gm@i@nmmmﬁeﬂ@ﬁa&@ GaFhQUidhe:preaess-undara:pressure which is
within the rarige, oL ARRULE.D x 404 Bascals (0.8 51ma1,2 losina) fo about 2.0 4 105 Pascale (2.0 atm
or 30 Ibs/|n2) t'is noima y pre erreﬁ?orafhe ured, orvu [Canized, Tubber or e as %ﬂrg%’*?lg

devu|can|zem%ﬁmn%ﬁemaﬂmio?p&épwmtmh@mhpmwmzécﬁr@hgemxmmm of a bed of
particles or pigegscoiesest ru%%a&y@@ama%ﬁm&e Sl@%ﬁ%wmlﬁhﬂ}ﬁaﬁa@eﬁm%@ 074 mm

(200 mesh) to about 5( vesse hat ns.one qr more of the sajd devulcanization
reagents; it i mosl%?e e re& % ffier %?}é%%g%t%gf 3%ﬁ'§' UOB ﬁ@é’s 2 menthone

2008/07313@9@%%@%@885@3er3 thereof.

(6033} In preferred embodiments of the invention, a devulcanization reagent of
. choice is w-Terpineol, natural Turpentine, synthetic Turpentine, or pine oil, the last three
of which are rich in a-Terpineol. The most preferred devulcanization reagent is a-

Terpinecl.

[8034) It is preferred that the devulcanization of cured {vulcanized) rubber or
elastomer is to be carried out at a temperature within the range of about 10 °C to about
180 °C. The most preferred devulcanization temperatures are within the range of about
60°C to about 140°C. The pressure under which the devulcanization is to be carried out
will typically be within the range of about 4.0 x 10" Pascals (0.4 atm or 5.9 Ibs/in?) to
about 4.0 x 10° Pascals (4.0 atm or 74 ibs/in®}. It is generally most preferred to carry out
the process under a pressure which is within the range of about 8.0 x 10* Pascals (0.8 atm
or 2 Ibs/in®} to about 2.0 x 10° Pascals (2.0 atm or 30 Ibs/in®). It is normally preferred for
the cured, or vulcanized, rubber or elastomer being devulcanized to be immersed in one
or more of the said devulcanized reagents in the form of a bed of particles or pieces of
cured rubber or elastomer whose sizes are within the range of about 0.074 mm (200
mesh) to about 50 mm in a vessel (reactor) that contains one or more of the said

devulcanization reagents; it is most preferred that the sizes of crumb particles or pieces of
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cured (vulcanized) rubber or clastomer be within the range of about 0.297 mm (50 mesh) to about 10
mm. It is normally preferred that the bed of crumb particles or pieces of cured (vulcanized) rubber or
elastomer be agitated by passing the devulcanization reagent or reagents in the form of liquid through
the bed of cruwg go%gtli{cles or by boiling the reagent or reagents. It is preferred that the duration of
dev-ulcanizatidr Be Withih About 1 minute to about 60 minutes. The cured (FHIE4HZ¥EPI8EBer or
elastomer is partially or fully devulcanized; the extent of devulcanization can be effected by controlling
the devulcanization conditions, such as temperature and pressure, and duration of devuicanization
and/or adjusting the type, relative amount and concentration of an individual devulcanization reagent in

the devulcanizaige,ygssrlisacian: IPARSITRS MOShElTese ARVMIcRNRA 90 aaA9sh avalghle up to

these days for cured (vulcanjzed) rubber or elastomer has been claimed to be 2-butanol.

NeverthelesS®itie eIl BB thaPTIARS L HiERTh 6 21bdethol rEekgad it smmfsrsiafyredulcanize
cured (vulca_mmécﬁxmb&)embbﬁlaﬁtﬁmm m@rmmkﬁmgm mwmﬁmimﬁmgﬁmwﬁmizaﬂon
process, e iR dgAsa e agdlied Amourt el alianal R GeRTRdRM I de . £ NO

6,992,116. In this invention, the reduction in the requirement of 2-butanol of 5 more Has been
achieved by SUFERSHENthE PIBiRARG AT A HatRoPE Fealientzainn bR didkinabard mamtaining the
vulcanizationgdempgrgtuenvitiinthe cargeofiabedd) 2065 0 ahou:SRC Upsek Bynsessuye of at least
about 3.4 x 106.Bascals (34, 0.AND (00301 The hasis.of he present invention s the totally unexpected
discovery that a amlfy of evlicanization reagents, comprising natural anaior gyn%etic Terpineols,
Pinenes, and'TdHsemEABSCEtEIHRTY TERi AR BIETPIABKR 3 sharer theippd wrdren afe inordinately

effective in demqianizingueliqvilganizedd vhhRerdiplashamer: Ahrss rergenis arengreen,” i.e., low

in toxicity, and rel tivﬂ}/ in xpen ive, compare to.all other known de\{ Icanization reagents, including
1 W’{ Al Qo canizalion reagent 1 e devu camza%mn YE. ﬁ1 E’&élctjg .
2-butanol and/or their polymers, and varmous solutions or mixtures 0 S gents with other

compounds. s beeprfound tbat any ok he-saiddeyvicanizationJeragts Renetrates,pr diffuses into
the particles org(%eceicof ,c\t;g?g%%can%ed rubber or elastomer at an appreciable rate, thus causing
I

the particles BF B 8 TSR ST SRS P BN B P SRR RV ER RFIGRSr the far
milder conditiows]ldgovatirespharie tpraparatd 2 tantehpl essuededhandhosercegyirddbig dhizaecent
inventions p%m@@mm%mém%ﬁmg&%%g 'gggié%q;ielbk%&fn(g? Ollg 't was

observed that a piece of discarded tire with sizes of about 30 mm x 10 mm and about 60 mm x 20 mm

became teardBEERP BRI By Frfd W2 ATEREE s athsosarirotsnrrth et #eaprissures of
slightly less thacrib@ilin WS Pacals. (@ @atmor halBslbstinit)doriabetdid hallss theacherpinenl, one of
the newly disgovgieth deyriganigaliond gageils s seanbiivention, Tha, plsces iansiormed info a
paste-like mass when left in reagent a-Terpineol for abou weeks thereatter. When analyzed by an
independenf{&E - dRE S a Gy the B5ar ST FEHEMRESP B BRE e RUATT® BEhdi03 Wid.
All the abovermentiergdnhsaseDns aAndresus golleclivalysindisate that Hhepieces pireclaimed
used tire, w@g@cg\!sa 3%@/5%% ly sulfur cured or vulcanized, was essentially devulcanzied totally, It can
be readily estimated or extrapolated that a piece or particle of cured (vulcanized) rubber or elastomer

of any finite giggsfor instancaidhe IMDBREARTLOLAIYPISILEASEINARI:LIRMWBASE Simehsieys are about
260 mm in V\%idthr aobtoéjt 660 mm in outer diameter and about 410.mm in jnner diameter, can be

dev-ulcanized At TeRst PATAIRF o By AR 25t R EE b5 E HRh B HE DMK b iR 85/ devulcanization
reagents forRinsehsratdiiaping s ogrbieingcBimn 6olve Bk nt vamidetiate tedypenatiare between about

50 and 120 ¢ @ashsRees e e ssuEe ok ahadt Ll dn-Rascals (e alrtakdd8:Ibsfing). Moreover,
under the same pressure but at a moderate% Qié%hﬁ%eégperature, e.g., about 150 C, the crumb particles

of reclaimed BREHS(Hic&nrs8d) Ein by foih A Bl¥ S PRTGRIS S bBUPI6S Rédh (0.15 rem)

to about 10 nteshRwindewedreagstintiatisgcesuloahidiag thlallynwithinlaboutid Balyinatesada fact, the

density of the, saig esmammmegwﬂfiéeélée%gyggq},{&tkﬁﬁys%%%qJ&Q!p@&%&%&%@boUt 0.90.
e

The value of 1.05 is close to the weight-average density of the rubber part of a typical passenger car
tire, which cBIfiNe direa S By iR RIbIras kT BeRrBRIER Sdf fisrgdnie frspartsisharuncured or
devulcanizegistetesfitiseabouiGudited) orbbuesy itlis@isertheaknppreapploximptied ensitiestaé some
types of syniagig Lbbpledtisarii RRITERG: AL Ak 906 s sy nipsLIBMASIAIIE. eysrgeported by
the recent comparative invention (U. S. Pat. No. 6,992,116) requiring the pressure o? at least about 3.4
x 106 Pascals (34.0 atm). It is a known fact that a temperature exceeding about 300 C will induce
depolymerization, thus yielding devulcanized rubber of a low molecular WO
2008/073136PCT/US2007/008858 weight, i.e., lay: quadity. Obviously, under the mild conditions, any
of the



devulcanization reagents newly disclosed in the current invention will yield the devulcanized rubber,
preserving essentially original microstructure of the rubber; this will allow for it to maintain a relatively
high molecular weight. Hence, any of the devulcanization reagents of this invention primarily breaks
sulfur-sulfur arbon-sulfur bonds rather than carbon-carbon bonds. The devulcanized,
reclaimed rugﬁgr can accordingly be used in the same types of application§> S?WQ‘W%{%%'?ainal or
virgin rubber. 100371By utilizing any of the devulcanization reagents and processes of this invention,
cured (vulcanized) rubber or elastomer can be devulcanized with a simple technique without the need
for high-pressures vessels (reactors), microwaves, ultrasonic waves, catalysts or an additional

reagent, such,ag.alkalispetakonsarkon digxidenlPR3IBhThesubise! invantoninersspeaifically

discloses a f mijl%/ of devfficantization %eagents, jncluding natural ar}d/or synthetic Terpineols, Pinenes,
Turpentines RORTAITAG TEHSTREO1E FETHEREE Shifor B aiF RS SR O ARB L REIHEYEHBIE solutions
or heterogeneaus:mixtur svaisthese conipo undscwith ditherded mpowintd sizEhe Sullbject invention also
more specifically disclpses oup of.pracesses for,devulcanizing. cu edFA vulcanized) rubber or
elastomer in%c? féﬁ?} é?/aﬁ?ggﬁﬁmr%grﬁgwrg}veﬁ cagl?ﬂti?gr gd{rc s&’npa{'ir(]:%%e c%%f‘zvév%er% qt)%?sor elastomer
that are capabisediabelrmyrd85Fipodnuder dhelrasemed itoligbefulrsiben protucts’Withcalsy bfithe said

devulcanizatign [eagenfs, ¢ SRULBIPIaRARS &9@@@@%@2‘E}%%mmévt@s%@e@fwcamzed)

rubber or elastomer to a temperature which is within the range of about 5 about 250C and under a
pressure rarffiliy STEILPABRRCTD IO PRttt ar)a§ sHsUr oD P 6P08 £2R510.0 atm).
EXAMPLES}ikXaMPLE:5. 1300393 this. exapipiei eir letRingelwas thedavtlcanizationyeagent for a
rectangular piece of the cured (vulcanized) passenger tire. A.typical passenger tire nominally contains
I P s o R R e e S G

remainder irfehueibtpdarBoit EGK, Ailleis: ahdvsuifentiPhedsitsarf thiensaitid results collectively

indicate that the pieces of reclaimed used tire, which was obviously sulfur cured or

vulcanized, was essentially devulcanzied totally, It can be readily estimated or
extrapolated that a piece or particle of cured (vulcanized) rubber or elastomer of any
finite size, for instance, the rubber part of a typical passenger tire, whose dimensions are
about 260 mm in width, about 660 min in outer diameter and about 410 mm in inner
diameter, can be devulcanized at least partially or even totally if it is stored with one or
more of the said devulcanization reagents for the duration lasting about one week to 6
weeks at a moderate temperature between about 50 and 120 °C and under the pressure of
about 1.01 x 10° Pascals (1.0 atm or 14.8 Ibs/in®). Moreover, under the same pressure but
at a moderately high temperature, e.g., about 150 °C, the crumb particles of reclaimed
cured (vulcanized) rubber from used tires with sizes ranging about 100 mesh (0.15 mm)
to about 10 mesh (2 mm) were essentially devulcanized totally within about 12 minutes,
In fact, the density of the said crumb particles of cured (vulcanized) rubber reduced from
about 1.05 to about 0.90. The value of 1.05 is close to the weight-average density of the
rubber part of a typical passenger car fire, which comprises cured SBR, natural rubber,
carbon black and inorganic fillers. At the uncured or devulcanized state, it is about 0.90.
Moreover, it is also the known approximate densities of some types of synthetic rubber. It
is worth pointing out that 150 °C is the lowest temperature ever reported by the recent
comparative invention (U. 8. Pat. No. 6,992,116) requiring the pressure of at least about
3.4 x 10° Pascals (34.0 atm). It is a known fact that a temperature exceeding about 300 °C

will induce depolymerization, thus yielding devulcanized rubber of a low molecular
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WO 2008/073136PCT/US2007/008858 rectangular piece of cured passenger tire was about 60 aim x
20 mm. At the outset, the piece weighing about 38 grams and about 400 grams of the devulcanization
reagent were charged into a container of about 58 mm in diameter and 250 ml in volume. The
devulcanizatiqpopgtation.experiment) was carried out for about 240 minutes, at the terqgéaerature of
about 70 cC and under the pressure slightly less than LO! x 105 Pascals (LBCE{H?%@P‘?(Q ?ﬁilinZ); this
pressure was maintained in all the examples due to the altitude of the location where the
devulcanization operations (experiments) were performed. The piece absorbed about 36% of the
devulcanization reagent at the end of experiment and become tearable by pulling by hand, thereby

signifying that, the,breakipg af.the,baneadnsyliuLrosslinks wasigessentiallyseamplete. EXAMPLE 2.
100401This example.is essentiall¥ identical to Example | exce&t that the size of a rectangular piece of
P B8 BB AT WS Ao 50 WRISERB Y KEIR&GLtse, the pioce

cured (vulcafize
weighing abettBarants alrizkalpoeted00 grasmsiallthersaic delartcanizatio o ffdagehbwerschaliged into

a container ofiahpyt, S8 HARLIRHAMRIGHANG aheuLRAMLID MelMEIhe devylcanization operation

(experiment) was carried out at the temperature of about 70 C and under thé pressure of slightly less
than 1.01 x TS BRUZECE FHANECLA=F BLFRS P apHib 2He% MUY - et P i ontainer
together withcthisoremgént aivalb osit:26thhforatdodayshthe piese Thngiiikiadinid, acgastedke mass.
Moreover, the fotal sulifur ggﬂ}&@ ;551 of the magss were.analyzed qy n independent certified laboratory to
be about 0.03 wt.%. This indicated that the breg{%%]egtg? élﬁ?ﬁpgo%%fﬁﬁﬁég ﬁ%ﬁeﬁﬁﬁe{)&ggjﬁﬁ%d
(vulcanized)‘ﬁé%‘%BE?rtire was essentially complete: The sulfur contents of cured passenger tire are

nominally ab@%%% 24_\/\@.%. XAMPLE i'.%ﬂ_@%%fljlln this.examaple as %xarg] les 1 ﬂggz, et-Terpineol

urlizin 3] Vilcantzation reapents an €S5€5. 0 .
was the devulcan atlonyreagen% af%ggwever, e cured. t(‘wﬂcarﬁzec'f) passenger tire Was in the form of

crumb particle¥cEE Th@eBbt HeRgaDH e beand Jativaprsae kg sevrcaonmin i cositairled about 35

wt.% of styrepenbigasliensoriibbenSBR) ripd-ahavt 18 Wil ofeattal rubbersNR); the.semainder
included car?vor‘}egl%ck Efilsl,tersrandaa h;ur. The sizets of crum %rticleé rar%d from gbout 100 mesh
(0.15 mm) to ABGULTT Mash (3 ) "REthe SRttt B Sa A W B 2B 69513 S2007/008858

[6638] ‘The subject invention more specifically discloses a family of devulcanization
reagents, including natural and/or synthetic Terpineols, Pinenes, Turpentines containing
Terpineols, Pinenes and/or their polymers, and various homogenous solutions or
heterogeneous mixtures of these compounds with other compounds. The subject
invention also more specifically discloses a group of processes for devulcanizing cured
(vulcanized) rubber or elastomer into fully devulcanized, partially devulcanized or
surface-devulcanized rubber or elastomer that are capable of being recompounded and
recured into useful rubber products with any of the said devulcanization reagents. The
said processes comprise cooling or heating the cured (vulcanized) rubber or elastomer to
& temperature which is within the range of about 5 °C to about 250 °C and under a
pressure ranging at least about 1.01 x 10% Pascals (0.1 atm) to about 1.01 x 10° Pascals
{10.0 atm).

EXAMPLES.
EXAMPLE 1.

{0039 In this example, a-Terpineol was the devulcanization reagent for a rectangular
piece of the cured (vulcanized) passenger tire. A typical passenger tire nominally
contains about 35 wt.% of styrene butadiene rubber (SBR) and about 18 wt.% of natural

rubber (INR); the remainder includes carbon black, fillers and sulfur., The size of the said
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grams of crumb particles and about 15 grams of the devulcanization reagent were charged into a test
tube of about 16 mm in diameter and about 125 mm in length. These crumb particles formed a bed at
the bottom of the test tube. A series of devulcanization operations (experiments) was carried out at the
5 temperatures of about 16, 45, 65, 96 and 150C, all under the pressure of slightly less than 1.01 x
105 Pascals (1.8 A% 1#.7 Ibs/in2). The degree of bed expansion in termESHAEWEMIBEween bed
height at any time increment and the original bed height was computed and recorded at each
temperature. The bed-expansion ratios at the 4 time increments of about 30, 60, 120 and 240 minutes
were: about LO, 1.05, 1.08 and 1.38, respectively, at 16C; about 1.0, 1.09, 1.20 and 1.47, respectively,
at 45C; abo -1.4 1. tivel 6 and ahout 1.36, 1.60, 1.68 and 1 68,
respectiveIy%%%@%ﬁ%%%éeégﬁ%%g%ﬁér%%’?bigé? ngg %Deiﬁi(r%é)rg&rﬁneﬁts of a 'c%ft ?fﬁfsfg,gga%d 24
minutes weré‘*i&ﬁ%m@ia&mgﬁhs%g%gw 298 2hesp EvERar] SEC aeireiratipie tsegkreighe
expansion rasizigdnitiabys tdyefiniians{004 24 At thedempeatures afilahaulile. 45465 and 96C, the

degree of degulc§nizati n was e§tim ted from tt e Qre-est Iishied r Iati%%hl . between the bed
. SVl cgnaza, 10{10 Tatlon %x CHIment} w. %%am out 1pr aﬁout dn?muteﬁqai %}ﬁ%

expansion ratio and density of cured (vulcanized) rubber being devulCanized from the measurements

carried out attme e Metswetits Gfaagomdso Heopreat e 2ty irutes:dsOrhertiSriedeebrlier. The

degrees of cenuesisiop WerenARAY! thid Br24.A0d 87 RRREERET G PR SV el A L0 Gr 2ROMEO, 23, 46 and
89 percent (:%g respectively, at 45C; about 69, 94, 97 and 100 percent (%), respectively, at 65C; about

69, 94, 97 artd 100 PerEE P PEP e Al HEERITEER tHE Y BLBI OBV SsTtiwere estimated at
the 4 time ingrefmentsi oftabguts, b2odBdahd:R4 Ginuids; dsvalsenmetntionad: earliethdhey were about
54, 83, 94 and Q9 peraenls IRIRRLINGNLAA0AZITG Bobisdonly. AL hedearae o extent o

devuleanization of cured (vulcanized) rubber or elastomer with devulcaniZzation reagent ct-Térpineol
can be readiflf PHBAHY ¥ ERipE G IRk EmDetsaura L PEE A fon of devulcanization operation. Al
the partially grfullyydeyulcanized crumb particles of cured passenger tire remained expanded even at
least two days after the treatment, hardly with any change in the expansion ratio. This observation
indicated thagth@EPXPamBio B:hGsLMDpaAICHES \RS MOt eB9SHRIVE AKX that the size of a
20081073131%%%_ /%gquZéoo%%?eBd Q& ngscj:%?l S\é\é%gineg-c}%u Bed P the penetr tiotn f devulcanization
reagent a-Terplne%lIllntg the Crdmb p rtlcf'}es; i other V\%Jl’d%, t e‘;';uwere]lzl%d“(’avéi ? &?ul% fiZed. The
observation WagTarfbhgseretinkeimgc thesadt sttt §8arecanizdimve 460 mrsreotdithwihich was
originally totalwiransparent-bacameaRaurasingifark sidoRagandth heRmoeresseidrgatiment time;

the higher th%gigg%{%ﬁygg,‘ft&%rg%eéﬁrJgguriate .of color chan{g?(ta1 This.was ?ttributable to the issuing of

the carbon bfaé Mers YromT he porss b Zhimb B ot e B E R AT SAF L34 magnified

with time as Sletaiynevaukeel troudh iic rodoapierchs erostion s T EXGAMPIeEs 4han 1.01 x 10°

Pascals (1.0 atm or 14.7 lbs/in®) for about 240 minutes. When left in the container

together with the reagent at about 25 °C for 14 days, the piece transformed into a paste-
like mass. Moreover, the total sulfur contents of the mass were analyzed by an
independent certified laboratory to be about 0.03 wt.%. This indicated that the breaking
of sulfur cross-links in the piece of cured (vulcanized) passenger tire was essentially

complete: The sulfur contents of cured passenger tire are nominally about 1.24 wt.%.

EXAMPLE 3.

{0841} In this example, as Examples 1 and 2, a-Terpineol was the devulcanization
reagent; however, the cured {vulcanized) passenger tire was in the form of crumb
particles. As indicated in Examples I and 2, the passenger tire nominally contained about
35 wt.% of styrene butadiene rubber (SBR) and about 18 wt.% of natural rubber (NR);
the remainder included carbon black, fillers and sulfur. The sizes of crumb particles

ranged from about 100 mesh (0.15 mm) to about 10 mesh (2 mm). At the outset, about 5
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100441In this example, a mixture of cc-Terpineol and n-butanol (1-butanol), forming a homogeneous
solution, was the devulcanization reagent. The cured (vulcanized) passenger tire, which was
eventually devulcanized, was in the form of crumb particles, as in Example 3. At the outset, about 5
grams of crun%g&%&%%l%nd about 15 grams of the devulcanization reagent, a homogenous solution,
comprising a-Terpineol and 1-butanol, were charged into a test tube of abodt 6 F#H i tfheter and
about 125 mm in length. These crumb patrticles formed a bed at the bottom of the test tube. A series of
devulcanization operations was carried out at about 65 C and under the pressure of slightly less than
1.01 x 105 Pascals (1.0 atm or 14.7 Ibs/in2); with the said devulcanization reagent (solution) by

varying its copGantationayvels:Rs.aReEt30.A0; 50,80,200. 100.waiahtpsrcent Mytye).of 1-butanol (or

equivalently, about 80, 60, 40, 20 and 0 wt.% of a-Terpineol), all under the pressure of about 1.01 x
105Pascals (107 &Fh ¥t L F BEATSPOPHE Gelradraf paatexpuherstin temis ot lreetatibsstween bed
height at anymmm henfoa g dh_pé:»@qiigtnhb beddeightwascob m@@mwfmmﬂdmn
bed-expansion aligs atdhe. ARG NeIsMeRL oL ARoWE 20,.40,.00.,80 and,130 minytes were, about
1.36,/.40,1.42, 1.42 and 1.42, respectively, at 20 wt.%; about 1.31, 1.37, 1.39, 1.39 and 1.39,
respectively, UG vl i aHohE Presuroal stightly loss S 194 éQpBatradn/ laf s ddtAbout 1.15,
1.17, 1.17, 1ipdiafd THS degarastivelysabBf ot idoeand dhautdibthelvklnbd®ndidf anchi .16,
respectively, at 100 wt.%, which_si @i ) re.1-butanol. Note that the bed-height expansion ratio is
initially 1 by égﬁ%fﬁg}%m\?@} @gc%?o%ﬁ%%%%drj?ﬁ‘ %%‘o‘"??o"é’é%%i‘éﬂ%ﬁﬁ%’%%éggﬁné%% devulcanization
was estimateg s ipie pratebedbfispadi ve Etich shih bé fivee i tiesed Sipdnviol r&fio l@fdeénsity of
cured (vulcanized)irubherheingdevulcanized froanthesmeasuamenisscayied oyt atitibe Sidme
increments of ghout,20, 40, 60, 80 and 120 minytes, as mentioned earlier. The degrees of _
devulcanizati{d%BV\?é}rdez:l ggoﬂﬁsgg?tb%%éﬁt;ﬁ ?hagglftple}ger%tB(%/o},‘$§§8§c&i@81§;&§3e§3‘<ﬁ§?%‘?tabout 76, 87,
91, 91 and 9%855éicent urésifedtvaly, & A6 WiHR rendabaiy,54 96206 Thé Dahdxpapantent (%),
respectively, a0 whidrithe lighihed.expansion-ohserved Mhgn the.coacentiation of dgbutanol

exceeded about 60 wt.%, can be. largely attributed to the well-lcnown physical swelling of cured
(vulcanized) fubbBtd it 8B hE BeAbiraltidn o el Bry4RRbEIEHIS CARBISIRLIT EhiBIl molecule
size, e.g., buanaljyptdpadefisindiexane. 100461The results imply that the cured (vulcanized) rubber
or elastomer can be readily devulcanized to different degrees with the said devuleanization reagent,
homogeneoud&&tiLitionEoRifnmgratmerhebrantP 146 ubarsid B9 Verjiydesraeaent's concentration
and durationdef-druulcanizatian apetakdatdhelpgiadyt @ Reat e iwlydaicanizateswab particles of
cured (vulcanized) passenger.tire remained ded eyen.at least twp days after the treatment, as
long as the c%l?gg%ﬁ]trgt%ﬁo(%ri-tc){ﬁ?gﬁglOwggrfegs?ﬁ%ahnh d F’é’%’%e%?%%%‘%‘a‘%%?é‘féﬁ y,Q[ﬁleﬁé%ncentration
of a-TerpineSIAaIS Yreate comaeiabd ¢t 1o Witosy wishoneinolident| 0 68n delnnt &4k prnsion ratio.
This observatiaRdngicates.tvat themexeansioprebaiemb Paricles wasones due fessimplydhe physical
swelling causedet%\{. ‘Eh petnleé;;%io% OfJH‘?z%an dengbganizatioq/reagent into the ci{ugnb particles; in
other words, TRES Werd 1hdéed déiiitanized. AR obsBR/AToh Wal THRFSr Aecdtained B 'the fact that
the devulcarfiZafiénréagehts potoenifrichresnscoiriginahsratspavent h@daReaint iddgmgcark and
opaque with fhe Riagriessidfedevulcanization. Hiswesatiiiuiabie Jofbesissiing af thescgrhon black

and fillers from the porelsc OJ crusrntl)zoalrjsticleg.zéoo,él?lThe resultant data show that as long as the said
devulcaniz aﬁ%ﬁ?’é‘gagn‘f about 5, 12, 18, an minutes, as also mentioned earlier; they were about

54, 83, 94 and 59 percent, respectively,

[0043] The results imply that the degree or extent of devulcanization of cured
(vulcamized) rubber or elastomer with devulcanization reagent a-Terpineol can be readily
varted by manipulating the temperature and duration of devulcanization operation. All the
+  partally or fully devulcanized crumb particles of cured passenger tire remained expanded
even at least two days after the treatment, hardly with any change in the expansion ratio.

This observation indicated that the expansion of crumb particles was not due to simply
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contains less than about 60 wt.% of 1-butanol, the higher the concentration of I-butanol, the slower the
rate of devulcanization and possibly the lower the maximum attainable degree or extent of
devulcanization. Nevertheless, this is not necessarily disadvantageous especially when only the
surface or partial devulcanization is to be achieved. The WO 2008/073136PCT/US2007/008858
addition of 1-bUHEE 3 ¥erpineol would ease the regulation of the degreePsidesasiczrigation through
the reduction in the rate of devulcanization; enhance the possibility of minimizing the consumption
and/or cost of the devulcanization reagent; alter the physical properties of the devulcanization reagent
so as to facilitate devulcanization. EXAMPLE 5. 100481This example is similar to Example 4;
however, a homogenequs sglution of g- Terpineol and propanol, instead of a homogeneous solution of
R PR O AR Bl P BUF e o FHEAEEFRRP [ e B B FRsehoer tire,

a-Terpineol a
which was eventtiallyrdesueaited iwabin thefonm: oheremidipattitiesicas: & Xampies:3-aad 4. A

series of dev iZatl ' I t out 65 C and under the pressure of slightly
less than 10%%%%%%;2%%&%&(%}% a n%%f fjg.% %&%ﬁ 9)9%1\?5%3%}%%&?3%%%%@&%38 %fgfi’o%%rléggg“é%st (solution)
by varying itCESHEM At [BYBIBHETABSIRIDD ISeratisxtefictgropenssiv (tbe petgrspaniol (or
equivalently, teheut80:7e; ane I8Enut. Heahaperpineolle Thardeaieesof bedhexnansian intetms of the
ratio between_ bed height at any time increment and the qgriginal bed height was.computed and
recorded. The %8%%%2%2%& Fatio 3?@%%%%?&?3%%%&?%@3%5? §‘g&{ ,Oéff %ﬁnén 800 minutes
were: about PagBciesphie1sig apd uaderedsecayBlyeaifeo withoiaboaricady 1cy7aledBangl.34,
respectively,alc3eswi% care-ahaui:1.02, 1.07, 1.13 and 1.15, respectively, at about 40 wt.%.
[0049]The degree of devulcanization was estimated from the pre-established relationship between the
bed expansidréalibFand Hensity of cured (vulcanized) rubber being dev-ulcanized from the
measurements carried out at the 4 time increments of about 20, 60, 100 and 800 minutes, as
mentioned eBHi&H The!BBiRE SF@i A CAIPARGR WASRBG! 929 60vionghl g perierforins
respectively actc2fopt: ¥ abolin 26,4666 and At pereen (Yahcespectivelyd ahdt:wik¥) and about 6,

21, 37 and 4 percents gw%hpgﬁgggiggéx tH4Od %) The.relatively slight bed expansion observed,
when the cor%éen%ionro’f ropanol exceté%eé a%%’utafb%%fi’c?gﬁsﬁg a?geiy b ed%rﬁi%e%éﬁ-known
physical swe‘Fﬁn?@‘%f‘E{?réd %ﬁ%@) #hpet grams of crumb particles and about 15 grams of the

devulcanization reagent, a homogenous solution, comprising a-Terpineol and I-butanol,

were charged into a test tube of about 16 mm in diameter and abowut 125 mm in length.
These crumb particles formed a bed at the bottom of the test tube. A series of
devulcanization operations was carried out at about 65 °C and under the pressure of
slightly less than 1.01 x 10° Pascals (1.0 atm or 14.7 bs/in%); with the said
devulcanization reagent (solution) by varying its concentration levels as about 20, 40, 60,
80 and 100 weight percent (wt.%) of 1-butanol (or equivalently, about 80, 60, 40, 20 and
0 wt.% of a-Terpineol), all under the pressure of about 1.01 x 10° Pascals (1.0 atm. or
14.7 Ibs/in®). The degree of bed expansion in terms of the ratic between bed height at
any time increment and the original bed height was computed and recorded. The bed-
expansicn ratios at the 5 time increments of about 20, 40, 60, 80 and 120 minutes were:
about 1.36, 1.40, 1.42, 1.42 and .42, respectively, at 20 wt.%; about 1.31, 1.37, 1.39,
1.39 and 1.39, respectively, at 40 wt.%; about 1.20, 1.24, 1.24, 1.24 and 1.24,
respectively, at 60 wt.%; about 1.15, 1.17, 1.17, 1.17 and 1.17, respectively, at 80 wt.%;
and about 1.16, 1.16, 1.16, 1.16 and 1.16, respectively, at 100 wt.%, which signify pure
l-butanol. Note that the bed-height expansion ratio is initially 1 by definition.
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WO 2008/073136PCT/US2007/008858 10050]The resultant data show that as long as the said
devulcanization reagent contains less than 40 wt.% of propanol, the higher the concentration of
propanol, the slower the rate of devuleanization and possibly the lower the maximum attainable
degree or extent of devulcanization. The comparison of the data in this example with those of Example
4 indicates th3t HEBHEEE of the inert constituent in the devulcanization red§SHESAMERRS S
homogenous solution, 1-butanol in Example 4 and propane' in this example, on the rate and degree of
devulcanization are qualitatively similar but substantially different quantitatively. This offers an
additional degree of freedom to optimize the devulcanization operation to suit its intent, which can be

surtace, partighqgiull deyisaniatien. iR Aee- e Sas.and abapR.OLIDS suag (ylcanized)

rubber or elastomer to be devulcanized, and the prevaiﬁng prices e constituents in the
devulcanizati§i feagERDRIBFEBVEF, ek eaREPeIgIaiRMIE dractveTrrerersrbrsEondterents can be

included in theidgudeamizatianreageetinihedern:ot ahamageneous selliphaEAMP LE-6: [00511In
this example, h9e0sHeRys sEMIRNL 2 Terpinac and SORIORaRRL SepvRa e ine devulcanization
reagent. The clred (vulcanized) passender tire, which was e'venfiua% devufcanizé fz\ia(/é%nln the form of
crumb particlégicaghae 2aniesid Hhast K ssresiofdevaicanivaliore operdiibn stwas Bardisd but at

about 65 C andaupdar she sressyre.qfsightly, Iess than100 xrH5 Ragoals (b0 AlseLLAZfos/in2)
with the said gdevulcanization re ent&sogl tioiiéh%%v&r?/ing its concentr%tion levels as about 20, 30 and
40 weight pere hﬁeﬁﬁf‘ﬁ}éY%@is%-%%&ﬁaﬁol FoﬁrS VAT BB ST BE°7 6 e A B RGO P LR Bineol).
The bed-expahbibuiratiosatthedstimé Hicrtitents bf dbeat20160;1408 dhe/ 860 minutes were: about

1.04, 1.15, 110200 dokTiike SRGHNE Wn A0 it 8RO A% v 18e hehiantl L KT espagtively, at 30
wt.%; and abOﬁt 1.06, 1.18, 1.18 and 1.18, respectively, at 40 wt.%. 100521 The extent of

devulcanizafi8h iW4g %ﬁé?@ggﬁ%ﬁﬁﬂlf% P S e SR AT HTEIEHON AT B EEREET the bed expansion
ratio and dergifyeyf curegGulsanized) et beiog dawdeaniesd i hn.egauamgats carried out

at the 4 time increments of about 2(C , and 800 minutes, as mentioned earlier. The degree of
devulcanizafi gevulcanized o different degrees with the said devuleanization reagent,

homogeneous solution comprising o-Terpineol and 1-butanol, by varying the reagent’s
concentration and duration of devulcanization operation. The partially or nearly fully
devulcanized crumb particles of cured (vulcanized) passenger tire remained expanded
even at leasi two days after the treatment, as long as the concentration of I-butano! was
less than about 80 wt.% {or equivalently, the concentration of o Terpineol was greater
than about 20 wt.%) without a noticeable change in the expansion ratio. This observation
mndicates that the expansion of crumb particles was not due to simply the physical
swelling caused by the penetration of the said devulcanization reagent into the crumb
particles; in other words, they were indeed devulcanized. The observation was further
ascertained by the fact that the devulcanization reagent’s color, which was originally
transparent, became increasing dark and opaque with the progress of devulcanization.
This was attributable to the issuing of the carbon black and fillers from the pores of

crumb particles.

[0047] The resultant data show that as long as the said devulcanization reagent
contains less than about 60 wt.% of 1-butanol, the higher the concentration of 1-butanol,
the slower the rate of devulcanization and possibly the lower the maximum attainable
degree or extent of devulcanization. Nevertheless, this is not necessarily disadvantageous

especially when only the surface or partial devulcanization is to be achieved. The
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WO 2008/073136PCT/US20071008858 about 12, 42, 46 and 46 percent (%), respectively, at 20 wt.%;
about 18, 44,44 and 44 percent (%), respectively, at 30 wt.%; and about 18, 48, 48 and 48 percent
(%), respectively, at 40 wt.%. [00531The resultant data show that when the concentration of
iso-propanol in the devulcanization reagent was between about 20 wt.% and about 40 wt.%, the rate of
devulcanizatiohaHEHRE Haximum attainable degree or extent of devulcani2GRHEpiRESFelatively
little variations. This differs substantially from the trend of the data obtained in Examples 4 and 5.
EXAMPLE 7. (0054)This example is similar to Example 4; a homogeneous solution of a-Terpineol and
heptane, instead of a homogeneous solution of a- Terpineol and iso-propanol, was the devulcanization
reagent. A ser s .of devulcanization aperations w. carrl out t abou and under the pressure
of slightly lesatHan gﬁ éﬂf@% gasc:F% wys fﬁoﬁﬁlﬁa% meﬁuﬁftlﬁ’ﬁ?é %&\%ﬁ@’a%?gtlon reagent
(solution) by @m]n@t@%@mﬁ@%ah@hﬁlmsim abthuti2@, S0dand 4B meight peroent fwt.%) of heptane
(oreq Uivaler%wssﬁmgt 8 AN EAW LYl ApliePIneR) L0 PR 8&9@@%&5&%&&%%&&9 4 time

increments of about 20, 60, 100 and 80Q minutes were: about 1.17, 1.28, 1.28 and 1 respectively,
at 10 wt.%: aBSHEACREYHoH PIOPETHAY ™ 51 JRGpEERvaRP A6 WL ¥ 2o det #4851 19, 1.25 and 1.25,
respectively, dev8&ai2ti@nd about 1.15, 1.18, 1.24 and 1.24, respectively, at 40 wt.%. 10055)The
extent of devulcanlzatlon was estimated from the pre-established relationship between the bed
expansion ratié §i'ty of cured (vulcanized) rubber being devulcanized from the measurements
carried out a%/é%g 4 tlmemnsg:r%me ts.of abqut 20% 60, OO nd 800 m| utes, as mentl%ned e rller The
degree of deVulcanization was. abo ot Szigl Pd%%‘fa("/% Pes%%ecgfﬁ?éﬁ;s F8Wte%: about
24, 60, 72 aﬁfbﬁ{ﬂme?@edtp@%gamespemuélyf aﬁz@@uwge%pabwmnztﬁ B4 anthed peicehti(f0)],
respectively, A4 A AROHT 424D A7 AL ERARESILA N [RBBECINEN, A0 1t %

(00561The resultant data also show that as long as t cani atlon ?eagent
eventually devulcanized, was in the form of crumb particles, as in Examples 3 and 4. A

series of devulcanization operations was carried ouf af about 65 °C and under the
pressure of slightly less than 1.01 x 10° Pascals (1.0 atm or 14.7 Ibs/in®) with the said
devulcanization reagent (solution) by varying its concentration levels as about 20, 30 and
40 weight percent (wt.%) of propanol (or equivalently, about 80, 70 and 60 wt.% of -
Terpineol). The degree of bed expansion in terms of the ratio between bed height at any
fime increment and the original bed height was computed and recorded. The bed-
expansion ratios at the 4 time increments of about 20, 60, 100 and 800 minutes were:
about 1.08, 1.24, 1.29 and 1.42, respectively, at 20 wt.%; about 1.09, 1.17, 1.26 and 1.34,
respectively, at 30 wt.%; and about 1.02, 1.07, 1.13 and 1.15, respectively, at about 40

wi.%.

(6049} The degree of devulcanization was ecstimated from the pre-established
relationship between the bed expansion ratio and density of cured (vulcanized) rabber
being devulcanized from the measurements carried out at the 4 time increments of about
20, 60, 100 and 800 minutes, as mentioned earlier. The degree of devulcanization was
about 24, 62, 72 and 94 percent (%), respectively, at 20 wt.%; about 26, 46, 66 and 81
percent (%), respectively, at 30 wt.%; and about 6, 21, 37 and 42 percents (%),
respectively, at 40 wt.%. The relatively slight bed expansion observed, when the
concentration of propanol exceeded about 40%, can be largely atinibuted to the well-

known physical swelling of cured (vulcanized) rubber.
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contains less than about 40 wt.%, of heptane, the higher the concentration of heptane, the WO
2008/073136PCT/US2007/008858 slightly slower the rate of devulcanization except at the early stage
and possibly the lower the maximum attainable degree or extent of devulcanization. [00571The
comparison of the data in this example with those of Examples 4 and 5 again indicates that the effects
of the inert conatidi&PTA'tie devulcanization reagent on the rate and degreBGY BRAMTIERRIZAtoN
obtained in this example are somewhat qualitatively similar to but substantially different quantitatively
from those in Examples 4 and 5. EXAMPLE 8. [0058]This example is nearly identical to Example 4 in
every aspect except that a homogeneous solution of a-Terpineol and 2-butanol, instead of 1-butanol,
served as tha gieylcanization Ragenk: AR RRA"RINY 2Rl AP Resnigoarded as one of the

most, if not the most

containg less than 40 wt.% of propanol, the higher the concentration of propanol, the

slower the rate of devulcanization and possibly the lower the maximum aftainable degree
or extent of devulcanization. The comparison of the data in this example with those of
Example 4 indicates that the effects of the inert constituent in the devulcanization
reagent, which is a homogenous solution, 1-butanol in Example 4 and propanol in this
example, on the rate and degree of devulcanization are qualitatively similar but
substantially different guantitatively. This offers an additional degree of freedom to
optimize the devulcanization operation to suit its intent, which can be surface, partial or
full devulcanization, the tire type, the size and shape of the cured (vulcanized) rubber or
elastomer to be devulcanized, and the prevailing prices of the constituents in the
devulcanization reagent. Moreover, it is entirely plausible that two or more soluble
constituents can be included in the devulcanization reagent in the form of a homogeneous

solution.
EXAMPLE &.

{0051} In this example, a homogeneous solution of a-Terpineol and iso-propanol
served as the devulcanization reagent. The cured (vulcanized) passenger tire, which was
eventually devuicanized, was in the form of crumb particles, as in Examples 4 and 5. A
series of devulcanization operations was carmried out at about 65 °C and under the
pressure of slightly less than 1.01 x 10° Pascals (1.0 atm or 14.7 tbs/in®) with the said
devulcanization reagent {solution) by varving its concentration levels as about 20, 30 and
40 weight percent {(wt.%) of iso-propanol {or equivalently, about 80, 70, and 60 wt.% of
e-Terpineol). The bed-expansion ratios at the 4 time increments of about 20, 60, 100 and
800 minutes were: about 1.04, 1.15, 1.17 and 1.17, respectively, at 20 wt.%; about 1.06,
1.16, 1.16 and 1.16, respectively, at 30 wt.%; and about 1.06, 1.18, 1.18 and 1.18,
respectively, at 40 wt.%.

[G052] The extent of devulcanization was again estimated from the pre-established
relationship between the bed expansion ratio and density of cured (vulcanized) rubber
being devulcanized from the measurements carried out at the 4 time increments of about

20, 60, 100 and 800 minutes, as mentioned earlier. The degree of devulcanization was
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effective devulcanization reagents in some of the patents, e.g., that outlined in segment [0014].
Nevertheless, severe conditions in terms of pressure and temperature and some ancillary reagents
and/ or catalysts are required for it to exhibit its effectiveness. f0060)At the outset, about 5 grams of
crumb particl 5 grams of the said devulcanization reagent, a homogenous solution
comprising aﬁg ggﬂggﬁééz-butaml, were charged into a test tube of abogf:fgjg??m/rqoéﬁéﬁweter and
about 125 mm in length. These crumb patrticles formed a bed at the bottom of the test tube. A series of
devulcanization operations (experiments) was carried out at about 65 C and under the pressure of
slightly less than 1.01 x 105 Pascals (1.0 atm or 14.7 Ibs/in2). The bed-expansion ratios at the 5 time
reapecively. & 2wt about L 24 170 LB L oh A L35 asacivehy ot 40 o and abe
respectively, at 20 wt.%; about.1.24, 1.29, 1.33, 1.33 and 1.33, respectively, at 40 wt.%; and about
o155, B A R et BT Ao BB At cevulcanivation
were: about 625p72ti 84,8 hiaiitv8Lpercent (%), respectively, at 20 wt.%; about 62, 72, 79, 79 and 79
percent (%), pectively, at 40 wt.%; and about 46, 92, 94, 94 and 94 percent (%), respectively, at 60
wt.%. The sliffftféd expEhSBH BY APt WHEA B CIRE SRTAHNRBP2 Yutsnvoertebddltabout 60
wt.%, can bedargiehnatiributeddeontheawbtsknewibplysicat Swedingofit edred. (vuleanizes)) rubber
induced by the pengtation of.an.ergapie.selventeha glatively spall molecHle.siz8, Q0611 The

comparison of the results of this example with those of Example 4 through 7, especially with those of
Example 4, iftiehtEs el érrizdidness ot the sbitioeamprrmgdl &ipmde drer2biafsPand that of
the solution camptising RxdeEpienkand. 1-butanol for devulcanizing cured rubber are similar at any
given concentration. Moreover, the extent of reduction in the effectiveness of a-Terpineol to
devulcanize &dfédilibier is very roughly the same when diluted with 1-butanol, 2-butanol, propanol,
iso-propanol, and heptane. EXAMPLE 9. 100621This example is similar to Examples 4 through 8 in
aimost all asHALA! incﬂ’&fﬁ&fﬁ@%ﬂmwﬂﬁ icRE T TRIe evﬁ?éaﬂ@&awaBﬁwﬁaaﬁﬁeﬂa”ﬂ%ﬁ:c%e
unique featusadvaspthed, tiettndrb Co hstiugaiaaly eslutivthel &vTtleghizaliendireagenbwas ethamel, which
is one of theéno mmon or néc iolvgn S %gil Ie.égme devulcanization rations,(experiments)
were performgﬁ%%%%rgg&l%&%a%ﬁd unggr?lgig pre‘é%%?glo? éﬁrglf?ﬁ?r%‘s%nﬁ‘gﬁsfﬁglo g‘é‘a‘é s (1.0 atm

or 14.7 Ibs/in®) {& setrpetrpeemse of slapdingethand WotlHPh Bvechisdh- Sinmeetdatiose of adding
e 2 butanoL T o 1 hoatot Tt e et e oot W e e of Sihanol i
?hne devSIcan?lggﬁ%%‘gfe%%aenn% wa‘giégglst egﬁeé{) W}t'ra b%v%@?%ﬁ% ‘&’é&r ‘%"éﬂt& ctlf \’/ﬁgcoé:‘rﬁi%’t?@rlagf?ainable
ranged from &beu20 fpertemise))at Aisdud e minutes githetdby dl Camizatiomigneaufent)itithe to about
50 percent (%), ababoutsbmipries gk thedrvuieanizalion Sraatmed ) Ml yively, at 10 wt.%;

about 1.08, 1.23, 1.29 and 1.29, respectively, at 20 wt.%; about 1.13, 1.19, 1.25 and 1.25,

respectively, at 30 wt.%; and about 1.15, [.18, 1.24 and 1.24, respectively, at 40 wt.%.

{4055] The extent of devulcanization was estirnated from the pre-established

. relationship between the bed expansion ratio and density of cured {vulcanized) rubber
being devulcanized from the measurements carried out at the 4 ime increments of about
20, 60, 100 and 800 minutes, as mentioned earlier. The depree of devulcanization was:
about 46, 71, 71 and 71 percent (%), respectively, at 10 wt.%; about 24, 60, 72 and 72
percent (%), respectively, at 20 wt.%; about 37, 48, 64 and 64 percent (%), respectively,
at 30 wt.%; and about 42, 48, 62 and 62 percent (%), respectively, at 40 wt.%.

{0056 The resultant data also show that as long as the said devulcanization reagent

contains less than about 40 wt.%, of heptane, the higher the concentration of heptane, the
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EXAMPLE 10. [0063]In this example, the devulcanization reagent was a heterogeneousMixture of
ct-Terpineol and water, instead of a homogeneous solution of a-Terpineol and an organic solvent. The
cured (vulcanized) passenger tire, which was eventually devulcanized, was in the form of crumb
particles, as ir%VExam les 4 through 9. A series of devulcanization operations (experiments) was
carried out at Ab0UFE6 ¢ &hd under the pressure of slightly less than 1.01xB05 FE8¢HIE56E0 atm or
14.7 Ibs/in2) with the said devulcanization reagent (mixture) by varying its weight fractions in the
mixture as about 20, 30 and 40 weight percent (wt.%) of water (or equivalently, about 80, 70 and 60
wt% of aTerpineol). The degree of bed expansion in terms of the ratio between bed height at any time
increment ang- igl [ r The bed-expansion ratios at the 4
time increm(ra%li%g?1 ? a%%ﬁ?éﬁoﬁg G%Pghf%a g%&%%ﬁgﬁé%‘%aﬁ%%j%ﬁ%% %%n (ip Sél%% %ﬁ%wm
respectively, ‘B SRS A BERPEFopM0 01 Udcahal T lraspatifvely, at 30 wt.%; and about 1.34,

1.47,1,47 a 7, respectively, at abaut 40 wt,%. The corresponding degrees of devulcanization
were: about%%%, 7_521%%‘2%“ 3?5’8%0%%}6 fggg?)lencﬁ%}gle}faa %% %%F%S%%ﬁfgé&‘%?e%‘ ARA 779 percent
(%), respectivein ddeaive dbatihd elbous 61tr6nTe emdtiegeinsht () lespediivelyaatt@mt. %.

100641The rgsubiant.date shewedthatwhendhewsight frastions o water in.fhe ggvulcanization
reagent, which was.a heterogeneg}%s %%%feﬁ%vﬁeé% etween about 20 wt.% and about 40 wt%, the

rate of devulSAITAHSA ARG HE & g Bk RbOF R STrselibited
relatively littlengafiations. This differed substantially from the trend of the data obtained in Examples 4
and 5 and similar to that of Example 6. Nevertheless, the initial rates of devulcanization recorded in
this example®tetdhtdh §reater that those recorded in Example 6. The results can be attributed to the
effects of vig mechanical agitation {th reagent.and crumb particles by bubbles of boiling water.
EXAMPLE 1?6[%%65]%%?%%2%“ I!ét: %%ﬁ%% %F%%ﬁga%}p e 3in If%rgﬁi/ Aspecie, wi%?’d%?ﬁ%t Se%rumb
particles of CRFEWPBFURCAS iFRiY) pTbter-detmilesn ized 2 T onlgirsttadiofd Wwakthhstireedesuteanization
reagent was faisahizdepantingdpstead of a-Terpineol; the former is widely available. The
devulcanization operation (experiment) was carried out only at the one temperature level of about 96 C
instead of thél83&mperatwredeiel2-AdancEkaniple 3¢thel pltessure af sissmaintdined akshight]ly less

than, 1.01 X [0 RRSCAS (kM BUNRY 4:LHR3ANR)d BE:f @gis%sé&t bed SXRANFMINISEDSA] the ratio

between bed hei%ht at any time increment and the original bed height was computed and recorded.
The bed-expahsion PAHEELR T SPHRIRINIEIRBNIS BFEESEPsersuE Bl AramsmrHiTiRd Rk about

ancillary reagents and/ or catalystis are required for if to exhibit its effectiveness.

[6060] At the outset, about 5 grams of crumb particles and about 15 grams of the said
devulcanization reagent, a homogenous solution comprising o-Terpineol and 2-butanol,
were charged into a test tube of about 16 mun in diameter and about 125 mm in length.
These crumb particles formed a bed at the bottom of the test tube. A series of
devulcanization operations (experiments) was carried out at about 65 °C and under the
pressure of slightly less than 1.01 x 10° Pascals (1.0 atm or 14.7 1bs/in?). The bed-
expansion ratios at the 5 time increments of about 20, 40, 60, 80 and 120 minutes were:
about 1.24, 1.29, 1.34 , 1.34 and 1.34, respectively, at 20 wt.%; about 1.24, 1.29, 1.33,
1.33 and 1.33, respectively, at 40 wt.%; and about 1.12, 1.23, 1.23, 1.23 and 1.23,
respectively, at 60 wi. The corresponding degrees of devulcanization were: about 62, 72
81, 81 and 81 percent (%), respectively, at 20 wt.%; about 62, 72, 79, 79 and 79 percent

k]

{%), respectively, at 40 wt.%; and about 46, 92, 94, 94 and 94 percent (%), respectively,
at 60 wt.%. The slight bed expansion observed, when the concentration of 2-butanaol

exceeded about 60 wt.%, can be largely attributed to the weli-known physical swelling of
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1.29, 1.56, 1.60 and 1.62, respectively; the corresponding degree of conversion was about 54, 86,90
and 91 percent (%), respectively. 100661 The comparison of the resultant data with those from
Example 3 indicates that natural Turpentine containing ci-Terpineol is only slightly less effective than
a-Terpineol f%@%@wgﬁgizaﬂon of cu_red rubber. It is Worth_ no_ting that as Je %?Sl%g %\ 0Esxsagmple 4
through 10, the effectiveness of a-Terpineol as the devulcanization reagent su stan?laﬂy &eeds that
of any other reagents which are the solutions or mixtures containing aTerpineol. EXAMPLE 12.
100671This example is similar to Example 11. The unique feature was that the devulcanization
reagent was synthetic Turpentine, which is also widely available, instead of natural Turpentine. Two

devulcanizatian peratiens{expananisLwese aardeskoutiat eivedamparaiueleyels.qfabout 96
and 150 C. At bci h tglln&ﬁragtyzraes, the pressure remained at slightly less than 1.01 x 105 Pascals (1.0
atm or 14.7 168/ 3“ Rié (fegre”e of bed expansion in terms of the ratio between bed height at any time

increment anghiag originakbesbeiabh was.compiiest aRdJecarsied:at aach temparaurg. The

bed-expansion ratios at the 4 time increments of about 20, 40, 60 and 80 minutes were about 1.46,

1.48, 1.48 anti"PU8s feSIRESRIAN ™ P B GHI e 1Rl tondissimdimedbgivetsre oh et siIAtRAS about
75, 78, 78 angwr@narcent (Bnirespedivelyhbe-hadrexpatsieonatiasaldheshimerapigraents of

about 2, 5, 8, ! Jff‘b%&%g%“fé?@é‘&u S \were ac?%&%ﬁ%%le%&?e%%ﬁ@ 1{95 2.03 and 2.03, respectively, at
about 150 C. ?ﬁe corresponding degrees of conversion Wereiaatfj;oau? ﬁ%%‘%%%??gﬁlgﬂd 90 percent

(), respectivelfok@O68 LiFh exéorhparisontvhtke thesuienitvdataswiflvtlogefeohiEkamisieBdn which a-
Terpineol wag,the reagent indicatesithahsyathetis,Jupenting. sichin o TesRineol, is slightly less

effective than a-Terpineol as the devulcanization reagent at about 96 C, but they are nearly equally
effective at abBH TBHE" RISHEEVER%the comparison of the data from this and preceding examples
implies that sypthefis Tprpentine is slightly less effective than natural Turpentine as the
devulcanziation reagent at about 96 C. It is,

[G6062] This example is similar to Examples 4 through & in almost all aspects,

including the crumb particles of cured (vulcanized) rubber devulcanized. The unique
feature was that the inert constituent solvent in the devulcanization reagent was ethanol,
which is one of the most common organic solvents available. Some devulcanization
operations (experiments) were performed at about 65 °C and under the pressure of
slightly less than 1.01 x 10° Pascals (1.0 atm or 14.7 Ibs/in®) to determine if the effects of
adding ethanol would have been simnilar to those of adding any of other solvents used in
Example 4 through 8, i.e., 1-butanol, propancl, iso-propanol, heptane and 2-butanol. The
results indicated that it was indeed the case; when the conceniration of ethanol in the
devulcanization reagent was less than about 70 wt.%, the degrees of devulcanization
attainable ranged from about 20 percent (%) at about 20 minutes of the devulcanization
{treatment) time to about 50 percent (%) at about 100 minutes of the devulcanization

(treatment) time.
EXAMPLE 16

[0063] In this example, the devulcanization reagent was a heterogeneous mixture of
a-Terpineol and water, instead of a homogeneous solution of o-Terpineol and an organic
solvent. The cured {(vulcanized) passenger tire, which was eventually devulcanized, was
in the form of crumb particles, as in Examples 4 through 9. A series of devulcanization

operations (experiments) was carried out at about 96 °C and under the pressure of
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WO 2008/073136PCT/US2007/008858 however, worth noting that natural Turpentine started boiling at
about 150 C, and thus, the operation could not be continued under the aforementioned pressure.
EXAMPLE 13. 100691In this example, the crumb patrticles of cured (vulcanized) rubber were
devulcanized tural Turpentine and synthetic Turpentine side by side in parallel. The
devuIcanizatig?il}sogp?g&a()?éﬁykexperiment) was carried out only at the temperatir Y& G1888ut 65 C
under the pressure of slightly less than 1.01 x 105 Pascals (1.0 atm or 14.7 Ibs/in2). The degree of bed
expansion in terms of the ratio between bed height at any time increment and the original bed height
was computed and recorded. The bed-expansion ratios at the 4 time increments of about 20, 40, 60

and 80 minulgswere ARoW k28,1 3T ok A8 Jiad eERaBlMel ok naluAk TuenliRg,aRd about
1.28, 1.38, 1.43 and 1.43, respectively, for synthetic Turpentine. The correspondlr%%Qe rees of

conversion WEHEFBHEUY 8 Y 160V A oL Her Rt (985, FeliFabivery, 16 ath i fifie; and
about 70, 88x86anaQeperecyt) Ohsespectyely: tonisyatheticd,upentine. {007 @I The comparison of
the resultantﬁdat?n\éyis t sedéro[en gi(gg(}pl)% 3 i&gic?&%es tha;tj ygge%fafggt{)\é ness gg (?ﬁfgje iQteoA natural
Turpentine ansg%yn etic urp%rnﬁne 28 the davulcanization agentis nearFy?he sameé at a%o%t 65 C.

EXAMPLE 1dmfo0richsithisie kberpigisdrdysiabtiv Funpantine apd ceordepinds) Betved as the
diVU'Ca”iZa@@ﬁ@%ﬂ%&%éﬁykﬁﬁa@%ﬁtﬂﬁhﬁ%ﬁeﬂ% P@E@%ﬂi quremd Gadcanized)dsopesens, ik bbder
whose sizes ranged from 6 to 10 mesh. The devulcanization operafio eriment) was carried out
only at the o%‘gﬁeﬁ‘fﬁér %@%‘%‘% 5&?{’1{?{5‘8@&1‘1%% 6$§§swu‘% ’V\/%r'%@rﬁr)}ta{%g‘i%é%%aﬂ 'él%%’%%/%lgé% than 1.01 x
105 Pascalsr¢tBainalor £47 st 2)iTHeddgide lof hddiexpanbibh msearhizodf thbatis Hetween bed
height at anyfigje increment andithesepginalhgd-Reightes campsted:and 7ecosded. Bhe

bed-expansion ratioso at the 4 time mcremengs_of about 20, 40,60 and 80 minytes were ab?ut 1.23,
1.32, 1.45 aRBr oAb s FEREGEKF To PEgRNbLR $RBeMine: dnd 3D AuPESE {42, THEANGY 49,
respectively af@ta~T.etpumecibdines¢ ot Siiondirtg degree §76],cormversiolyyet rbabolit 44,

[0064] The resultant data showed that when the weight fractions of water in the
devulcanization reagent, which was a heterogencous mixture, were between about 20
wt.% and about 40 wt.%, the rate of devulcanization and the maximum attainable degree
or extent of devulcanization exhibited relatively litte variations. This differed
substantially from the trend of the data obtained in Examples 4 and § and similar to that
of Example 6. Nevertheless, the initial rates of devulcanization recorded in this example
were much greater that those recorded in Example 6. The results can be attributed to the
effects of vigorous mechanical agitation of the reagent and crumb particles by bubbles of

boiling water.
EXAMPLE 11.

[0065] This example is similar to Example 3 in many aspects, including the crumb
particles of cured (vulcanized) rubber devulcanized. The unique feature was that the
devulcanization reagent was natural Turpentine instead of o-Terpineol; the former is
widely available. The devulcanization operation (experiment) was carried out only at the
one temperature level of about 96 °C instead of the 5 temperature levels. As in Example
3, the pressure was maintained at slightly less than, 1.01 x 10° Pascals (1.0 atm or 14.7
Ibs/in®). The degree of bed expansion in terms of the ratio between bed height at any
time increment and the original bed height was computed and recorded. The bed-

expansion ratios at the 4 time increments of about 20, 40, 60 and 80 minutes were about
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58, 74 and 79 percent (%), respectively, for synthetic Turpentine, and about 59, 71, 79 and 79 percent
(%), respectively, for cc-Terpineol. [00721The comparison of the two sets of resultant data indicates
that synthetic Turpentine, rich in a-Terpineol, is only slightly less effective than a-Terpineol for the
devulcanization of cured iso-perene rubber, especially at the early stage at the temperature of about
96 C. The compatEsiGithe results of this example with those of Example BGEFSAHHe568red
iso-perene is less amenable to the devulcanization with aTerpineol than cured passenger tire rich in
SBR. It is worth noting that as revealed in Examples 4 through 10, the effectiveness of oc-Terpineol as
the devulcanization reagent substantially exceeds that of any other reagents, which are the solutions
or mixtures CoRIANY 2IPIRINTQl, SXAMRE, 120043 ol IS RXAT Rl oI Ypelg, pentine
and a-Terpineol served as the devulcanization”agents to devulcaniz the crumb paﬁlc es of cured
(vulcanized) SBEErIIFEIA JEEEHEE thfigEaH YRS to 10 mesh. The devulcanization operation

(experiment) was.carrigd out only at the.one temperatyre of about 96 C. The pressure was maintained
at slightly less tha SCals %8 s %?Lé? I‘ﬁ'stfl Emm@? bed é‘%%‘ﬁﬁ%%% in terms

I
hah 1.01'% 108’ ascals (1.0 atm or 14. Shin2y The egree
of the ratio betivedinibeerhidightcatznip fime mpremeistang thehdhigiralditd theighiiwasd eqmputed and

recorded. The bed-gxpansionsatios attheddime eremants of Aot 20..40,160 and. 80, minutes were
about 1.46, L54, 1.54 and 1.54, respectively, for synthetic Turpentine, and about 1.60, 1.64, 1.64 and

1.64, respectif@rEFdPatrerdifrebreniia ebre<pBiRam UG de S dradisisicaste: e apeuti78y 85, 85
and 85 percent£¥), sespaciivalyndorsynthetimiturpentineorne about.90u93 33amh93.percent (%),
respectively,]tgr cc-Terpineol. [00741The comparison of' the two sets of resultant data indicates that
synthetic Turpelﬁﬁgr?g, rich in cc-Terpineol, is only slightly less effective than a-Terpineol for the
devulcanizatipg of gured;SBR. rubber at the temperature of about 96 C. The comparison of the results
of this example with those of Example 3 reveals that cured SHR is almost equally amenable to the
devulcanizatié@aijth a-Tespireaipdsicurad passéagepltire] ridhdanGSBER. feature was that the

devulcanization reagent was symthetic Turpentine, which is also widely available, instead

of natural Turpentine. Two devulcanization operations (experiments) were carried out at
the twe temperature levels of about 96 and 150 °C. At both temperatures, the pressure
remained at slightly less than 1.01 x 10° Pascals (1.0 atm or 14.7 Ibs/in?). The degree of
bed expansion in terms of the ratio between bed height at any time increment and the
original bed height was computed and recorded at each temperature. The bed-expansion
ratios at the 4 time increments of about 20, 40, 60 and 8¢ minutes were about 1.46, 1.48,
1.48 and 1 .48, respectively, at about 96 °C. The corresponding degree of conversion was
about 75, 78, 78 and 78 percent (%), respectively. The bed-expansion ratios at the 6 time
increments of about 2, 5, 8, 11, 14 and 24 minutes were about 1.35, 1.60, 1.75, 1.95, 2.03
and 2.03, respectively, at about 150 °C. The corresponding degrees of conversion were
about 46, &7, 76, 87, 90 and 90 percent (%), respectively.

{$068] The comparison of the resultant data with those from Example 3 in which a-
Terpineol was the reagent indicates that synthetic Turpentine, rich in o-Terpineol, is
slightly less effective than a-Terpineol as the devulcanization reagent at about 96 °C, but
they are nearly equally effective at about 150 °C. Moreover, the comparison of the data
from this and preceding examples implies that synthetic Turpentine is slightly less

effective than natural Turpentine as the devulcanziation reagent at about 96 °C. Tt is,
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100751It will, therefore, be appreciated by those skilled in the art having the benefit of this disclosure
that this invention is capable of affording compositions and methods suitable for the devulcanization of
rubber. Furthermore, it is to be understood that the form of the invention shown and described is to be
taken as pres%lgg%%f%rlr%d embodiments. Various modifications and chan?es may be made to each
and every processing step as would be obvious to a person skilled in the art hairg tH&%BEHefit of this
disclosure. It is intended that the following claims be interpreted to embrace all such modifications and
changes and, accordingly, the specification and drawings are to be regarded in an illustrative rather
than a restrictive sense. Moreover, it is intended that the appended claims be construed to include

alternative embodiments-uGlaid Sl Ameihed of devulcanizing bbercompsising the; sigps of:

providing a vulcanized rubber having a sulfur content with sulfur cross-links; and contacting said
vulcanized rubBEPHRRY (P8t iGaRI To o S rddctshemRttrE RS $aid turpentine liquid is
present in anamoun sgfﬁi&ient such that said turpentine liquid acts to break 54 to 100% of said
cross-links and to reduce said sulfur content of said vulcanized rubber. 2. The method of Claim 1,
wherein said fprpentinediguidds.aglestad famthearaup-sensisting ek-natuy al tuepentige, synthetic
turpentine, pine ojl, a-pinene, p-pinene, aterpineol, p-ferpineol, 3-carene, anethaole, dipentene
(p-mentha—l,gﬁfﬁlﬁeil%e ,%:égrpéﬁig%lgfé?r?gf? 5po B &%@ﬁ@%ﬁ?ﬁ%ﬁﬁ‘ﬁ%‘}%ﬁf VBT AT iﬁ@ﬁ%&, %inane
hydroperoxidéev3Jragivdibry ertiBtoctddiens risot ovay cacatd e tenfire hyler stepecimente vk pinanol,

dihydromyrcepgl,igobemaak-areprinedl. alQagimenes Alapsimens seabols, 9esaniQly: 14.7
2-methoxy-2 6-d°|rgeth%%-7,8- epoxyoctane, camphor, p-menthan-8-ol, a-terpinyl acetate, citral,

[ . pnyi |
citronellol, 7-%%fﬁ§xf JOREEPOREALA B EEIM BHEFE Sh S c i PepHsanbreds Bitaihnfmey 1
acetate, citromeledt¢iiraydrowyoiipidadbbitronsliat, wae nthginme nthirey plakyMexsithésphand, mixtures
thereof ratios at the 4 time increments of about 20, 40, 60 and 80 minutes were about 1.28, 1.37,

1.51 and 1.54, respectively, for natural Turpentine; and about 1.28, 1.38, 1.43 and 1.43,

respectively, for synthetic Turpentine. The corresponding degrees of conversion were
about 70, 86, 100 and 100 percent (%), respectively, for natural Turpentine; and about 70,
88, 96 and 96 percent (%), respectively, for synthetic Turpentine.

[0078) The comparison of the resultant data with those from Example 3 indicates that
the effectiveness of a-Terpineol, natural Turpentine and synthetic Turpentine as the

devuicanization agent is nearly the same at about 65 °C.
EXAMPLE 14.

{6071} In this example, both synthetic Turpentine and o-Terpineol served as the
devulcanization agents to devulcanize the crumb particles of cured (vulcanized) iso-
perene rubber whose sizes ranged from 6 to 10 mesh. The devulcanization operation
(experiment) was carried out only at the one temperature of about 96 °C. The pressure
was maintained at slightly Iess than 1.01 x 105 Pascals (1.0 atm or 14.7 Ibs/in®). The
degree of bed expansion in terms of the ratio between bed height at any time increment
and the original bed height was computed and recorded. The bed-expansion ratios at the
4 time increments of about 20, 40, 60 and 80 minutes were about 1,23, 1.32, 1.45 and
.49, respectively, for synthetic Turpentine, and about 1.33, 1,42, 1.49 and 1.49,

respectively, for a-Terpinecl. The corresponding degrees of conversion were about 44,
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3. The method of Claim 1, wherein said turpentine liquid is selected from the group consisting of,
natural turpentine, synthetic turpentine, pine oil, a-pinene, P-pinene, a-terpineol, p-terpineol, polymers
thereof, and mixtures thereof. 4. The method of Claim 1, wherein said vulcanized rubber is provided in
a form of at | ' t vulcanized rubber article, vulcanized rubber chunk, vulcanized rubber
block, vulcan?%%ﬁgjg?&%umb, vulcanized rubber piece, or a plurality or m%))ggfrsés%g;g}gsfg%g_ The
method of Claim 4, wherein said vulcanized rubber is in rubber crumb form. 6. The method of Claim 5,
wherein said rubber crumb has an average particle size of from about 0.074 millimeters to about 50
millimeters. 7. The method of Claim 1, wherein said turpentine liquid further comprises a solvent or a

liquid immis@@!%" L&bdteg é%{é’&{%t{%:,' ix%ggx%ciively, for synthetic Turpentine, and about 59, 71, 79

and 79 percent (%}, respectively, for o-Terpinecl.

[0872] The comparison of the two sets of resultant data indicates that synthetic
Turpentine, rich in a-Terpinec), is only slightly less effective than a-Terpines] for the
devuleanization of cured iso-perene rubber, especially at the early stage at the
temperature of about 96 °C. The comparison of the results of this example with those of
Example 3 reveals that cured iso-perene is less amenable (o the devulcanization with o-
Terpineol than cured passenger tire rich in SBR. Tt is worth noting that as revealed in
Examples 4 through 10, the effectiveness of o-Terpineol as the devulcanization reagent
substantially exceeds that of any other reagents, which are the solutions or mixtures

containing o-Terpinecl.
EXAMPLE 18,

{6673} - In this example, both synthetic Turpentine and a~Terpineol served as the
devulcanization agents to devulcanize the crumb particles of cured {vulcanized) SBR
rubber whose sizes ranged from 6 to 10 mesh, The devulcanization operation
{experiment) was carried out only at the one temperature of about 96 °C. The pressure
was maintained at slightly less than 1.01 x 10° Pascals (1.0 atm or 14.7 1bs/in?). The
degree of bed expansion in terms of the ratio between bed height at any time increment
and the original bed beight was computed and recorded. The bed-expansion ratios at the
. 4 time increments of about 20, 40, 60 and 80 minutes were about 1.46, 1.54, 1.54 and
1.54, respectively, for synthetic Turpentine, and about 1.60, 1.64, 1.64 and 1.64,
respectively, for a-Terpineol. The corresponding degrees of conversion were about 75,
85, 85 and 85 percent (%), respectively, for synthetic Turpentine, and about 90, 93, 93

and 93 percent (%), respectively, for a-Terpineol.

[B074] The comparison of the two sets of resultant data indicates that synthetic
Turpentine, rich in a-Terpineol, is only slightly less effective than a-Terpineol for the
devulcanization of cured SBR rubber at the temperature of about 96 °C. The comparison

of the results of this example with those of Example 3 reveals that cured SBR is almost

Page 25 of 30



8. The method of Claim 7, wherein said solvent is selected from the group consisting of lower aliphatic
alcohols, lower alkanes, and mixtures thereof. 9. The method of Claim 8, wherein said solvent is
selected from the group consisting of ethanol, propanol, butanol, heptane, and mixtures thereof. 10.
The method of,&laiga,8,wherein said liquid immiscible with the turpentine Ii%uid further comprises
water. 11. The method of Claim 10, wherein said water is boiling. 12. The mé(iﬁlgézgf)@%?ﬁgl, wherein
said rubber and said turpentine liquid are contacted at a temperature of from about 10C to about 180C.
13. The method of Claim 1, wherein said rubber and said turpentine liquid are contacted at a pressure
of from about 4 x 104 Pascal to about 4 x 105 Pascal. 14. The method of Claim I, further comprising:

providing a reaginy yessehwtinwhichiraacion yessel seidyiranized rubperis.confactediwith said

turpentine liquid; providing a means for agitating said vulcanized rubber and said turpentine liquid in
said reactor E&el; and

[0D75] It will, therefore, be appreciated by those skilled in the art having the benefit
of this disclosure that this invention is capable of affording compositions and methods
suitable for the dewvnlcanization of rubber. Furthermors, it is to be understood that the
form of the invention shown and described is to be taken as presently preferred
embodiments. Various modifications and changes may be made te each and every
processing step as would be obvious fo 2 person skilled in the art having the benefit of
this disclosure. It is intended that the following claims be interpreted to embrace all such
modifications and changes and, accordingly, the specification and drawings are to be
regarded in an ilhastrative rather than a restrictive sense. Moreover, it is intended thai the

appended claims be construed to include alternative embodiments.

Page 26 of 30



agitating said rubber and said turpentine liquid. 15. The method of Claim 1, further comprising
incubating said vulcanized rubber with said turpentine liquid in a holding tank. 16. The method of Claim
14, wherein said vulcanized rubber is contacted with said turpentine liquid for a period of time to
induce a pre-determined degree of devulcanization. 17. The method of Claim 1, wherein said rubber is
contacted by said turpentine liquid at a temperature of less than about 180C. 18. The method of Claim
1, wherein said rubber is contacted by said turpentine liquid at a temperature of less than about 100C.
19. The method of Claim 1, further comprising providing an energy input selected from the group
consisting of thermal energy in excess of about 254G, gressure in excess of about 4 x 105Pascals (4
atm), microwave energy, ultrasonic energy, mechanical shear-forces, and mixtures thereof. 20. The
method of Claim 19, wherein said energy input is provided before said devulcanization. 21. The
method of Claim 19, wherein said energy input is provided after said devulcanization. 22. The method

of Claim 1, further compeising Jir@vidine a:sigvulganizatipn catalystig,said reaction mixture during said

contacting. L ) . . ]
providing a vulcanized rubber having a sulfur content with sulfur cross-links;

and

contacting said vulcanized rubber with a turpentine liquid to form a reaction
mixture, wherein said turpentine liquid is present in an amount sufficient such
that said turpentine liquid acts to break 54 to 100% of said cross-links and to
reduce said sulfur content of said vulcanized rubber.

2. The method of Claim 1, wherein said turpentine liquid is selected from the
group consisting of:

natural turpentine, synthetic turpentine, pine oil, a-pinene, B-pinene, o~
terpineol, B-terpineol, 3-carene, anethole, dipentene (p-mentha-1,8-diene),
terpene resins, nopol, pinane, camphene, p-cymene, anisaldehyde, 2-pinane
hydroperoxide, 3,7-dimethyl-1,6-octadiene, isobornyl acetate, terpin
hydrate, ocimene, 2-pinanol, dihydromyrcenol, isoborneol, a-terpineol,
alloocimene, alloocimene alcohols, geraniol, 2-methoxy-2,6-dimethyl-7,8-
epoxyoctane, camphor, p-menthan-8-ol, o-terpinyl acetate, citral, citronellol,
7-methoxydihydrocitronellal, 10-camphorsulphonic acid, p-menthene, p-
menthan-8-vl acetate, citronellal,7-hydroxydihydrocitronellal, menthol,
menthone, polymers thereof, and mixtures thereof.

3. The method of Claim 1, wherein said turpentine liquid is selected from the
group consisting of, natural turpentine, synthetic turpentine, pine oil, a-pinene,
B-pinene, a-terpineol, B-terpineol, polymers thereof, and mixtures thereof.

4, The method of Claim 1, wherein said vulcanized rubber is provided in a form of
at least one intact vulcanized rubber article, vulcanized rubber chunk,
vulecanized rubber block, vulcanized rubber crumb, vulcanized rubber piece, or a
plurality or mixture thereof.

5. The method of Claim 4, wherein said vulcanized rubber is in rubber crumb
form.

6.  The method of Claim 5, wherein said rubber crumb has an average particle size
-of from about 0.074 millimeters to about 50 millimeters.

7. The method of Claim 1, wherein said turpentine liquid further comprises a
solvent or a liguid immiscible with the turpentine liquid.
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23. The method of Claim 1, further comprising providing to said reaction mixture during said contacting
a compound selected from the group consisting of carbon dioxide, metal oxides, sulfur-radical
inhibitors, N-tert-butyl-2-benzothiazole  sulphenamide (TBBS), zinc mercaptobenzothiazole (ZMBT),
2- mercaptobenzothiazole (MBT), tetramethylthiuram monosulfide (TMTM), and mixtures thereof. 24
The method of Claim |, further comprising providing a thermophilic microorganism to said reaction
mixture during said contacting. 25. A method of devulcanizing rubber comprising contacting a
vulcanized rubber with a turpentine liquid in a reaction mixture in an absence of an alkali metal,

wherein said tugpenting liquid fusthencamprisssia solventselected franihe grompgonsisting of lower
aliphatic alcohols, lower alkanes, and mixtures thereof. 26. The method of claim 25, wherein said

solvent is selected frOMSHHEGFUR EonEIEIAL G et ol BIE A b AsHOP HEB AR #8hd mixtures

thereof. )
9. The method of Claim 8, wherein said solvent is selected from the group

consisting of ethanol, propancl, butancl, heptane, and mixtures thereof,

10. The method of Claim 8, wherein said liquid immiscible with the turpentine

liquid further comprises water.
11.  The method of Claim 10, wherein said water is boiling.

12. The method of Claim 1, wherein said rubber and said turpentine liquid are

contacted at a temperature of from about 10°C to about 180°C.

13. The method of Claim 1, wherein said rubber and said turpentine liquid are

contacted at a pressure of from about 4 x 10* Pascal to about 4 x 10° Pascal.

14. The method of Claim 1, further comprising:

providing a reactor vessel within which reactor vessel said vulcanized

rubber is contacted with said turpentine liquid;

providing a means for agitating said vulcanized rubber and said turpentine

liquid in said reactor vessel; and
agitating said rubber and said turpentine liquid.

15. The method of Claim 1, further comprising incubating said vulcanized rubber

with said turpentine liquid in a holding tank.

16. The method of Claim 14, wherein said vulcanized rubber is contacted with said
turpentine liquid for a period of time to induce a pre-determined degree of

devulcanization.

17. The method of Claim 1, wherein said rubber is contacted by said turpentine

liquid at a temperature of less than about 180°C.

18. The method of Claim I, wherein said rubber is contacted by said turpentine

liquid at a temperature of less than about 100°C.
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19,

20.

21

22.

23,

24,

25.

26.

The method of Claim 1, further comprising providing an energy input selected
from the group consisting of thermal energy in excess of about 250°C, pressure
in excess of about 4 x 10° Pascals (4 atm), microwave energy, ultrasonic energy,

mechanical shear-forces, and mixtures thereof.

The method of Claim 19, wherein said energy input is provided before said

devulcanization.

The method of Claim 19, wherein said energy input is provided afler said

devulcanization.

The method of Claim 1, further comprising providing a devulcanization catalyst

to said reaction mixture during said contacting.

The method of Claim 1, further comprising providing to said reaction mixture
during said contacting a compound selected from the group consisting of carbon
dioxide, metal oxides, sulfur-radical inhibitors, N-tert-butyl-2-benzothiazole
sulphenamide (TBBS), zinc mercaptobenzothiazole (ZMBT), 2-
mercaptobenzothiazole (MBT), tetramethylthiuram monosulfide (TMTM), and

mixtures thereof,

“The method of Claim 1, further comprising providing a thermophilic

microorganism to said reaction mixture during said contacting.

A method of devulcanizing rubber comprising contacting a vulcanized rubber
with a turpentine liquid in a reaction mixture in an absence of an alkali metal,
wherein said turpentine liquid further comprises a solvent selected from the

group consisting of lower aliphatic alcohols, lower alkanes, and mixtures

thereof.

The method of claim 25, wherein said solvent is selected from the group

consisting of ethanol, propanol, butanol, heptane, and mixtures thereof.
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