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Abstract: This review deals with the technologies of limonene production from waste tyre pyrolysis.
Thermal decomposition is attractive for tackling the waste tyre disposal problem, as it enables both: energy
to be recovered and limonene to be obtained. This material management recycling of tyres is
environmentally more beneficial than the burning of all valuable products, including limonene. Given this
recoverability of materials from waste tyres, a comprehensive evaluation was carried out to show the main
effect of process conditions (heating rate, temperature, pressure, carrier gas flow rate, and type of volatile
residence and process times) for different pyrolytic methods and types of apparatus on the yield of
limonene. All the results cited are given in the context of the pyrolysis method and the type of reactor, as
well as the experimental conditions in order to avoid contradictions between different researchers. It is
shown that secondary and side reactions are very sensitive to interaction with the above-mentioned
variables. The yields of all pyrolytic products are also given, as background for limonene, the main product
reported in this study.
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1. Introduction

We have reviewed all the publications related to the pyrolysis of used tyres and rubber waste that we
were able to access in order to extract information on reactor design, operating principles, technological
procedures and mass yields of pyrolytic products, i.e., 0il, gas, residual solids and their proportions. The
comparison of those results and type of reactors were compered elsewhere [1]. However, even in these
publications, due to limited scope, we were unable to include considerations of limonene. The issues relating
to limonene not treated in [1] are therefore examined in the present paper.

Limonene and other monoterpenes are widely used in the production of resins, gums, lacquers, printing
inks and perfumes. Notably, 30,000 tons of a- and f-pinenes are used every year in the perfumery, cosmetics,
food and pharmaceutical industries alone. The demand for monoterpenes is therefore great, so for
researchers and technologists they are also an important object of study.

Although limonene is used directly as a natural aroma in essential oils or perfumes, its main value is as
a precursor for the chemical synthesis of its oxidized derivatives, usually compounds with the same carbon
skeleton as limonene. The main oxygenated derivatives of limonene are menthol, carvone, carveol, a-
terpineol, limonene oxide, perillyl alcohol; because of their medicinal properties, they are generally more
expensive than limonene itself. Limonene, and its derivative perillyl alcohol in particular, are used
preventively and therapeutically in oncology, as they inhibit the growth of liver, skin, breast, lung, pancreas,
colon and prostate cancers [2-6]. The nature of this effect is based on three mechanisms: a) modification of
p21 ras Oncoproteins, which are responsible for the intracellular transmission of signals of tumor cell division;
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b) inhibition of the synthesis of coenzyme Q, in the absence of which tumor cells are easier to break down
oxidatively; and c) activating the expression of transforming growth factor-g [7-11].

In addition, compounds such as limonene and pinene may be excellent starting materials for the
industrial synthesis of many other valuable compounds, the production costs of which are much lower than
when they are manufactured from basic materials, such as the distillation products of crude oil [12,13].
Menthol, a derivative of limonene, which is known for its flavor qualities and being an excellent anesthetic,
used to alleviate irritation of the mucous membranes and in the supportive treatment of colds, is more than
30 times more expensive than limonene [14]. The properties of d-carvone resemble those of menthol: it, too,
stimulates the nervous system, and in addition, can inhibit the sprouting of stored potatoes.

The hydrophobic properties of monoterpenes enables them to be used in, for example, the non-invasive,
natural dissolution of gallstones [7]. Para-cymene, formed by the dehydrogenation of limonene, is also a very
important intermediate, used in the production of p-cresol. All of these compounds, together with limonene
and its oxidized forms, are components of essential oils and are used as flavors or aromas in the food,
perfume and cosmetics industries [12,15]. In addition, the highly reactive limonene oxide is a raw material
for the synthesis of the more complex compounds necessary for the production of drugs, plastics, etc. [12,16].

2. Properties and Characteristics of Limonene

2.1. Chemical Structure of Limonene

Limonene is classified as a cyclic monoterpene [17] with the chemical formula CioHis and the IUPAC
name 1-methyl-4-(1-methylethenyl)-cyclohexene. Its common name derives from lemons: limonene is
present in the skins of these fruit and is responsible for their distinctive smell. It is derived from isoprene
and is present, together with other terpenes, in the oil obtained from the pyrolysis of polyisoprene, or natural
rubber, the main component of truck tyres. Limonene is a chiral compound, i.e., it has an asymmetric center
in which the carbon atom is linked to four different substituents (Figure 1). This property determines the
formation of its two optical isomers: dextrorotatory d or (+) limonene (citrus, cumin, celery) and levorotatory
I or (-) limonene (mint oil, conifer trees). Limonene also occurs as a racemic mixture known as dipentene
(camphor, bergamot) [15].

R (+)-limonene S(-) limonene

CHs

-

H.C

CHs +/- limonene (dipentene)

Figure 1. Structural formulas of limonene and its enantiomers.

The more common isomer—d-limonene—smells strongly of citrus fruits and has antioxidant,
antibacterial and anti-cancer properties. Used in chemical synthesis as a precursor of carvone and as a
renewables-based solvent in cleaning products, it has an annual production of about 73,000 tons, mainly by
extraction from the skins of citrus fruits.

The less common Il-isomer of limonene is found in mint oils and has a piney, turpentine-like odor.
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Bicas et al. [18] studied the biotransformation of d-limonene into d-a-terpineol with a floral scent, used
in soaps, cosmetics and fragrance formulations. The fungi and molds Cladosporium sp. [19], Pseudomonas
gladioli [20] and P. digitatum [21] are used in its biotech production.

At higher concentrations, limonene, and especially its oxidized forms, are allergens, irritating the skin,
mucous membranes and eyes. It is therefore subject to registration: it must be included on the INCI
(International Nomenclature of Cosmetic Ingredients) list when the concentration of limonene >0.01% in
rinseable products and >0.001% in products that remain on the skin.

Limonene, as mentioned in the introduction, is widely used in the perfumery, cosmetics, food and
pharmaceutical industries alone. In addition, it is a precursor for the synthesis of many other organic
compounds, such as menthol, carvone, carveol, a-terpineol, limonene oxide, perillyl alcohol, which, due to
their aroma and medicinal properties, are generally more expensive than limonene itself. Technical limonene
(a mixture of d and 1 limonene), together with other terpenes, is also an excellent solvent used in the plastics,
paints, and varnishes, automotive and construction industries.

2.1. Physical Properties of Limonene

Limonene is a colorless, flammable and toxic liquid with a characteristic smell of lemons. It has
the following physical properties: melting point: =74.35 °C, boiling point: 176 °C, vapor pressure: 300
hPa at 50 °C and 2.1 hPa at 20 °C, flash point: 43 °C (DIN 51758), auto-ignition temperature: 225 °C,
std. enthalpy of combustion:-6.128 MJ/mol, upper and lower explosion limit in air: 0.7 vol.% and 6.1
vol.%, density: 841.1 kg/m3; insoluble in water, but miscible in alcohol, benzene, chloroform, ether,
CSz and oils soluble in CCls [22].

3. Thermal Breakdown Mechanism of Natural Rubber

Pyrolysis is the thermal anaerobic decomposition of organic compounds into less complicated ones with
lower molecular weights. The products of gaseous pyrolytic decomposition include mainly short-chain
hydrocarbons, along with CO, CO: and H>, longer-chain aliphatic and aromatic hydrocarbons, which make
up the main component of the oil fraction, and a solid residue—mainly char and ash.

Natural rubber is a polymer consisting of chains of isoprene molecules. By the scission of these chains
of polyisoprene and the tendency of the polymer radicals to form hexahydric ring compounds, limonene is
one of its thermal decomposition products (Figure 2). In addition to the primary product—the limonene
dimer—the pyrolysis of isoprene also generates monomers of isopentene, which via the Diels-Alder
cyclization reaction, are a secondary source of dl-limonene (Figure 3) [23] or [24].
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Figure 2. Mechanism of the pyrolytic decomposition of natural rubber to limonene and isoprene monomers
[23].
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Figure 3. The second pathway of limonene formation from isoprene monomers via the Diels- Alder reaction.
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Figure 4. Mechanism of the pyrolytic decomposition of natural rubber (polyisoprene) to propylene and its
isomerization into limonene [25].

A very similar mechanism of limonene production, namely the depolymerization of polyisoprene,
cyclization of the resulting dimer radicals, and their two-step pyrolytic isomerization, is shown in Figure 4
[25]. The significant increase in the number of road vehicles worldwide means that the disposal of waste
tyres has become a serious pollution problem. Since the calorific value of rubber and soot from tyres is higher
than that of coal, it would seem reasonable to make use of their high energy potential by combusting them
in industry, e.g., in cement works, brickworks, glassworks or porcelain factories. But the burning of tyres is
environmentally harmful inter alia because of the sulfur they contain: the sulfur oxides (SOx) and other
harmful contaminants like NOx or VOCs emitted in the exhaust gases pollute the air. Likewise, the
combustion of high-molecular-chain organic compounds that could otherwise be recycled into monomers
and re-polymerized into new products is neither environmentally friendly nor economical. However, the ab
initio synthesis of monomers for the manufacture of such products is less cost effective and more energy
intensive than any gain made from the combustion of these polymers contained in tyres. The latter argument
also applies to limonene, whose pyrolytics production from used tyres can be competitive and
environmentally friendlier than other methods.

4. Classification of Tyre Pyrolysis Technology

As stated above, pyrolysis is a process in which organic substances are decomposed to lower-molecular
weight products, liquids or tars, chars [26] and small amounts of gases (volatiles). Materials are heated in a
reducing or non-oxygen environment, usually at a low (<400 °C), medium (400-600 °C) or high temperature
(>600 °C). Various attempts have therefore been made to reduce the energy consumption of tyre pyrolysis
[27-31]. The required thermal energy can be supplied in several ways, divided into two main categories:
conventional (internal —partial combustion of the load, external —electrical resistance or flame [32,33]) and
non-conventional (microwave [34-39], ultrasonic [40-46], plasma [47] and supercritical water [48-51] or
carbon dioxide [52,53]).

To date, only four of the possible pyrolysis techniques with conventional (internal or external) heating
for large-scale applications have been employed: gas—solid pyrolysis at temperatures of 450-500 °C
([27,54,55]), vacuum pyrolysis (<450 °C, [56-60]), liquid-solid pyrolysis (400-500 °C) [61] and catalytic
pyrolysis (300-600 °C) [62-68]. Generally, pyrolysis leads to the total recovery of mass as solid (non-volatile
material), liquid (condensable fraction) and gaseous (non-condensable fraction) products. The gas phase
consists mainly of aliphatic hydrocarbons, hydrogen and hydrogen sulfide; the liquid phase contains
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primarily aromatic hydrocarbons; and the solid residue consists of steel, carbon black and unreacted organic
matter (char) [69]. These three products are always obtained, regardless of apparatus, heating source,
operating temperature and heating rate. The usual aim in all research is to enhance yields of the liquid
products, rich of limonene, and to control product characteristics.

4.1. Vacuum Pyrolysis

The vacuum pyrolysis of waste tyres was first performed and described by Benallal et al. [70] At a
maximum temperature ¢ = 500 °C, an absolute pressure p = 13 kPa and a feed rate of 19 kg/h of cylindrical
particles from cross ply tyres (h =12 mm, d = 6 mm), they obtained ca 50% of hydrocarbon oil, 25% of carbon
black, 9% of steel fibers and 5% of gases. The pyrolytic oil was distilled into four fractions: light (boiling
range t < 160 °C; ca 20%), average (t = 160-204 °C; ca 6.8%), heavy (¢ = 204-350 °C ca 30.7%), and a residue (¢
> 350 °C; ca 42.5%).

Vinylcyclohexane I J
P C:H;
Partially racemised 4
limonene /

./'//

Xylene
\ / . CH4

L]
. \ /
——
Biallyic- Allo-ocime
Limonene Diradical Examples of Aromatic Formation 3-methylbenzene

Figure 5. Mechanism of secondary limonene conversion (thermal degradation) into other aromatic derivatives
of BTX (benzene, toluene, xylene). [23].

Vacuum pyrolysis, a novel approach to the low-temperature and reduced-pressure decomposition of
organic compounds, has several advantages in comparison with atmospheric gas—solid pyrolysis. The most
important is the shorter residence time of the liquid fraction in the reactor, which reduces the occurrence and
intensity of secondary reactions in accordance with the mechanisms shown in Figure 5.

Another advantage is the higher yield of oil, and therefore of limonene. Temperature, pressure and
organic vapor residence time in the pyrolizer are three important factors influencing the formation of
pyrolysis products and their composition [70,71].

Further studies of vacuum pyrolysis of automobile tyres by Roy et al. [56-81] were conducted at a
pressure of p < 10 kPa and over a temperature range of t = 480-520 °C. As a result, they obtained ca 47% of
oil, ca 3% of gas, ca 39% of carbon black and ca 10% of steel wire residue.
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Subsequent research into vacuum pyrolysis of tyres addressed the following aspects:

- the development of technologies for obtaining an active carbon black with reduced ash content and
parameters similar to N-600 or N-700 carbon black, used as a filler in the tyre industry; char, the
equivalent of activated carbon, which can be used as an adsorbent, catalyst, filler of PCV and other
plastics, the raw material for the production of pigments for paints, varnishes and inks, and also a
component of bitumen (5-15%);

— the application of pyrolysis oil, which can be added to gasoline (light fraction), used as a plasticizer
in rubber mixtures (medium fraction) and as the raw material for the production of coke and asphalt
(heavy fraction),

- finding a method of carrying out pyrolysis in order to increase the proportion of limonene in the
oil, for example, by the addition of catalysts (Na2COs, NaOH [23]). The possibility of obtaining
limonene from tyre pyrolysis has proved to be so interesting that many publications have already
been written on this topic, including the present article.

4.2. Gas-Solid Pyrolysis

In this system, pyrolysis involves the thermal decomposition of comminuted tyres in an atmosphere of
inert non-oxidizing gas (nitrogen, helium, hydrogen, CO, argon [82], exhaust or recycled pyrolysis gas). This
gas prevents the pyrolizer content from burning and intensifies heat transfer. Gas—solid contact has been
studied by many researchers, who have put forward different reactor technologies: fluidized bed, rotary kiln
reactor, screw conveyor kiln reactor, fixed counter flow bed reactor, retort reactor [54,71,83-87].

The amount of oil obtained is inversely proportional to the temperature, residence time and inert gas
pressure. When hydrogen is the inert gas, the oil is simultaneously hydrogenated. With other non-reactive
gases, it was found that their kind and the pressure does not greatly affect the process, which takes place
quickly and efficiently.

Paper [88] describes pyrolytic tyre decomposition in the temperature range ¢ = 350-700 °C in the
presence of N, as a result of which ca 52% fraction of oil, ca 38% of char and ca 10% of gaseous products
were obtained. The highest yield of oil was obtained at t = 560 °C, its main components being aromatic and
aliphatic hydrocarbons and compounds containing hydroxyl groups. The gaseous fraction contained Hz, CO,
CO2 CHs, C2Hs and C2Hy; the char, mainly coke, can be activated or used for the production of briquettes.

Papers [89,90] describe the pyrolysis of whole tyres in nitrogen at atmospheric pressure and at
temperature t = 300-700 °C. The gaseous products contained light hydrocarbons (Ci-C4), CO, CO2 and H-S,
the liquid fraction contained a mixture of heavier hydrocarbons Cs-Cz, predominantly aromatics (approx.
75%), and the solid fraction contained carbon black, steel cord and ash. Distillation of the liquid fraction
yielded light petroleum oil (20%, boiling point tw < 160 °C), gasoline (10%, tw = 160-204 °C) and the oil
equivalent of diesel fuel (35%, tw = 204-350 °C. The yield of aromatic (toluene, benzene, xylene, biphenyl,
naphthalene) and polycyclic hydrocarbons in the liquid fraction initially increased with rising pyrolytic
temperature, but at temperatures ¢ > 500 °C, began to decrease.

The atmospheric pyrolysis of shredded tyres in helium was studied by Zabaniotou and Stavropoulos
[91], who focused mainly on the energy use of the gaseous products and the processing of char in activated
carbon with a surface area of 1100 m?/g.

4.3. Liguid—Solid Pyrolysis

Liquid-solid pyrolysis, otherwise known as “thermolysis”, involves thermally degrading whole tyres
immersed in a solvent medium at 360-380 °C in an inert atmosphere of nitrogen. The solvent is a heavy oil
which dissolves the oligomers formed during thermal devulcanization and depolymerization. The
decomposition products in this liquid mixture at room temperature appear as an oil-carbon-black
suspension. This thermolysis, applicable to both sulfur-vulcanized and peroxide-crosslinked rubbers, was
explored for tyres by Bouvier et al. [61,92]. An aromatic oil has proved useful for the thermal degradation of
styrene-butadiene rubber, but a paraffin oil gives better results for ethylene-propylene-diene rubber. Overall,
the solvent oil used should be thermally stable, chemically compatible with the degradation products and
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inexpensive, and its vapor pressure must be low so that thermolysis can proceed at a pressure close to
atmospheric [61].

Liquid-solid pyrolysis in a nitrogen atmosphere can also be maintained in the temperature range t =
260-430 °C in the presence of a hydrogen donor such as tetralin. The introduced hydrogen can attach to the
free radicals released during the thermal degradation of rubber block macromolecules, thereby inhibiting
the secondary agglomeration and recombination reactions which lead to coking. The studies described in
[69,91] yielded a gas fraction (Ci-Cs olefins and paraffins), a liquid fraction (hydrocarbons with a molecular
weight of 118-300 g/mol) and ca 34% char less than in conventional pyrolysis. The advantage of this type of
pyrolysis is the higher proportion of the liquid fraction and the lower process temperature.

A modification of liquid-solid tyre pyrolysis is to replace the oil solvent with water [48,49-51] or
supercritical carbon dioxide [52,53]. This hydrous pyrolysis performed at high temperatures (250-400 °C)
and pressures (4-22 MPa), sometimes self-generated by gaseous products [51], yields the following fractions:
water, gas, oil (ca 70%) and solid residue (ca 30%). In water, the thermal degradation of rubber gives greater
yields because its supercritical state temperature and dielectric constant are higher than those of CO: (Figure
3), and also because of its nucleophilic character.

When the pyrolysis is carried out in supercritical COz, the temperature is lower and so is the degree of
degradation of the tyre, but the proportion of liquid hydrocarbons to char is still better than in the case of
vacuum pyrolysis or when the process is carried out at atmospheric pressure [93].

4.4. Catalytic Pyrolysis

Polymeric organic materials in tyres decompose faster in the presence of a catalyst than during thermal
degradation. The use of a catalyst in water tyre pyrolysis enables heavy hydrocarbons to be cracked into
lower molecular pyrolytic oils. A wide range of catalysts (Friedel-Crafts catalyst, zeolites Y, ZSM-5
([62,63,94]) and HY and HZSM-5 ([67]), MgO/CaCOs ([65]), Na2COs/NaOH ([23]), acidic solids, and
bifunctional solids) are employed for this purpose [62-64,95,96]. Larsen tested the catalytic cracking of waste
rubber (scrap tire) by using molten salts of ZnClz, SnClz, and Sbls (Lewis catalysts) at 380-500 °C [97]. The
yields of oil (38-78%), gas (10-17%) and solid residues (45-49%) were similar to those obtained by thermal
decomposition [51].

The influence of zeolite HY and HZSM-5 in tyre pyrolysis on the yield of limonene, among other
compounds, is described in [67]. Type Y and ZSM-5 zeolites as well as acidic crystalline aluminosilicate with
a high ion exchange capacity, facilitate the cracking and isomerization of C-C bonds in hydrocarbons, and
are therefore commonly used in these reactions.

Tyre pyrolysis in a fixed bed reactor with a type Y catalyst at ¢ = ca 500 °C increases the gas yield but
reduces the oil yield compared with conventional pyrolysis. However, this oil contains a significantly higher
concentration of aromatic compounds (24% toluene, 5% benzene and ca 27% xylenes). An even higher
percentage of aromatic compounds in oil was obtained with a ZSM-5 catalyst: this is because this zeolite has
a higher Si: Al ratio, a lower acidity and smaller pores than zeolite Y [63,71,98].

5. Analysis of the Literature with Respect to Limonene Yield

D-limonene on an industrial scale is extracted from the citrus rind, especially in Florida (USA) and
Brazil. The oil (with a limonene) is extracted is from the waste part of fruits, which are separated after the
juice production. D- limonene is used in cosmetics and cleaning products, and demand on this component
is still growing, with projections showing that it could be as much as 70%, increasing from 2011 to 2021.

In this article the alternative way of limonene potential production is reviewed; pyrolysis of waste tyres
could be a source of D- limonene, which is a component of oil fraction. This method could be a
complementation of currently used technologies and, what is more, will be of economic value in pyrolysis
in the used tyres industry.

Due to the restricted scope of this paper, the drawings of reactors in the cited works are omitted here,
especially that they can be accessed in [1]. In addition, Table 1 summarizes the reasoning underlying the
analysis of the optimal parameters of limonene production (temperature, pressure, heating rate, residence
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time of gaseous products in the reactor, particle size of rubber waste, etc.) for all the results of the various

authors cited in this study.
The more detailed analysis embraces just a few of the most characteristic publications relating to

limonene production.
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Table 1. Literature data parameters of batch bed reactors for the pyrolysis of spent tyres and rubber materials.
Concentrations of Limonene in . .
Ref. Scale 0il% Tec/ Pyrolytic Oils Type of Tyre/ Matenal Particle Type of Reactor
p kPa o Size
()
Vacuum
57.5 500/12 2.6 (D014) car tyres granules > 2.7 cm? semi-continuous
56.5 500/13 1.6 (HO18) track tyres <3.8 cm? horizontal, pilot
40.9 510/10 0.8 (H036) -1l -1 -11-
[56] LSE 53.7 431/12 3.6 (HO045) -11- -11- -1
60.0 480/13 3.3 (A120) -11- -11- batch, 1 dm?
43.4 440/13 3.3 (A121) -11- -11- -1l
90.3 500/28 9.8 (G45) polyisoprene 2 cm? batch, 15 dm?
semi-continuous
[57] P 550  226—510/1.0 14.92 shredded irzorsjrr}:)l yres (&= pravitational batch
transport
97.3 500/0.8 16.6
[58] T 90.3 500/28.0 11.9 pure polyisoprene 2 cm? batch reactor V =
62.2 500/0.8 5.0 polyisoprene rubber 2 cm? 15000 cm?
61.7 500/6.4 42
[70] P 50 500/13 6.9 cylindrical particles semi-continuous’rake
h=12mm; d=6 mm conveyor pyrolizer
Gas—Solid
fluidized bed
99 64.3 425 19.3
591 L tyres 3 g/min (35 g of sand) CSBR (conical
55.9 600 >1
spouted bed reactor)
30.48 425 23.93
a.30 500 16.94 fluidized bed
[100] L ' ' 0.63-1 mm (2 g of sample) CSBR (conical
ca.29 550 13.59 ted bed reactor)
23.70 610 6.34 spotted bed reacto
42.6 450 9.0
— 2 1 1
[101] L 50.0 570 46 1-3 cm? pieces fixed bed
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451(1)2 ggg size 0.32 mm,
. i 0. fluidi
[102] 500 500 (RT=1s) 23.9% peak area in oil size 0.8 mm uidized bed
48,7 500 (RT =3 ) No data (circulating)
463 500 (RT=5s) No data
37.8 450 6904 mg/kg tyre gas N2
10.9 750 165 mg/kg = 1.5 L/min
<0.01 1000 - - . . -
[103] 5.7 450 4138 mg/kg tyre Na+ 10%0% particle size 4 mm fixed bed
13.1 750 1045 mg/kg ~ 1.5 L/min
<0.01 1000 - -
area (sum of
52 425 50.8 % . .
55 475 50.86 peak for tr= particle size
[25] 51 55 24.84 30.71, 30.90, 4 cm?® (optimal from the fixed bed
’ 30.97 and 31.03) viewpoint of oil yield)
49 575 21.24 in pyrolysis oil
4.8 300 21.07% limonene in oil
24.8 400 8.22 -11- rticle siz
[89] 38.0 500 5.12 -1 B e fixed bed
38.2 600 3.19 -1-
38.5 700 3.29 -1-
3.6% in oil
in oil fraction: fixed bed (with and
[85] 571 570 <100 °C: 1.5%/imps 6.8% particle size without packing
' 100-150 °C: 1.1%/imps 2.9% 1.04.0 mm glass impingers—
150-200 °C: 0.7%/imps 5.9% imps.)
>250 °C: 0.5%/imps 5.6%
485+2 425
51+1.5 475
[104] a7 : 15 55 11.1% peak area in oil particle feed size 4 cm? fixed bed
43+2.1 575
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46 475 10.95% peak area in oil bicycle 4 cm?, fixed bed
[105] 49 475 29.54 -1 - motorcycle -1 |-,
55 475 50.86 -1 1- truck -1 -
[87] 34-46 500-550 3—4% peak area in oil 12 kg of particle size 2-6 mm fixed bed
[106] 58.1 450 3.1 3 kg of particle size 3 x 1.5 fixed bed
53.1 600 25 cm
27.20 350 7.17 (5 K/min)
43.50 550 6.88 (5 K/min)
22.59 350 4.67 (5 K/min)
43.43 550 6.70 (25 K/min)
[107] 43.70 450 7.14 (15 K/min) tyre fixed bed
11.97 309 2.10 (15 K/min)
45.84 591 6.49 (15 K/min)
39.60 450 4.14 (0.86 K/min)
44.90 450 7.62 (29.14 K/min)
[108] 55.0 850 21.58% (5 K/min) tyre crumbs fixed bed
[108] 25.0 850 5.12% (6 K/min) tyre crumbs rotary oven
58.4 425 21.82
[109] 58.2 475 24.29 waste truck tire 2.8-3.3 mm CSBR
54.0 575 8.29 (dl limonene)
38.29 500 6.65
[110] igiz ggg ZZZ tyre fixed bed
29.78 800 4.16
326.56 2411(1) éz } one experiment auger fluidized bed
332'-68 ggg ié } one experiment auger fluidized bed
[111] 342'-03 ggg gg } one experiment (two staényrolysis) auger fluidized bed
3%?8 gi’z iz ]' one experiment auger fluidized bed
35 OOO ggg ig } one experiment auger fluidized bed
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1.6 229 - .
48.0 506 70 } one experiment
[112] 3.5 334 1.5 } one experiment tyre . auger fluidized bed
44.6 511 4.1 (two stage pyrolysis)
5.0 454 2.5 .
1 516 35 } one experiment
[113] 100 200 6.02% truck tire merowaver
induced
51.0 650 11.11 light tyres .
[114] 455 750 21.22 (20 K/min) mecghur;y tyres batch pyrolysis
63.5 750 12.75 heavy tyres reactor
fixed bed
[115] 5406-66 475 ggi Tube and shell bubbling fluidized
580 8.39 condenser bed
CSBR
. fixed bed
[115] :?:; 475 ; .'193 ?;‘;g:i:e‘rg bubbling fluidized
bed
IW/g 9.3
[116] 23.4 15 W/g 9.83 tyre (d = 0.6 mm) microwave oven
24 W/g 9.16
36 10 min 8.61 .
[117] 44 20 min 9.92 tyre mlcmv;ggev\(;ven 0-
45 30 min 9.83
Without inert gas
43.0 450 5.440
[118] 45.1 500 1.883 shredded scrap mechanical
44.6 550 0.419 tyre with particle sizes of 13- (continuous rotary
42.7 600 0.122 15mm kiln)
429 650 0.070
Vacuum and catalyst
329 450/3.5-4 11.97 without catalyst 100 g tyre granules with 3 .
(23] 2.1 500/3.5-4 11.73 e N COror NaOH fixed bed
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47.1 550/3.5-4 472 -11-
- 500/10 7.8 -1
48.1 500/3.5-4 11.95 with NaOH
42.0 500/3.5-4 12.39 with Na2COs
Catalyst and inert gas
46.97 500 1.27 (1)/25.53 (d) without
[67] 38.76 500 0.62 (1)/7.72 (d) HZSM-5 granulate of used tyres conical spouted bed
11.09 500 0.0 (1)/3.86 (d) HY
57.9 380 108.8 mg/gsample without
[95] 79.8 480 1205 -11- Y-zeolite pieces of cut rubber gloves fixed bed
35.5 380 09 -lI- with measuring 1 cm?, 200 mL/min N2 flow
46.1 480 22 -ll- Y-zeolite
55.8 500 3.6 without catalyst
ca 48 500 =0.05 CBV-400 0.25 ratio . fixed bed 100 mm
ca 49 500 ~0.04 CBV-780 11 shredded tyrfn?f size 1014 Giameter 150 mm
[62] L ca 50 500 =2.0 ZSM-5 -11- L high, 200 g sample,
ca 45 500 ~0.01 CBV-400 0.5 ratio catalyst: 1 mm in diameter, 5 t;gle inertggas wis
cad5 500 ~0.02 CBV-780 11 mm in length nitrogen
ca 47 500 =0.2 ZSM-5 -1 -
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5.1. The Pyrocycling™ Technology as Exemplifying Limonene Production

The semi-continuous vacuum pyrolysis of shredded tyres, known as Pyrocycling™, was developed by
Pyrovac. The process, installation and relevant technological procedures are described in [56]. This paper
also discusses the optimum operating conditions for the production of dl-limonene and its separation from
the pyrolysis oil. The Pyrocycling ™ pilot plant is illustrated diagrammatically in [1,56,66,70,119]

The main element of the large-scale experimental vacuum pyrolysis unit is a 3-m long semi-continuous
reactor, with a diameter of 0.6 m. Two horizontal plates, each 0.35 m wide, are placed inside the tube of this
reactor, one above the other. Both are heated by eutectic molten salts, circulating countercurrently with the
feedstock through the tubes. Shredded tyres of granule volume <3.8 cm? or 2.7 cm?® (experiment DO14) are
fed at a rate between 21 and 42 kg/h and conveyed over both heating plates while being agitated using a
novel patented device [56]. At t =438-534 °C and at absolute pressure p <12 kPa, the tyres are pyrolyzed into
gas, gaseous light and heavy hydrocarbon vapors, as well as a solid fraction, mainly char, containing steel
cords and a small amount of ash.

The vapors and gases are sucked from the reactor and flow through two packed towers indirectly cooled
with tap water. Heavy oil, condensed in the first column, and light oil, condensed in the second one, are
collected separately in tanks. A ring liquid vacuum pump removes flammable gas from the installation and
compresses it in a storage tank. A more detailed description of the Pyrocycling™ installation, tested over
several years by Mirmirana, is given in his dissertation [119].

The technological parameters of the vacuum pyrolysis of tyres and polyisoprene are summarized in
Table 1. Car tyres (D014) and truck tyres (H018, H036 and H045) were processed in a semi-continuous pilot
plant reactor, whereas truck tyres (A120, A121 and A122) and pure polyisoprene (G45) were pyrolyzed in
periodic mode in two small batch reactors with respective capacities of 1 dm?® and 15 dm? [56,58,78].

The dl-limonene-rich oil fractions D014, HO18 and H036 were distilled in a 0.75 m long and 0.945 m
diameter glass column of capacity 0.3 m3, packed with a metallic material. The recovered naphtha fractions
were then once more batchwise distilled, but in a 5 x 10 m? capacity column with the following results for
the boiling point f» = 175-176 °C: 92% of the dl-limonene concentration (D014), 50% (H018) and 63% (HO036)

Analysis of the results of the Pyrocycling™ pyrolysis technology shows that the highest limonene yield
was obtained from natural rubber of truck tyres in procedure H045 (3.6%) (Table 1), or when the charge was
polyisoprene G45 (9.8%).

5.2. Pressure Effect on Vacuum Pyrolysis of Polyisoprene and Waste Polyisoprene Tyres

The vacuum pyrolysis technology described in [58] is a development of the technology described above
[56]. The pyrolysis was carried out in the same (G45) small vacuum pyrolizer (V =15 dm?). The charge was
natural rubber TTR-20—pure polyisoprene or truck and bus tyres—which contain >50% natural rubber. For
example, Goodyear TM 17,343 tyres contain 52.2% of pure natural rubber, 31.0% carbon black, 5.4%
butadiene styrene rubber (60% styrene), 4.4% oil (plasticizer), 1.6% ZnO, 1.1% stearic acid, 1.1% sulfur and
3.2% other components [58].

In this vacuum technology, milled tyre granules of medium size (2 cm?) were heated at a rate of 15
K/min from ¢ =25 °C to t = 500 °C. The pyrolysis was performed in a protective atmosphere of pyrolysis gas,
which was sucked from the pyrolizer under vacuum (p = 0.0008 MPa; 0.8 kPa) in the experiment designated
G42 for polyisoprene. The remaining experiments were the following: G47 (tyre, p = 0.0064 MPa), G58
(polyisoprene, p = 0.028 MPa) and G45 (isoprene). The vacuum in the plant was produced by a vacuum
pump. The pyrolytic oil was condensed in three series of radiator coolers at temperatures from ¢ = -15°C to
t = =78 °C. The blend of the three oil fractions was distilled at a temperature of ¢ = 240 °C at atmospheric
pressure, according to ASTM procedure D86 [58]. Two fractions were obtained as a result: petrol and oil.

The largest proportion of dI-limonene was contained in the products of the liquid vacuum pyrolysis of
polyisoprene. The concentrations of other products, mainly olefins and low molecular weight aromatic
hydrocarbons, increased with increasing pyrolysis temperature. The mechanisms of the thermal
depolymerization of polyisoprene into dimers and isoprene monomers and the formation from them of
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limonene and isoprene are described by the Diels-Alder reaction. Those papers also indicate how limonene
or other compounds decompose at elevated temperature or in the presence of oxidants [120-122].

Table 1 shows the effect of pressure on the proportions of the separate pyrolysis products, particularly
the yield of limonene in the vacuum pyrolysis of pure polyisoprene (natural rubber) or the products in which
it is dominant.

The yield of the naphtha fraction obtained from pure polyisoprene does not depend on the pressure of
its pyrolysis. In the case of polyisoprene rubber pyrolysis, however, this yield decreases with increasing
pressure, although the composition of the petroleum fraction obtained at p = 0.8 kPa and 28.0 kPa is similar,
as demonstrated by the results of the tentative characterization of the pyrolytic naphtha fraction at the initial
boiling point IBP 204 °C from the pyrolysis of polyisoprene (P) and polyisoprene rubber (PR) at various
pressures at t = 500 °C [58]. The results of GC-MS analysis for the retention time fr = 22.16 [min]
corresponding to dl-limonene, expressing the yield as a percentage area, are as follows: 54.64 for
polyisoprene (P) and p = 0.8 kPa and for polyisoprene rubber (PR) 31.4 (p = 0.8 kPa) and 31.22 (p = 6.4 kPa).

The light fraction of oil-derived vacuum pyrolytic contains significant amounts of valuable dI-limonene.
The concentration of this compound increased with decreasing pyrolysis pressure. The rest of this fraction
consists mainly of aromatics and branched olefins.

5.3. Temperature Effect on Vacuum Pyrolysis of Crushed or Whole Tyres

This section discusses further research by Roy, Chaal and Darmstadt, who this time carried out on a
more in-depth study of the effect of temperature on the pyrolysis of different types of tyres and of varying
degrees of fragmentation. The research was carried out in a pyrolizer previously described by Pyrocycling™
technology [56,58,59,78].

Larger pieces of chipped tyres and whole tyres were thermally degraded in a periodic pyrolizer. After
being loaded, it was closed and heated at a rate of 10 K/min. In experiment H20, the raw material consisted
of comminuted car tyre fragments (size 100 x 120 mm, total weight 158 kg); in H21 it also comprised car
tyres, but with a silica filler (total weight 80 kg); while in H22 it was crushed truck and bus tyres (ca 100 x
120 mm, 180 kg).

Test results [123] from experiment H18 were obtained on a ca 20 x 30 mm granulate obtained from car
tyres that were degraded in a continuous, electrically heated pyrolizer.

Vacuum pyrolysis yields of oil from different feedstocks, e.g., car or truck tyres with or without a silica
filler, and the mass balances for the experiments were: 56% (H18, p =10 kPa, t = 550 °C), 45% (H20, p =7 kPa,
t =520 °C), 47% (H21, p =7 kPa, t = 500 °C) and 43% (H22, p = 6 kPa, t = 483 °C) [59]. These results are not
listed in Table 1 because they are not directly related to limonene yield.

The yields of oil summarized above are consistent with previous work [60] and studies of the influence
of pressure and temperature [78]; they confirm that the oil yield is higher from vacuum than from
atmospheric pyrolysis, whereas the char and gas yields are smaller [106] and, in addition, undesirable
reactions of the secondary decomposition of valuable compounds such as dl-limonene are limited.

The calorific value of the oil fraction (ca 44 MJ/kg) is higher than that of the tyre itself (33 MJ/kg) and
the char (28 MJ/kg of bituminous coal or 30 MJ/kg of technical soot), which together with the low ash
(<0.005%) and sulfur contents (0.8-1.5%) allows this fraction to be used as fuel or diesel oil [124]. However,
limonene is more expensive than diesel fuel, so combustion of the latter without prior limonene separation
is unprofitable.

The pyrolytic oil can be distilled into different fractions. In [59] the following, sometimes overlapping,
oil fractions were studied: IBP —204 °C, >204 °C, 240-450 °C, >350 °C and >400 °C.

The fraction with IBP =204 °C, distilled up to 160 °C, is similar to the light naphtha fraction produced
from petroleum. Chromatographic analysis showed this oil fraction to consist of 45% aromatics, 22% olefins,
15% isoparaffins, 1% n-paraffins, 7% naphthenes and 10% high molecular-weight hydrocarbons and
heterocyclic compounds [59,70]. Only this fraction, which constitutes ca 26.8% of the pyrolysis oil yield [123],
contains 31.2% to 54.6% [58]) of limonene.
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5.4. Pyrolysis technology in PDU

This is another vacuum pyrolysis technology, studied over a wide range of temperatures by Pakdel,
Roy and colleagues [57]. They used the PDU (Pyrolysis Development Unit) installation as described in
Aubin’s doctoral dissertation [125].

The main component of this pilot installation is a semi-continuous vertical cylindrical pyrolizer
(diameter D = 0.7, height H = 2 m), with six heating zones that stabilize the horizontal layers of granules for
specific temperatures: f = 226 (highest layer), 295, 366, 404, 450 and 510 °C. The maximum temperature and
total pressure in the reactor were 510 °C (at the bottom of the pyrolizer) and 1 kPa, respectively.

Shredded cross-ply tyres (6-12 mm Tyler sieves) were dispensed and moved by gravity to the pyrolizer
through a double sluice. The feeding rate was 3.5 kg/h. The solid fraction was also drained from the bottom
through a double sluice.

The organic vapors (hydrocarbon gases and liquids) were sucked out of the reactor chamber by a
mechanical vacuum pump and condensed in a series of six condensers (H-I, H-II ... H-VI). The condensers
were installed in parallel at the reactor outlets, corresponding to the six reactor hearths. The remaining non-
condensed vapors and gases were collected in a train of receivers in the second stage of condensation C-I, C-
II ... C-IV. A mixture of the liquid fractions from the first and second condensing units was distilled under
atmospheric pressure up to 204 °C, to separate the naphtha fraction containing limonene. This yield of this
fraction represents 26.8% of the total pyrolysis oil.

On average, the process yielded 55% oil, 25% carbon black, 9% steel, 5% fiber residues and 6% gas.
Dipentene (Id-Limonene) made up 15% of the naphtha fraction, or 2.2% of the as-received tyres. Limonene
was definitively identified by co-injection of an authentic sample of dipentene (from Aldrich) and GC/FTIR
analysis. Polarimetric analysis of the purified >80% limonene sample also confirmed its racemic structure
[57].

Vacuum pyrolysis of spent tyres produces ca 55% of oil with a molecular weight range from a nominal
50 to 120 [55] and typically contains 20-25% of the naphtha fraction with a boiling point <200 °C. The naphtha
fraction typically contains 20-25% dI- limonene [56,126].

5.5. The Effects of Additives on Vacuum Pyrolysis

The effects of temperature and basic additives (anhydrous Na2COs and NaOH) on the vacuum pyrolysis
of a worn tyre granulate are discussed in [23]. This laboratory study was performed in a cylindrical, stainless
steel pyrolysis reactor with an inner diameter of 32 mm and a height of 120 mm. Several slanting, stainless
steel plates were fixed in the reactor to intensify heat transfer from the electrical furnace.

Periodically, 100 g of tyre granules mixed manually with 3.0 g of additives were loaded into the reactor,
after which this was sealed. The air inside the reactor was evacuated by a vacuum pump (3.5-10 kPa), after
which heating commenced to the desired temperature (450-600 °C) at an average rate of 20 K/min. The
vapors were condensed in an outer water cooler. The uncondensed vapors were condensed further by four
cold traps containing water—ice-sodium chloride.

The yields of oil and dI-limonene as a function of different vacuum pyrolysis temperatures (¢ = 450, 500
and 550 °C) maintained at p = 3.5-4.0 and 10 kPa with and without additives (Na2COs and NaOH) are listed
in Table 1. These results indicate that the addition of NaOH could lower pyrolysis temperatures and also
increase the oil yield to 49.7% at 480 °C. The addition of Na2COs did not influence the pyrolysis process. If
these catalysts are added to tyre granules with the same pyrolysis parameters (500 °C and 3.5-4 kPa), the
limonene yield in the oil obtained increases slightly from 11.73% to 11.95% with NaOH and to 12.39% with
Naz2COs.

5.6. Influence of the Technological Pyrolysis Parameters of the Inert Gas on Limonene Yield

The heat carrier in this semi-technical technology is heated nitrogen, which also serves as a protective
gas. This flushes the individual tyre granules and penetrates the entire bed, thus ensuring uninterrupted
heating without mechanical mixing, as well as gasification or pyrolytic tyre decomposition. Another purpose
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of the inert gas is to flush out the oxygen from the reactor at the beginning of the pyrolysis process and the
thermal decomposition products during its course.

The aim of studies [25,103,104] was to investigate the temperature, particle size, flow rate and inert gas
flow rate effects on pyrolysis, in order to maximize the limonene yield.

The set-up consists of the following major components: a 0.1 m diameter reactor chamber with fixed-
bed fire-tube heating and thermally isolated with asbestos, a gravity reactor feeder, two ice-cooled
condensers with a glass liquid collector at the bottom, a N2 gas cylinder with pressure regulator and gas flow
meter, a N2 gas pre-heater with LPG burner, air compressor, char collecting bag and thermocouples (chromel-
alumel) with temperature controller. A stainless-steel distributor plate with 150 holes of 0.003 m diameter
was fitted at a distance of 0.03 m from the bottom of the reactor to support the feedstock. For heating the
feedstock, eight equally spaced stainless-steel fiber-tubes of 0.01 m in diameter containing an insulated
electric coil with a total capacity 1.6 kW were fixed inside the reactor.

The pressure in the reactor was slightly higher than atmospheric. The inert gas, at room temperature at
the reactor input, had a volumetric flow rate of from 2, 4 to 8 L/min; this flow rate increased the reaction
temperature in the reactor by 2.5 times. In accordance with the gas laws (Boyle’s and Charles” combined
law), this is due to the higher reactor, which for pyrolysis is about 475 °C, as a result of which gaseous and
volatile pyrolysis products form. The sample was heated at heating rates of 5-20 K/min to the desired
temperature (375, 425, 475, 525, 575 °C). Pyrolysis was continued until the inflow vapor product to the
receivers ceased to be visible; the process thus lasted about 50 min. The volatile fractions, condensed in
coolers, were collected in vessels until these were filled. Therefore, the results of composition analysis and
performance were not affected by the presence of atmospheric air. After weighing, the heavy fraction was
centrifuged for 15 min at 3000 rpm to remove solid impurities and inclusions. On leaving the cooler, the
residual gas was burned in a torch.

The feed materials used in a pyrolytic study consisted of chopped, heavy automotive tyre granules of
sizeor=8x1x025mm=2mm3 vn=8x1x05mm=4mm3 vm=8x1x1mm=8mm3and ov=8x1x1.5
mm =12 mm?3. The sample contained 55% NR (natural rubber), 35% SBR (styrene-butadiene rubber), 10% BR
(butadiene rubber) and textile netting, but no steel wire or cords.

The effect of heating rate was studied with the aim of finding a set of technological parameters for
obtaining the maximum amount of oil; these optimal values were found to be topt = 475 °C, vopt =4 cm?®, RHopt
=15 K/min and the flow of nitrogen V = 8 dm?3/min [25].

The results presented in papers [25,103,104] and compared in Table 1, as well as other researchers
([89,101,106]), indicate, among other things, that the amount of limonene decreases with increasing pyrolysis
temperature. This is the effect of the secondary thermal decomposition of limonene, described in Figure 5.

5.7. Tabular Summary of the Remaining Results

All the results, both those discussed above and those omitted in the description, are listed in the same
way in Table 1, i.e., the dependence of the mass yield of pyrolysis oil and limonene as a function of
temperature, conditions for the pyrolysis of used tyres (vacuum, catalytic, in the presence of an inert gas),
type of installation and scale of the process.

Scale: L-laboratory plant, LSE-large scale experimental, T-technical plant, P-pilot plant (l) - I-limonene,
(d)- d-limonene

The results from Table 1 below are presented in the form of graphs; it should be mentioned that not all
data was included in the graph, the content of limonene which was given in publications as the area of the
peak marked on the chromatogram was insufficient to be calculated into% and to compare with other results.

On the graphs (Figures 6 and 7) it is presented the amount of limonene obtained depending on the
temperature of the pyrolysis process and the particle size of the feed material. In addition, the amount of oil
fraction obtained has been demonstrated depending on the process temperature, since limonene is part of
the oil, it can be concluded that as the amount of oil fraction increases, the amount of limonene obtained in
the process also increases.
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Figure 6. An amount of limonene (%) in oil fraction dependence on the temperature of different pyrolysis
process (based on Table 1).

On Figure 6, the limonene yields, obtained in different pyrolysis processes, are presented. Between 400
600 °C, the highest amount of limonene was obtained. In [89], authors determined about 20% of limonene in
oil fraction in 300 °C, and this is a surprisingly good result, especially in the case that in 300 °C tyres, pyrolysis
could be unfinished. It needs to be highlighted that all results came from laboratory equipment, where the
samples (raw materials) are a small amount (2 g) and only from waste tyres. The pure polyisoprene sample
wasn’t included on the graph, but the various type of raw materials and various polypropylene content
influence on the limonene yield. Above 600 °C, less limonene was obtained, which is associated with its
degradation at higher temperatures.
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Figure 7. The yield of oil fraction (%) dependence on the temperature of the different pyrolysis process (based
on Table 1).

The content of the liquid fraction obtained in pyrolysis is the highest in the temperature range 420 to
600 °C (Figure 7). The highest yield of oil is about 50-60%, the least liquid fraction was obtained at a
temperature below 400 °C it was even below 20%. It is worth noticing that the table shows the pyrolysis
balance only of processes in which the content of limonene in the liquid fraction was determined, so it can
be assumed that the process was focused on the highest pyrolytic oil yield.
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Figure 8. The yield of limonene (%) in oil fraction dependence on the particle size of waste tyres of different
pyrolysis process (based on Table 1).
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The last graph (Figure 8) shows the dependence of the comminution of the input material on obtaining
limonene in pyrolytic oil (%). The data from Table 1 was take into account; in the case of a few publications
there were not cubic values, but only the surface of pieces. It was assumed that with high fragmentation
material (about 1 mm), the third dimension was adopted for 1 mm (the same as other dimensions), with the
values given in cm; the thicknesses were calculated as 0.5 cm so that they could be compared each other. The
highest amount of limonene was obtained in the samples with the largest fragmentation, which is associated
with better heat reaching in a single particle and more effective heating, and thus reaching higher
temperatures in a single tire particle and more efficient tire distribution. In the samples with less
fragmentation, comparable amounts of limonene were determined. A pyrolysis process was performed on a
laboratory scale, with an influence similar to the size of the input material.

When analyzing the results of tire pyrolysis investigations, in terms of the possibility of obtaining
limonene from pyrolysis oil, the part of the information about the kinetics of the pyrolysis process, activation
energy was presented especially. This information could not be included in Table 1, due to the fact that
typically the results of kinetic analysis of the pyrolysis process are obtained on a laboratory scale using: TGA
(thermogravimetric analyzer), DSC (differential scanning calorimeter), TGA/DSC or MS (mass
spectrometer). While much more research, collected in the Table 1, has been conducted on a larger scale
reactor. Therefore, we decided to put the results of kinetic tests in a separate Table 2.
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Table 2. Comparison of the activation energy of the pyrolysis process of rubber and tyres.

Activation Ener Carrier Temperatur
Ref. civa ®8Y  Gas/Pressure PoraM® Conditions Material
[k]J/mol] [°Cl]
[bar]
225+5 N2 270-320 Isothermal  Guayule Rubber in
167 +5 air 200-265 Isothermal the presence of
[121] 90 air 57-125 Isothermal stearic, oleic,
. . linoleic, and
239 Nz and air Dynamic . -
linolenic acid
66.8/44.8/32.9 . 5-20 K/min
[88] 93.4/78.4/61.1 Regions: 7, 50 K/min
———— 1)150-250 —— — — — Shredded
[127] 52.5/164.5/136.1 N2 10-60 K/min .
[128] 42.0/195.0/204.0 2)200-335 ——  automobile tyres
o 3)320-500 ————
125.7/178.5/243.7 30 K/min
131 for isoprene 67  Ar/10- Best-
115 dl-limonene 93 fit model
141 for isoprene Friedman up to 100 Truck tyre sample
12
(1291 725 for di-timonene_ method up to 800 K/min 0.6-0.8 mm
129 for isoprene Kissinger
113 for dl-limonene method
107.6 for isoprene  from Arrhe- Scrap tyre particle
[130] ) nius 300-700 size smaller than
96.7 for limonene .
equation 0.2 mm.
68.5969.71P 5 K/min S d
73.54%/83.440 N 0700 10 K/min Cr,alzutyre o
up to —_—-, .  mixture
[131] 76.56%/86.11° ? p 15 K/min e wi
————— Juglans regia shell.
67.213/75.63° 20 K/min
Arrhenius (?) and Coats—Redfern () methods
125.6 Lump | 420450
[132] 178.7 Lump II He/1 o 00 Oup 30K/min  Granulated tyres
244.1 Lump I
. large tyre particle
152.0 (evaporation) (SBR)
215.0 ti BR
[72] (ez‘(l);poora 22 molten 180-480 -
[75] L lead/0.03 (SBR)
(decomposition)
2070 (BR)
(decomposition
69.73 (MLR1)
2,5,10and  Waste tyre samples
[133] 118.04 (MLR:) N: Up to 700 20 K/min of 10, 20 and 30mg
[134] 128.92 (MLRs)
[30] Pyrolysis of: MLR1—tyre additives, MLR2—depolymerized rubbers, MLRs—
crosslinked/cyclized rubbers
15 mg samples of
[135] 147.25 500-600 Isothermal HDPE
50.6+4.9¢/43.5+3.94 Step I
503, 625 and Scrap tyre (1/3 NR,
C d
[136]  130.8+13¢/104.7+9 He 723 Step 11 1/3 SBR and 1/3
245.9+19¢/243.9+214 Step I1I
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carbon black) <0.2
mm
126.7+ 12/107.9+ 8¢ NR
201.1+14</219.6+194 SBR
Pressure (c) 1 bar/(d) 0.25 bar
147.64 5,10, 20 and Scrap car tyres
137 N Up to 1000
[137] 148.06 ’ pto 30 K/min Scrap truck tyres
65.42¢/118.35/108.8 .
10K
58 0 K/min Bicycle/rickshaw
e £ 1
70.45¢/138.95/105.6 60 K/min tire
58
79.94¢/130.25%/110.8 N2 30-800 .
10K
[138] 0s /min Motorcycle tire
79.94¢/153.45/99.798 60 K/min
74.42¢/115.877/93.89s 10 K/min Truck &
—_— ruck tire
78.19¢/135.49/95.458 60 K/min
Temperature region: (¢) low (150-350), (f) medium (285-450) and (#) high (350-500)
43 (oil) Raw scrap tire
207 (NR) N: flow rate 10, 20, 30, 40 samples from a
139 450 - 1000
[139] 152 (SBR) 150 mL/min and 50 K/min commercial
215 (BR) recycler (~1 mm)
63.08 tyre to gas . Scrap tyre (1/3
fl 1
[140] 40.06 tyre to oil I\g 6 E;:nliite 425, 500, 550 Cosllgi d natural rubber, 1/3
89.26 -1 - to ' ’ and 610 SpOUed PEE " SBR and 1/3 carbon
. sand reactor
aromatics black)
136.1 350-500 10 K/min
133.6 370-510 30 K/min Tyre powder (40
[141] N: )
107.0 400-540 45 K/min mesh)
99.1 410-540 60 K/min
5.90/559: Literature data of
.0h/6.48t h 1[142
2.0°/6 48 Activation energy evaluated for thermal () therma [_ | and
0h/3.48i . N catalytic [63]
, and catalytic pyrolysis (') with the use of two .
[28] 2.914/12 41 . . pyrolysis of scrap
types of lumping models; discrete and
. . tyres were used to
_ continuous lumping models. .
—/4.64i verify the
calculations

# Arrhenius method; ® Coats-Redfern method; <1.0 bar pressure; 4 0.25 bar pressure; ¢ temperature range: low
(150-350); f temperature range: medium (285-450); 8 temperature range: high (350-500);  thermal pyrolysis;
catalytic pyrolysis.

Analyzing the results from Table 2, it could be observed that only two authors conducted the kinetics
parameters of isoprene and dl-limonene formation during waste tyres pyrolysis [129,130]. In other research,
the activation energy values for various pyrolysis stages or different products as a function of tire type and
composition, heating rate, pressure and catalyst presence, were compared. Therefore, the conclusions based
on only two results would be insufficient; in this case, it is needed to take this into consideration in the further
kinetic studies of the obtaining of limonene from tire pyrolysis.
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6. Conclusions

The most important conclusions to be drawn from the analysis of the above pyrolysis results are that:

— the highest quantity of dl-limonene (3.6%) was obtained from truck tyres using procedure HO045,
described in Table 1;

— att>500 °C, limonene decomposes to trimethylene benzene, m-cymene and indane, the boiling
points of which are close to that of dl-limonene; the pyrolysis temperature should therefore not
exceed 500 °C;

— the dl-limonene yield increases with decreasing pyrolysis pressure. Earlier studies by Roy [58]
showed that reducing the pyrolysis pressure from 0.028 MPa to 0.008 MPa resulted in a 30-40%
increase in the amount of dI-limonene in the oil;

- the disruption of heat and mass exchange (under- or overheating) during pyrolysis inhibits the
formation of dl-limonene or promotes its secondary degradation;

- the dimensions of the material to be pyrolyzed also has a large impact: the smaller the size of the
rubber granulate from the disintegrated tyres; the more oil and limonene are obtained.

The conditions that facilitate increasing limonene yields, i.e., low temperature and pressure, fast heating
rate and short residence time of volatile products in the reaction environment—are best obtained in the
following types of pyrolizers (in descending order of efficiency): vacuum mechanical, fixed bed, inert gas
(gas-solid pyrolysis) and catalyst, fluidized bed and mechanical pyrolizers.

In general, the higher the proportion and oil yield in a tyre pyrolysis product, the potentially greater the
quantity of limonene obtained. Unfortunately, we cannot confirm this for all the publications on tyre
pyrolysis that we analyzed, because many of their authors did not carry out a detailed analysis of the oil,
treating it as liquid fuel and testing it only in this respect (viscosity, density, calorific value, etc.). Those
authors who did analyze the presence of limonene in oil determined its chromatographic amounts as a
mixture of dl-limonene enantiomers. However, its mass yields were related to the mass of tyres or the
amount of oil obtained; they did not always state whether it was all oil or just one of the fractions. We have
tried to give this information in Table 1, but it was not always given by the authors.

The pyrolytic liquid fraction is a complicated mixture of aromatic compounds, which were formed in
the degradation of polymers. The separation of limonene and purification, as a valuable chemical, from TPO
is a complicated process. The main method used in much research is the distillation process, which could be
one of the methods of enriching limonene in oil fraction. The limonene (boiling point 176 °C) could be
separate with the light naphtha fraction (boiling point below 200 °C), which contain the majority of limonene
from all liquid fraction. The purification or isolation of limonene from this fraction isn’t simple. On the
laboratory scale, it was conducted by Pakdel et al. [56,57], and they received a 95% of pure dipentene, but it
is not possible to completely separate derivatives of limonene with similar boiling points (such an indane).
This two steps method was used by Pakdel et al.: distillation process and the solid-liquid chromatography,
but separation limonene on semi-technical or technical scale is still a scientific challenge. Williams and
Brindle [85] proposed selective condensation of the reactor outlet. Another way to induce limonene
separation is via the receipt of derivatives or using ion chromatography.

One should also be aware that the pathway from the analytical (chromatographic) amount of dli-
limonene in oil to the actual amount of d-limonene, I-limonene or dl-limonene obtained technologically from
waste tyres is still a long one.
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