I*I Innovation, Sciences et Innovation, Science and CA 2892836 C 2019/01/08
Développement economique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (11)(21) 2 892 836
(12 BREVET CANADIEN
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2013/11/26 (51) ClLInt./Int.Cl. CO8J 71/70(2006.01),
(87) Date publication PCT/PCT Publication Date: 2014/06/05 CO8C 19/06(2006.01)
- . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2019/01/08 HARRISON. BRIAN H. CA.
(85) Entree phase nationale/National Entry: 2015/05/26 HOOPER, HURDON, CA
(86) N° demande PCT/PCT Application No.: CA 2013/050903 (73) Propriétaires/Owners:
(87) N° publication PCT/PCT Publication No.: 2014/082172 OR%;'_\”C POLYMER WASTE ENTERPRISES INC.,

(74) Agent: GOWLING WLG (CANADA) LLP

(54) Titre : CONVERSION DE CAOUTCHOUC VULCANISE
(54) Title: VULCANIZED RUBBER CONVERSION

100
102 106 108
i | (2
Substifute polymer
104 112

(57) Abrégée/Abstract:

Vulcanized rubber, for example from used tires, can be devulcanized to provide a reaction product that has similar rheological
properties to the original un-vulcanized rubber. The vulcanized rubber is processed at a temperature that Is less than a critical
temperature of a solvent, such as water or water and alcohol. The process Is carried out at a pressure that is higher than the
vapour pressure of the solvent.

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca i+

50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca C anada



WO 2014/082172 A1 ]0F0A 00D N0 10 0 AU A W A

CA 02892836 2015-0b-26

(19) World Intellectual Property
Organization

International Bureau
l —

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) International Publication Number

(43) International Publication Date ...na-”/ WO 201 4 /0 82 17 2 Al
5 June 2014 (05.06.2014) WIPO I PCT
(51) International Patent Classification: AQO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
C08J 11/10 (2006.01) CO8C 19/08 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
. o | DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
PCT/CA2013/050903 KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(22) International Filing Date: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
26 November 2013 (26.11.2013) OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
N . SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
(25) Filing Language: English TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(26) Publication Language: English LW.
(30) Priority Data: (84) Designated States (unless otherwise indicated, for every
61/730,226 27 November 2012 (271 12012) US kind Of regz’onal protection avaz’lable): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(72) Inventors; and UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(71) Applicants : HARRISON, Brian H. [CA/CA]; 193 TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Knudson Drive, Kanata, Ontario K2K 2C2 (CA). HOOP- EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
ER, Hurdon [CA/CA]; 137 Carriage Hill Drive, Frederic- MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
ton, New Brunswick E3B 2T8 (CA). TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
(74) Agents: HARRIS, John D. et al.; Gowling Latleur Hende- KM, ML, MR, NE, SN, TD, 1G).
rson LLP, 160 FElgin Street, Suite 2600, Ottawa, Ontario Published:
KIP1C3 (CA). —  with international search report (Art. 21(3))
(81) Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,

(534) Title: VULCANIZED RUBBER CONVERSION

102 106 108

¢ ¢ ¢

Original polymer —P@—> Vulcanization p—» Product

|

110 ~q De-vulcanization

l

Substifute polymer Polymer

104 112

Figure 1

(57) Abstract: Vulcanized rubber, for example from used
tires, can be devulcanized to provide a reaction product that
has similar rheological properties to the original un-vulcan-
1zed rubber. The vulcanized rubber 1s processed at a temper -
ature that 1s less than a critical temperature of a solvent,
such as water or water and alcohol. The process is carried
out at a pressure that 1s higher than the vapour pressure of
the solvent.
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VULCANIZED RUBBER CONVERSION

TECHNICAL FIELD

The present disclosure relates to treating rubber and in particular to the conversion of
vulcanized rubber material, such as used tires or other scrap materials, to produce a
product that 1s suitable for use as a component In the production of other rubber

materials.

BACKGROUND
Converting vulcanized rubber, as commonly used In tires, to devulcanized rubber is a

desirable process as it allows the converted rubber to be reused In the production of

rubber products.

Various processes are known for devulcanizing rubber. For example, vulcanized rubber
can be treated by heating the rubber In a solvent, which iIs typically water. The
conversion treatment Is carried out at an elevated temperature and a pressure that Is
approximately equal to the saturated vapour pressure of the solvent. This process may
produce a reaction product that can be easily separated into polymer and carbon black.
While the process Is useful, the polymers produced from the high temperature
processing have a molecular weight between 40,000 and 100,000 which is less than the
molecular weight of 200,000 — 300,000 of the original polymer. As such, the polymer
produced from the devulcanization process differs substantially from the original

polymer and so Is Imited in its use as a replacement of original polymer when producing

vulcanized rubber.

An additional, alternative and/or improved process for converting vulcanized rubber into

polymer Is desirable.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 1s a block diagram of a process for producing vulcanized rubber;
Figure 2 depicts a schematic of a reactor for use In converting vulcanized rubber;
Figure 3 1s a graph depicting a temperature difference between the centre of rubber

and the surrounding water as a function of temperature; and
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Figure 4 depicts a process of converting vulcanized rubber.

DETAILED DESCRIPTION

In accordance with the present disclosure there is provided a method of converting
vulcanized rubber comprising heating vulcanized rubber in a reactor in the presence of
a solvent to a temperature below a critical temperature of the solvent; providing a
pressure In the reactor that Is substantially higher than a saturated vapor pressure of
the solvent at the temperature; and maintaining the temperature and the pressure for a
time sufficient to convert the vulcanized rubber to a product that has rheological

properties similar to un-vulcanized rubber.

In accordance with the present disclosure there 1s provided a further method comprising
A method of converting vulcanized rubber comprising: heating In a reactor the

vulcanized rubber and a solvent to a reaction temperature below a critical temperature
of the solvent; providing a reaction pressure In the reactor that i1s higher than a
saturated vapour pressure of the solvent at the reaction temperature; and maintaining

the reaction temperature and the reaction pressure for a reaction time sufficient to break

at least a portion of crosslinks of the vulcanized rubber.

In a further embodiment, bulk devulcanization of the vulcanized rubber occurs when the

reaction temperature and reaction pressure are maintained for the reaction time.

In a further embodiment, maintaining the reaction temperature and the reaction

pressure for the reaction time reduces an amount of depolymerisation that occurs.
In a further embodiment, the vulcanized rubber i1s substantially devulcanized.

In a further embodiment, the vulcanized rubber 1s more than 90% devulcanized after

maintaining the reaction temperature and reaction pressure for the reaction time.
In a further embodiment, substantially no depolymerisation occurs.

In a further embodiment, a product produced by maintaining the reaction temperature

and reaction pressure for the reaction time comprises a rubber hydrocarbon having a



10

15

20

CA 02892836 2015-05b-26

WO 2014/082172 PCT/CA2013/050903

molecular weight that 1s similar to a molecular weight of a rubber hydrocarbon of the

vulcanized rubber prior to vulcanization.

In a further embodiment, rheological properties of a product produced by maintaining
the reaction temperature and reaction pressure for the reaction time are similar to

rheological properties of the vulcanized rubber prior to vulcanization.

In a further embodiment, the rheological properties are measured on a rhneometer and

comprise an elastic component of viscosity (G') and a viscous component of viscosity
(GY).

In a further embodiment, the solvent is a mixture of water and an organic solvent.
In a further embodiment, the organic solvent comprises alcohal.

In a further embodiment, the organic solvent consists of alcohol.

In a further embodiment, the solvent comprises water.

In a further embodiment, the reaction temperature is between about 150°C and about
300°C.

In a further embodiment, the reaction temperature is between about 200°C and about
285°C.

In a further embodiment, the reaction pressure Is between 5 psi and 4500 psi higher

than the saturated pressure of the solvent.

In a further embodiment, the reaction pressure is between 100 psi and 1500 psi higher

than the saturated vapour pressure of the solvent.
In a further embodiment, the reaction pressure Is provided In part by an inert gas.
In a further embodiment, the pressure 1s provided In part hydraulically.

In a further embodiment, the vulcanized rubber is from used tires.
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In a further embodiment, the used tire Is shredded to produce pieces of vulcanized

rubber having a particle size between about 0.1mm and about Smm.
In a further embodiment, the method further comprises shreading the used tires.

In a further embodiment, the method further comprises mixing a product produced by
maintaining the reaction temperature and reaction pressure for the reaction time with

virgin polymer:; and vulcanizing the mixture of the product and virgin polymer.

In a further embodiment, the method further comprises purging air from the reactor prior

to heating.

In a further embodiment, the method further comprises washing and drying a product
produced by maintaining the reaction temperature and reaction pressure for the reaction

time.

In a further embodiment, the vulcanized rubber comprises: ethylene propylene diene
monomer (EPDM); styrene-butadiene rubber (SBR); natural rubber; butyl rubber; nitrile

rubber; cholinated butyl rubber; or chloroprene.

Rubber products are typically made by vulcanizing rubber polymer, and other additives
such as carbon black, to create a product with the desired physical characteristics. The
vulcanized rubber products may be recycled after they have been used. One possible
technique for recycling vulcanized rubber products I1s to devulcanize the rubber to
produce a reaction product that can be used again Iin the vulcanization process. The
reaction product of the devulcanization product can be mixed with virgin rubber polymer,
that 1s polymer that has not been vulcanized. VWhen mixing the devulcanized rubber
with virgin polymer it would be desirable for the devulcanized rubber be similar to the
virgin polymer. The more similar the devulcanized rubber is to the virgin rubber
polymer, the greater an amount of devulcanized rubber can be mixed with the virgin

rubber while still producing vulcanized rubber product with the desired characteristics.

Devulcanization may be considered as a reaction that contains two primary

mechanisms or processes. In the first process the crosslinks formed by sulphur bridges



between polymer molecules during vulcanization are broken. This may be referred to as
crosslink scission. In the second process the polymer molecules themselves may be broken.
This may be referred to as chain scission or depolymerization. Although described as two
separate processes, they have previously been difficult to separate. Accordingly, it has been
difficult to devulcanize rubber without depolymerization occurring. In order to produce
polymer that is close to the original polymer prior to vulcanization, it is desirable to
devulcanize the rubber without depolymerizing the polymer, or at least reducing an amount
of depolymerization that occurs. That is, it desirable to break the crosslinks without the

occurrence of chain scission.

In certain applications, it is desirable to devulcanize rubber and then separate the

polymer from carbon black that was added during the production of a rubber product.
To separate the devulcanized rubber into polymer and carbon black the devulcanized
material must be nearly 100% devulcanized. The devulcanization may be achieved by
subjecting the vulcanized rubber to a high temperature and pressure. The temperature
may be at or above a critical temperature of a solvent and the pressure may be
approximately the saturated vapour pressure at the critical temperature. Completely
devulcanized material will be able to completely dissolve in cyclohexane or toluene when
stirred and/or heated to facilitate the dissolution process. Once the polymer is dissolved,
the carbon black can be separated. Separating the carbon black from the dissolved polymer
and solvent solution may be difficult. The separation may be facilitated by extracting the
polymer from the devulcanized rubber using a solvent without agitating the solvent. If the
vulcanized rubber is not 100% devulcanized, a considerable amount of polymer will be left
in the carbon black residue and good separation will not be achieved. To accomplish 100%
devulcanization, temperatures in excess of 290°C have been used. However, with these
high temperatures both crosslink scission and chain scission occur, resulting in a polymer

of reduced molecular weight when compared to the virgin polymer.

CA 2892836 2018-03-13
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When the process described in US patent 7,166,658 is carried out at between 260 and
280°C only limited surface devulcanization occurs with hydrocarbon and carbon black
only being removed from the surface of the rubber particles and the amount of polymer

dissolving In toluene or cyclohexane was <0.1%.

In order to separate the polymer from carbon black of a vulcanized rubber product, the
rubber is devulcanized at a temperature above 290°C. However, at such elevated
temperatures, chain scission pbegins to occur, resulting In different polymers from the

original polymers.

As described further below, It I1s possible to achieve substantial devulcanization of
rubber, while reducing or limiting an amount of chain scission. The resultant products of
the process may be mixed with new rubber, or virgin polymer, to produce new
vulcanized rubber products. Since chain scission is limited, the resultant polymer from
the processing of vulcanized rubber may be similar to the original rubber polymers used
to produce the product. Accordingly, it may be possible to mix a greater amount of
resultant polymer with new rubber polymer, without adversely affecting the

characteristics of the resultant product.

As described further herein, vulcanized rubber may be substantially devulcanized at
temperatures below 280°C and a pressure substantially higher than the saturated
vapour pressure at the reaction temperature. Carrying out the devulcanization process
at the reduced temperature and elevated pressure results In substantial
devulcanization, with limited chain scission. Further, the low temperature and high
pressure reaction results in the bulk devulcanization of rubber instead of simply surface

devulcanization as Is the case for high temperature reactions.

Figure 1 Is a block diagram of a process for producing vulcanized rubber. The process
100 mixes original, or virgin, polymer 102 with some amount of substitute polymer 104.
The amount of substitute polymer 104 used generally depends on how closely the
properties of the substitute polymer 104 match the properties of the original polymer
102. The closer the substitute polymer is to the original polymer, the greater the ratio of

substitute to original polymer can be. The substitute polymer 104 s typically less

&
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expensive than the original polymer 102 and as such it may be desirable to use as
much substitute polymer as possible, while still producing a product with acceptable
physical characteristics. The mixture of original polymer and substitute polymer
undergoes a vulcanization process 106 which produces a desired product 108. A
common example of a product is tires for vehicles. Once the product 108 has reached
an end of its useful life it may be recycled. The recycling process may Include a
devulcanization process 110 which converts the vulcanized rubber into a polymer 112.
Depending upon the devulcanization process used, the polymer 112 may further be
separated from other compounds present such as carbon black. The polymer 112
produced by the devulcanization process 110 described further herein may be used as
the substitute polymer 104 for the vulcanization process 106. As such, the closer the
characteristics of the polymer 112 produced by the devulcanization process 110 are to
the characteristics of the original polymer, the greater the amount of substitute polymer
IS that can be used In the vulcanization process to produce a product having acceptable

characteristics.

The vulcanized rubber may be devulcanized by heating the vulcanized rubber In a
solvent, which may be water.The devulcanization process Is carried out at a low
temperature and high pressure, In comparison to previous devulcanization processes,
and produces a reaction product comprising a polymer with a molecular weight close to
the starting material. The reaction product also includes carbon black, assuming the
rubber being processed included carbon black, that cannot be easily separated from the
higher molecular weight polymer. Although the lower temperature reaction product
cannot be easily separated Iinto polymer and carbon black, it may still be used as a
substitute polymer for products requiring carbon black, or products In which carbon

black 1s acceptable.

Figure 2 depicts a schematic of a reactor for use In converting vulcanized rubber. The
above process may be carried out in a reactor 200. The reactor 200 has an outer vessel
202 for containing the pressures, including the vapor pressure of the solvent and the
over-pressure, required by the devulcanization process. The outer vessel Is sealable

with a lid 204. An inner vessel 206 I1s located within the outer vessel 202. It may be
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thermally 1solated from the outer vessel 202 by minimizing metal to metal contact
between the two vessels. Metal supports 208 may support the inner vessel on a knife-
edge contact to minimize heat transfer. A heat source 210 Is provided that can heat the
solvent contained within the inner vessel 206. The heat source 210 may be provided In
various ways such as by a vapor injector or a submersible electric heater. Regardless of
the specific type of heat source used, it can heat the solvent within the inner vessel up
to the required reaction temperature. The inner vessel 206 has a reaction basket 212
supported within it. The reaction basket 212 supports the rubber 214 to be devulcanized
within the solvent. The reactor 200 includes an Inlet 216 for inputting an inert gas, such
as nitrogen, into the reactor. The inner vessel may have a lid 218; however it does not
seal the inner vessel 206 from the interior of the outer vessel 202. As such, the inert gas
can be partitioned between the inner and outer vessels and insulate the outer vessel
202 from the inner vessel 206. This insulation allows quicker heating and cooling of the

Inner vessel and so the rubber and solvent providing a quicker batch time.

During experiments with a reactor as described above with reference to Figure 2, when
sufficient nitrogen, for example 500 psi, was added at the start of the devulcanization
process, it was found that the temperature in the middle of the basket of rubber was
slightly higher than the water around the basket as the water was being heated. This
appeared to show that there was an exothermic reaction taking place at temperatures
above about 150°C. The exothermic reaction appeared to only occur in the presence of
an over-pressure, provided by the nitrogen. The exothermic reaction was able to be
observed because the inner vessel, which did not have a large thermal mass, had been
thermally isolated from the large thermal mass of the outer vessel and was able to act In

a manner similar to a Differential Thermal Analyzer (DTA).

Figure 3 Is a graph depicting a temperature difference between the centre of rubber and
the surrounding water as a function of temperature. The graph provides a temperature
difference between the center of the rubber and the surrounding water as a function of
the temperature of the water. The reaction started with 500 psi of nitrogen at room

temperature. As the water was heated, the rubber became hotter, as a result of an
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exothermic reaction. As can be seen from the graph, the exothermic reaction began to

occur at approximately 150°C.

As a result of this observation, a series of experiments were performed to see whether
an added over-pressure substantially above the pressure generated by the saturated
vapor Iitself could reduce the devulcanization temperature. The reduction In the
devulcanization temperature could minimize, or at least mitigate, the reduction In the
molecular weight of the resulting polymer that was observed In the devulcanization
process carried out at higher temperatures. That is, carrying out the devulcanization
process at a lower temperature could produce a polymer that has characteristics closer

to the original polymer.

In the experiments, it was also noted that rubber from used tires that was not
devulcanized at temperature below 285°C without the added nitrogen over-pressure
became malleable and lost its resilience when a similar sample was processed at the
same temperature with an added nitrogen over-pressure. The vulcanized rubber
appeared to have become devulcanized; however, unlike samples that were
devulcanized at higher temperatures, the reaction product of the devulcanization of
rubber carried out at lower temperatures did not dissolve In cyclohexane or toluene and
sO could not be separated into polymer and carbon black. Rheological measurements
on this sample produced In the presence of the nitrogen over-pressure further showed

that it had viscosities similar to un-vulcanized rubber.

The nitrogen over-pressure seemed to be devulcanizing the rubber at lower
temperatures than the previous temperatures required for devulcanization without the
nitrogen over-pressure. Further, the product was different in that it could not be
separated into polymer and carbon black using solvents that separated the reaction
products from the higher temperature reaction. It was postulated that devulcanizing the
rubber at lower temperatures increased the molecular weight of the resulting polymer

and this made separation using the same solvent more difficult.

Further experiments were conducted that were focused on reducing the reaction

temperature even further in order to produce devulcanized rubber that had rheological

9



properties, and in particular viscosities, similar to the original polymer used to
manufacture the vulcanized rubber product, namely tires. A devulcanized rubber that
has the same or similar properties as the original rubber could be added to new rubber
formulations. That is, having similar viscosities to the new rubber makes it easier to blend

the devulcanized rubber into the new rubber.

Rubber is a non-Newtonian fluid that has both elastic and viscous components to its
viscosity. Simple measurements of its viscosity are performed with a Mooney Viscometer.
However this does not differentiate between the viscous and elastic components of the

viscosity and following the devulcanization process becomes more difficult.

The viscometer provides the capability to differentiate between the viscous and elastic
components of the viscosity. The rheometer measures G' the storage shear modulus, and
G" the loss shear modulus, at a defined temperature and oscillation frequency (w) as a
function of strain. The complex shear modulus G* can be calculated from G' and G" and the
real dynamic viscosity (n) and the dynamic complex viscosity (n*) can be calculated by
dividing G" and G* by w respectively. To compare the elastic and viscous components of the
viscosity of various samples, G' and G" can be compared at a defined temperature, for
example 60°C, oscillation frequency, for example 1.667 Hz, and strain, for example 40% for
G'and 100% for G".

Figure 4 depicts a process of converting vulcanized rubber. The process begins with

providing rubber feedstock (402). The rubber feedstock may be, for example, from used

10
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tires that have been shredded to produce particles of about 0.1 to 8 mm thick. Other
material, such as steel and fiber belts, I1s also removed from the rubber feedstock. It Is
determined If the rubber of the feedstock, or rubber having similar properties to the
feedstock, has been processed before (404). If similar rubber feedstock has not been
processed before (No at 404), ideal reaction conditions are determined by performing a
number of small scale tests (406) to determine an appropriate temperature, pressure
and time for the reaction. The determined conditions may be stored (408) for
subsequent use If the same or similar rubber feedstock Is encountered again. If the
rubber feedstock has been processed before (Yes at 404), the previously determined
reaction conditions are selected (410). Also as depicteq, If the reaction conditions have
just been determined, they are selected for use In processing the remainder of the

rubber feedstock.

Once the desired reaction conditions are determined, the solvent is provided (412). The
solvent may be water, or a combination of water and alcohol. The solvent covers the
rubber feedstock In the reactor, which may be a dual vessel reactor, although single
vessel reactors may also be used. The air i1s purged from the reactor (414) to remove
any oxygen. The air may be purged using an inert gas, that i1s, a gas that does not react
with the reactants or products. The reaction mixture, namely the solvent and rubber
feedstock, I1s heated to the reaction temperature of the selected reaction conditions
(416) and an over-pressure Introduced In accordance with the selected reaction
conditions (418). Although described as being provided once the reaction mixture has
been heated, the over-pressure may be provided earlier in the process. For example,
the over-pressure may be provided prior to heating the reaction mixture. The reaction
temperature and reaction pressure, which Is a result of the vapor pressure of the solvent
and the over-pressure of the Inert gas, I1Is maintained for a time In accordance with the
reaction time of the selected reaction conditions (420). Once the reaction time has
passed, the reactor I1s cooled (422). If the reactor Is a dual vessel reactor as described
above, the cooling of the reactor may be quicker since the outer vessel, which has a
large thermal mass, does not heat up considerably. Once the reactor i1s cooled, the

reaction product comprising the devulcanized rubber can be washed and dried (424).

11
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The rheology of the converted rubber can be tested to verify that its properties are
acceptable (426).

Numerous tests were performed. The results of these tests are provided In the following
examples. In all of the examples the rubber feedstock was from used automobile tires.
The tires were processed to remove any steel and fiber belts contained therein. The
rubber was shredded to produce chips or shavings having an irregular shape. The chips

or shavings may be passed through a sieve to remove larger chunks of rubber.

Three different reactors were used In the examples. The first reactor had an internal
volume of 0.5L, was capable of operating at temperatures of up to 500°C, a maximum
allowable working pressure (MAWP) of 5000 psi, and was typically loaded with

between 20 and 30g of rubber and about 100 mL of water. The second reactor had an
internal volume of 4L, was capable of operating at temperatures of up to 400°C, a
MAWP of 1500 psi and was typically loaded with 800g of rubber and 1.2L of water. The
third reactor was an Industrial size commercial reactor that had an internal volume of
1500L, was capable of operating at temperatures of up to 300°C, a MAWP of 1500 psi,
and was loaded with up to 250kg of rubber and 400L of water. A pack of nitrogen gas
cylinders (4,000psi1) was used to establish the nitrogen over-pressure. The reactor sized

used for each of the examples I1s shown In the table below.

W

Reactor Size

16

2
I

—
N
|\ |r|ryr—|r|r— | r—

Table 1 Reactor size used for the different examples

12
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The rubber feedstock was immersed In the water in the reactors. Air was purged out of
the reactors with nitrogen. The temperature was raised to the desired reaction
temperature with nitrogen being added to create the desired over-pressure for the
different examples. The reactor was held at the desired temperature and pressure for
the prescribed period of time. At the end of the prescribed reaction time the reactor was

cooled to room temperature. The contents were removed, washed, and dried.

The physical properties of the processed rubber were then evaluated in two ways. The
first test method was a qualitative test. If the rubber had been devulcanized and become
malleable, it would form a sheet when put through a mill (i.e. through rollers). For a
more detailled, and quantitative test method, the elastic (G’) and viscous (G")

components of the viscosity were measured on a rneometer.

In the first set of examples, the results of which are shown In table 1, rubber feedstock

was processed In the reactor noted above at a predetermined temperature and time.

The rubber feedstock was provided from a New Brunswick, Canada recycler and had a relatively
large particle size. A 1/4 inch sieve, or 3 mesh, was used to remove the fines before processing
the rubber particles The chips and shavings were generally between about 1 and about 4

mm thick and had a surface area of between 0.5 to about 5 cm?®. The majority of chips
and shavings were between 1 and 2 mm thick and had a surface area between about 1
to about 2 cm?. For each example, a first sample was produced at the temperature and
time without any nitrogen over-pressure, that is the rubber was only exposed to the
saturated vapor pressure of the water at the set temperature. A second sample was
processed to the same temperature and time but at a substantially higher pressure that
was generated by adding an over-pressure of nitrogen. That Is, the sample was
exposed to the sum of the saturated vapor pressure of the water plus the substantial
nitrogen over-pressure. For example, at 270°C the saturated vapor pressure of water is
798 psi. In example 1 the nitrogen over-pressure was 500 psi and the total pressure In

the reactor was therefore approximately 1298 psi.

Example | Temp | Time Nitrogen Did the no over- | Did the over-
(°C) | (hours) | Over-Pressure | pressure sample pressure
(psi) mix and form a sample mix

13
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sheet and form a
sheet
1 285 1 500 No Yes
2 270 1 3,500 NoO Yes
3 270 1 1,500 No Yes
4 2/0 1 500 No Yes
5 270 3 500 No Yes
6 250 6 (25 NoO Yes

Table 2 Effect of the Over-Pressure on the Ability of the Sample to Form a Sheet

Table 2 compares samples produced under various conditions without an over-pressure

and samples produced under the same conditions but with an over-pressure.

Samples produced with and without the over-pressure were put through the rollers on a
mill to see whether the samples had been devulcanized and were malleable enough to
form a sheet. The results of Table 2 show that rubber from used tires was not
devulcanized, that Is the reaction product did not form a sheet, at temperatures of
285°C and below unless an over-pressure was used. Table 2 also shows that rubber
processed at temperatures of 285°C and below can be devulcanized with the addition of
a substantial nitrogen over-pressure. Reducing the reaction temperature, as much as
possible, may reduce or minimize any reduction in the molecular weight of the resulting
polymer by the process, which will provide devulcanization without any, or a reduced

amount of, depolymerization.

In the second set of examples, shown In Table 3, the effect of reaction temperature,
nitrogen over-pressure and reaction time was studied on the physical properties of the
devulcanized product. The elastic component G’ and the viscous component G” of the
viscosity (which G*/w) measured on a rhneometer were compared to styrene butadiene
rubber (SBR), the rubber used to manufacture car tires. A masterbatch of rubber was
also used as a baseline in the comparisons. The SBR was pure polymer with no
entaniglement, while the masterbatch was natural rubber (NR) and carbon black that

had been mixed so the polymer molecules are entangled.

Example Temp | Tim Over- G” (psi) | G’ (psi) at Comparison
(°C) e Pressure | at 100% 40% with SBR and
(hrs (psi) strain strain masterbatch

)
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SBR n/a n/a n/a 13.7 27.9 Baseline
Masterbatch n/a n/a n/a 16 56 Baseline
14 285 1 300 17.3 48.7 Higher G” and G’;
Similar to
masterbatch
8 270 1 500 14.3 65 Good G”; Higher
G’: Slightly higher
than masterbatch
O 270 3 500 14.0 31.2 Very Similar;
Between SBR
and masterbatch
10 260 12 800 22.0 41.0 Similar to
masterbatch
11 250 3 /25 14.3 65 Good G”; Higher
G’; Slightly higher
than masterbatch
12 250 24 /25 16.4 31.5 Very Similar:;
Between SBR
and masterbatch
13 230 24 900 51.0 02.4 Higher G" and G

Table 3 Rheology of Samples Produced with an Over-Pressure

Table 3 shows that rubber can be devulcanized at temperatures as low as 210°C but
that, longer times are required to completely devulcanize the rubber as the temperature
IS lowered. Examples 9, 10, and 12 have G” and G’ close to that of SBR and are
completely devulcanized. If examples 8 and 9 or 11 and 12 are compared, one can see
that examples 8 or 11 have a higher G’ than examples 9 or 12 showing that 1 hr for
example 8 or 3 hrs for example 11 were not long enough to completely devulcanize the
samples. Table 3 also shows that samples devulcanized at 230°C will require longer
processing times to complete the devulcanization process. The fact that G' and G” also
drop down to values close to that of SBR indicates that minimal depolymerization is
occurring during the devulcanization process. Mooney viscosities (measured at 100°C)

ranged from 25 to 80 for examples 7-13.

It should be noted that the rheology results (with the exception of example 13) are close
to or below the masterbatch which means the viscosity of the devulcanized products are
very similar to the masterbatch. This Is advantageous when the devulcanized rubber will

be mixed into new rubber compounds which will have rheological properties similar to
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the masterbatch. Since the devulcanized rubber will have similar properties as the new

rubber compounds, a larger portion of the devulcanized rubber may be used.

Table 4 shows % devulcanization for various examples. The % devulcanization was
calculated using the Flory-Rehner equation. To get the percent devulcanization, which
may be don for example using test described in ASTM D6814 which is incorporated
herein by reference In its entirety, the crosslink density of the devulcanized material Is
compared with that of the vulcanized material. The equations used require a fixed
volume fraction of polymer in the sample, and as some polymer is extracted during the
test a correction for the extracted polymer 1s required. Even with the correction, the %
devulcanization 1s underestimated, and as such the actual % devulcanization will be
higher. In addition it has been found that putting the devulcanized material through
rollers, which results in flow induced molecular disentanglement of the polymer chains,
Increases the % devulcanization measurement even though the rollers do not result In

further devulcanization.

It 1s also possible to plot (a Horikx Plot), based on theory, the amount of polymer that
will dissolve during a swelling test against the % devulcanization for processes that
INnvolve either crosslink scission or chain scission. In a swelling test pieces of rubber are
put In a solvent in which the polymer of the rubber I1s soluble. The rubber/polymer
absorps some of the solvent but Is prevented from completely dissolving In the solvent
by the crosslinks which hold the molecules together. The amount of solvent absorbed
by the rubber/polymer may provide a measure of the crosslink density, that is the
amount of crosslinks holding the rubber molecules together. As the crosslinks are
removed the rubber will absorb more and more solvent because it IS not constrained by
them, until it theoretically completely dissolves In the solvent at 100% devulcanization. It
IS noted that while the results of a swelling test may be for rubber samples without
carbon black, the results may not be as reliable for samples with carbon black.
Although not as reliable, the results may still provide an indication of a %
devulcanization for samples with carbon black. The ASTM swell test does not account
for the fact that as the rubber approaches being fully devulcanized (for samples that

contain carbon black like tires) part of the rubber will dissolve In the solvent leaving
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carbon black behind. This changes the composition of the remaining rubber, as it now
contains a higher proportion of carbon black, and as such it will absorb less solvent.
Accordingly, direct comparison between the Initial sample (i.e. vulcanized rubber) with
the devulcanized sample should not be relied upon as providing exact results as the
proportion of polymer Is In the sample Is changing. However, the results may still be

used as an indication of the amount of devulcanization.

For crosslink scission very little polymer will be extracted until most of, or substantially
all of, the crosslinks are broken. On the other hand chain scission results in loose
chains that are easily removed. So, for example, one might expect only 30-40% of the
polymer to be able to be extracted at 95% devulcanization for a devulcanization process
Involving crosslink scission with limited chain scission, whereas 60-/0% of the polymer
may be able to be extracted for a process involving chain scission. As noted above,
while the amount of polymer that i1s removed during the swelling tests and the amount of

polymer that will dissolve In hot toluene are not identical they are very similar.

Example | Temperature | Time % % of sample | % of sample
(°C) (hrs) | Devulcanized®™ | extracted®** | dissolving In
hot
toluene™***
/ 285 1 98 37 208
3 270 1 97 18 15
9 270 3 98 37 31
10 260 12 97 o) [/
11 250 3 88 21 29
12 250 24 92 35 47
13 230 24 29 9 9

Table 4 Percent devulcanized and percent dissolving in hot toluene
* sample/material size of 2-3 mesh

**Based on toluene swelling experiments
*** % weight of sample extracted during the swelling test
**** % dissolved when stirring In hot toluene at 7/0°C
As can be seen from Table 4, while most of the devulcanized products show high levels

of devulcanization they do not dissolve well In hot toluene.
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Table 5 presents the % devulcanization for material from a different source. The rubber
material was from a recycler in Ontario, Canada, which tend to produce a much smaller
particle size, more like sand particles.. These particles are typically 10-18 mesh but
there are some smaller particles. Also presented Is the percentage of polymer
extracted during the swelling test. Table 5 shows, for example, for the sample that was
processed for 1 hr at 250°C, 94% devulcanization was achieved and 24% of the
material was extracted during the swelling test. Separate testing have shown that 98%
of the material that was extracted during the swelling test was polymer. If one assumes
that 60% of the sample was polymer, then 40% of the polymer In the sample was

extracted during this swelling test.

With regard to how evenly the sample was devulcanized, at one end of the extreme (for
example, If the rubber particles were being devulcanized from the outside inwards, with
the centre core being devulcanized last), one could say that 94% of the sample was
completely devulcanized and 6% (or the core) was not devulcanized at all. However, If
94% of the sample had been completely devulcanized then 94% of the sample would
have dissolved In the hot toluene (or been extracted), which was not the case. In fact
60% of the polymer was not extracted. Accordingly, 60% of the polymer is being held
together by no more than a few percent of the initial crosslinks that were in the rubber.
This would imply a reasonably even devulcanization process and one resulting from
crosslink scission rather than chain scission. That I1s the process achieves bulk
devulcanization throughout the entire material as opposed to only surface
devulcanization. Also, llke many of the devulcanized rubbers In table 3, this sample

had G’ and G” numbers between SBR and the masterbatch.

Example* | Temp | Time Over- % Devulcanized** % of sample % of sample
(°C) (hrs) pressure extracted*** dissolving in hot
(psi) toluene****
14 250 1 (25 94 24 19
15 250 2 (25 95 2/ 23
16 250 4 (25 96 28 26
17 240 4 815 {2 21 20
18 240 4 1915 92 24 20

Table 5: Effect of processing conditions on polymer that can be extracted
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*10-18 mesh

**Based on toluene swelling experiments
*** % weight of sample extracted during the swelling test

**** % dissolved when stirring in hot toluene at 7/0°C

From the above, it can be seen that the devulcanized rubbers from the described
devulcanization process carried out at sub critical temperatures and pressures above
the saturated vapour pressure, have viscosities similar to the masterbatch. Further, a
few percent of the crosslinks are still present In the devulcanized rubber; however they
prevent most of the polymer from dissolving In the toluene (i.e. preventing complete
separation). Devulcanizing rubber at a lower temperature and higher pressure results In

crosslink scission with minimal scission of the polymer chains.

It 1Is noted that crosslink density measures both physical entanglements and chemical
bonds or crosslinks. Rolling the devulcanized sample decreases the crosslink density
which means the rolling 1s disentangling the polymer molecules. It may therefore be
difficult to interpret the % devulcanization numbers above about 90% as part are due to
physical entanglements of the polymer molecules and part due to chemical crosslinks.
This means that % devulcanization above about 90% Is an Indication of good
devulcanization, with some physical entanglements and a few % of the crosslinks
remaining. Accordingly, for samples with % devulcanization above 90%, a small number
of crosslinks are therefore preventing the molecules from completely dissolving In the

solvent but are not enough to prevent the rubber from mixing.

The method according to the various embodiments of the invention allow for various
end products. For devulcanized rubber that i1s completely devulcanized with minimal
depolymerization the reaction products will have a carbon black to rubber polymer or
hydrocarbon ratio that 1s approximately equal of the original rubber. Thus the reaction
product can be used as an extender for rubber formulations. It will be apparent to one

skilled In the art that the reaction product can be tailored for a specific application.

It will be apparent to one skilled in the art that tires can include any vulcanized rubber
tire as may be used for transportation purposes. It will also be apparent that one skilled

IN the art that other vulcanized rubber products that include natural or synthetic rubber
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may be used as a feedstock. The rubber may Include, for example, ethylene propylene

diene monomer (EPDM); styrene-butadiene rubber (SBR); natural rubber; butyl rubber:;

nitrile rubber; cholinated butyl rubber; or chloroprene.

It will also be apparent to one skilled In the art that the processing conditions presented
here are with respect to one embodiment of the invention. The invention encompasses
those processing parameters 1.e. temperature, pressure, time, that allow for subcritical

temperature processing of rubber with a solvent that includes water.

The reaction temperature may be from about 150°C to about 300°C. The reaction
temperature may be more preferably from about 200°C to about 285°C. The reaction

temperature may be most preferably from about 250°C to about 285°C.

The reaction pressure 1s substantially higher than the saturated vapour pressure of the
solvent at the reaction temperature. The reaction pressure may be provided by over-
pressure of an Inert gas. The over-pressure of the Inert gas 1s added to the saturated
vapour pressure of the solvent at the reaction temperature to provide the reaction
pressure that is substantially higher than the saturated vapour pressure of the solvent at
the reaction temperature. The over-pressure provided by the inert gas may be between
about 5 psi to about 4500 psi. The over pressure may be more preferably between
about 100 psi to about 3500 psi. The over pressure may be most preferably be between
about 500 psi to about 1500 psi.

The reaction time required depends upon the final product that 1s desired, the reaction
temperature, and reaction pressure. The reaction times may be between about 2 an

hour to about 24 hours. The reaction time may be between about 3 hours and about 12

hours.

The particle sizes of the vulcanized rubber may range from about 0.1mm to 8mm. The
particle sizes of the vulcanized rubber may range from about 1mm to Smm The
vulcanized rubber particles may be passed through one or more sieves or separators,

which may have a mesh size of from 2 — 100. The mesh size may range from 3 — 18.
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While the invention has been described according to what Is presently considered to be
the most practical and preferred embodiments, it must be understood that the invention
IS not limited to the disclosed embodiments. Those ordinarily skilled In the art will
understand that various modifications and equivalent structures and functions may be
made without departing from teachings of the current description. For example, the
pressure has been described as being provided by an over-pressure of an inert gas;
however it may also be provided hydraulically by using hydraulic pumps to create the
excess pressure by Injecting additional solvent or rubber into the reactor. Therefore, the
Invention as defined In the claims must be accorded the broadest possible interpretation

IN view the teachings of the current description, and not just the specific examples.
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CLAIMS

1. A method of converting vulcanized rubber comprising:

heating in a reactor the vulcanized rubber and a solvent to a reaction temperature
below 285°C ;

providing a reaction pressure in the reactor that is higher than a saturated vapour
pressure of the solvent at the reaction temperature, the reaction pressure
provided in part by an inert gas over pressure of at least 300 psi; and

maintaining the reaction temperature and the reaction pressure for a reaction
time sufficient to break at least a portion of crosslinks of the vulcanized
rubber, wherein bulk devulcanization of the vulcanized rubber occurs when
the reaction temperature and reaction pressure are maintained for the

reaction time.

2. The method of claim 1, wherein maintaining the reaction temperature and the reaction

pressure for the reaction time reduces an amount of depolymerisation that occurs.

3. The method of claim 1 or 2, wherein the vulcanized rubber is more than 90%

devulcanized.

4. The method of claim 3, wherein the vulcanized rubber is substantially devulcanized
after maintaining the reaction temperature and reaction pressure for the reaction

time.

5. The method of claim 4, wherein substantially no depolymerisation occurs.

6. The method of claim 5, wherein a product produced by maintaining the reaction
temperature and reaction pressure for the reaction time comprises a rubber
hydrocarbon having a molecular weight that is similar to a molecular weight of a

rubber hydrocarbon of the vulcanized rubber prior to vulcanization.
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7. The method of claim 5 or 6, wherein rheological properties of a product produced by

maintaining the reaction temperature and reaction pressure for the reaction time are

similar to rheological properties of the vulcanized rubber prior to vulcanization.

8. The method of claim 7, wherein the rheological properties are measured on a

rheometer and comprise an elastic component of viscosity (G') and a viscous

component of viscosity (G").

9. The method of any one of claims 1 to 8, wherein the solvent is a mixture of water and

an organic soivent.

10. The method of claim 9, wherein the organic solvent comprises alcohol.

11. The method of claim 9, wherein the organic solvent consists of alcohol.

12. The method of any one of claims 1 to 8, wherein the solvent comprises water.

13. The method of claim 12, wherein the reaction temperature is between about 150°C
and about 285°C.

14. The method of claim 12, wherein the reaction temperature is between about 200°C
and about 285°C.

15. The method of any one of claims 12 to 14, wherein the reaction pressure is between

300 psi and 4500 psi higher than the saturated pressure of the solvent.

16. The method of claim 15, wherein the reaction pressure is between 500 psi and 1500

psi higher than the saturated vapour pressure of the solvent.

17. The method of any one of claims 1 to 16, wherein the inert gas comprises nitrogen.
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18. The method of any one of claims 1 to 17, wherein the pressure is provided in part

hydraulically.

19. The method of any one of claims 1 to 18, wherein the vulcanized rubber is from

used tires.

20. The method of claim 19, wherein the used tire is shredded to produce pieces of

vulcanized rubber having a particle size between about 0.1mm and about Smm.

21. The method of claim 20, further comprising shredding the used tires.

22. The method of claim 21, further comprising:

mixing a product produced by maintaining the reaction temperature and reaction
pressure for the reaction time with virgin polymer; and

vulcanizing the mixture of the product and virgin polymer.

23. The method of any one of claims 1 to 22, further comprising purging air from the

reactor prior to heating.

24. The method of any one of claims 1 to 23, further comprising washing and drying a
product produced by maintaining the reaction temperature and reaction pressure for

the reaction time.

25. The method of any one of claims 1 to 24, wherein the vulcanized rubber comprises:

ethylene propylene diene monomer (EPDM);
styrene-butadiene rubber (SBR);

natural rubber:;

butyl rubber;

nitrile rubber;

chlorinated butyl rubber; or

chloroprene.
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