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1 INTRODUCTION AND AIM 

This chapter introduces the topic of the present thesis work: the problem of waste 

rubber, in particular End-of-Life Tires and possible solutions.  

1.1 INTRODUCTION  
Polymers (from the Greek words “poly” = many and “meroi” = units) are high 

molecular weight macromolecules consisting of up to millions of repeated linked 

units. Generally, polymers can be either natural, synthetic or artificial and can be 

divided into two different categories: thermoplastic and thermosetting. The 

former, such as poly(methyl methacrylate) (PMMA), polyethylene (PE) or 

polystyrene (PS) represent polymers which are soft and easily formable above 

their melting temperature and turn to a solid state decreasing the temperature. 

The latter, such epoxy resins (EP), polyurethane (PUR) or vulcanized rubber are 

generally liquid and soft materials at their initial stage and cure with the 

temperature, through a chemical process that generates a cross-link network 

among the polymer chains. Since this three-dimensional network generally 

involves covalent bonds, or ionic bonds the thermosetting materials cannot be 

softened by increasing the temperature. For this reason, while the thermoplastic 

materials are easily recyclable, just by a thermal treatment that allows 

remolding, for the thermosetting ones it is necessary to break the infusible three-

dimensional network [1]. 

Rubber materials are viscoelastic polymers able to withstand multiple high 

elastic deformations and recover their initial state. They can be divided in two 

different categories: natural rubber (NR) and synthetic rubber. 

NR is the only natural elastomer available which is a coagulated or 

precipitated product extracted as latex (milky exudations) from barks of trees 

(i.e. Hevea brasiliensis) belonging to several botanical families which grow mostly 

in the tropical zone. All other elastomers are synthetic and must be prepared by 

polymerization or modification [2,3]. 

In order to improve the mechanical properties, especially increasing elasticity 

and resistance to the deformation required for tires and industrial applications, 

rubber is generally vulcanized (or cured) by heating between  

120 °C and 200 °C in presence of a vulcanizing (or curing) agent (usually sulfur or 

peroxides). The most common and used vulcanization (or curing) system for the 
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industry has been attributed to Charles Goodyear and it was first used in 

Springfield, Massachusetts, in 1841. This chemical process acts generating  

three-dimensional sulfur crosslinks between polymer chains (Figure 1.1), 

modifying the mechanical properties of the rubber with elongation decreasing 

and resistance to deformation increasing [4,5].  

The long rubber molecules (molecular weight usually between 100000 and 

500000 Da) become linked together with junctures (crosslinks) spaced along the 

polymeric chains, with the average distance between junctures corresponding to 

a molecular weight between crosslinks of about 4000 to 10000 Da. As a result of 

this network formation, the rubber becomes essentially insoluble in any solvent 

and it cannot be processed by any means which requires it to flow, e.g., in a 

mixer, in an extruder, on a mill, on a calender, or during shaping, forming, or 

molding [4]. 

Initially, vulcanization was accomplished by using elemental sulfur at a 

concentration of 8 parts per 100 parts of rubber (phr). It required 5 hours at  

140 °C. The addition of zinc oxide and curing agents has reduced the time to few 

minutes. As a result, vulcanization by sulfur without accelerators is no longer 

employed [4]. 

Depending on the formulation of the rubber recipe and on the vulcanization 

parameters applied, both polysulfidic, disulfidic and monosulfidic cross-links are 

formed [6]. 

 

FIGURE 1.1:  THREE-DIMENSIONAL CROSSLINK NETWORK FORMATION (ADAPTED FROM REF.  [4]). 
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In general the crosslink density, which is a measure of the extend of 

vulcanization, increases with curing time. The properties of the resulting 

materials are a function of the crosslink density, as shown in Figure 1.2. 

Static modulus (equilibrium modulus or slow-strain-rate modulus) increases 

with vulcanization to a greater extent than does the dynamic modulus. Dynamic 

modulus (measured under sinusoidal, small strain at a frequency of 1–100 Hz) is 

a composite of viscous and elastic behavior, whereas static modulus is largely a 

measure of only the elastic component of rheological behavior. Hysteresis is 

reduced with increasing crosslink formation. Hysteresis is the ratio of the  

rate-dependent or viscous component to the elastic component of deformation 

resistance. It is also a measure of deformation energy that is not stored, but that 

is converted to heat. Tear strength fatigue life and toughness are related to the 

breaking energy. Values of these properties increase with small amounts of 

crosslinking, but they are reduced by further crosslink formation. Properties 

related to the energy-to-break increase with increases in both the number of 

network chains and hysteresis. Since hysteresis decreases as more network 

chains are developed, the energy-to-break related properties are maximized at 

some intermediate crosslink density [4,5]. 

 

 

FIGURE 1.2:  EFFECT OF CROSSLINK DENSITY ON PROPERTIES OF VULCANIZATES  

(ADAPTED FROM REF [4]). 
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The three-dimensional network, required to adjust the mechanical 

properties, represents a stable, solid, insoluble and infusible network resulting 

difficult to recycle and reprocess. Therefore, when vulcanized elastomeric 

products are no longer sufficiently safe or efficient to be used, they become a 

waste, hard to reuse and recycle. These materials cannot be easily and naturally 

decomposed and therefore represent a challenging issue. Moreover, these 

waste materials may cause severe environmental problems if not correctly 

disposed [1,7].  

Several are the sources of waste rubber, however End-of-Life Tires (ELTs) are 

the most representative ones. In the last decades, the generation of ELTs is 

increasing and represents a main issue. According to a 2008 survey [8], 

approximately 900 million ELTs are generated each year around the world. When 

ELTs are disposed in landfill, they consume soil and natural resources, spoiling 

the ground and surface waters. They also represent threats for public health and 

safety because of the risk for diseases and fires that may release toxic chemicals 

into the air. Several are the reasons for the application of tire and rubber 

recycling on a small scale, such as the increasing quality requirements of rubber 

products and the high costs for the reclaiming processes. However, over the last 

15 years recovery rates for ELTs have increased in Europe, Japan and the United 

States. Japan started recycling programs even earlier. In Europe, the directive 

2006/53/CE concerning the End of Life Vehicles obliges to recover 85 % of scrap 

cars since 2006. At the same time, the cost of recycling for the consumer of ELTs 

has decreased in some areas due to both increased efficiency in management 

structures and new recovery routes.  

ELTs and in general tires, are complex systems with multiple constituents and 

a large amount of raw materials. Indeed, they contain different kind of rubber 

compounds, reinforcing fillers such as several types of carbon black, clay and 

silica and a variety of chemicals and minerals. Several chemicals are also added 

as antidegradants (i.e. antioxidants, antiozonants) to protect tires against 

deterioration by ozone, oxygen and heat or as accelerators during vulcanization 

process. Tire also contain several types of textile (i.e. polyester and nylon) and 

steel cables, added as a reinforcement [9-11].  

ELTs can be mainly recovered through two ways: the recovery of material and 

the recovery of energy [1,7,12,13]. Their derived products can be legitimately 

recognized as a valuable secondary raw material or as an alternative fuel. Indeed, 

the high calorific value of ELTs, close to the one of coal [12], allows their use as a 
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source of energy in paper mills, cement works or in thermoelectric power plants. 

The recovery of material is more difficult. It requires specific treatments with the 

resulting material having worse features than the starting one. Retreading of the 

whole tire is the easiest method for the recovery of tires as material. Other 

methods that allow reusing rubber from ELTs in several civil engineering 

applications and for composite materials require a strong size-reduction and the 

separation of metallic and textile materials. Therefore, most of the recovery 

techniques involve a grinding process leading to a significant reduction of tire 

dimensions. During the grinding process, temperature can be lower than the 

glass transition temperature (i.e. cryogenic grinding) of the polymers in the tires 

or next to the room temperature (dry ambient grinding or wet ambient grinding). 

The ground tire rubber (GTR) having dimension less than 2 mm can be widely 

reused as a filler in some applications (civil buildings, mulching materials, etc.), 

but its introduction is more difficult in systems that have to withstand high 

dynamic stresses. Furthermore, the GTR is not suitable to be processed in new 

compounds due to the presence of the sulfur crosslink network that prevents the 

full compatibility with raw rubber leading to weak adhesion and deterioration of 

the final properties of the revulcanizates. As a result, it can be used as a filler and 

added just in small amount only after a strong reduction in size [14,15]. 

In order to increase the compatibility with raw rubber, ELTs must be 

devulcanized by selectively breaking the three-dimensional crosslink network or 

should undergo some surface modification. In order to break the sulfur crosslink 

network, several chemical, thermo-mechanical, physical and biological methods 

have been studied [1,7,12,13]. Most of the chemical techniques are dangerous 

for health and environment since they require reactions that involve organic 

compounds, oils and solvents. On the other hand, thermal and mechanical 

techniques require large amount of energy and are generally expensive. A 

microbial desulfurization was suggested over the last years as an alternative with 

respect to the methods requiring hazardous chemicals or energy consuming 

operating conditions. 

1.2 SCOPE OF THE THESIS WORK  
Supercritical fluid, ultrasonic and biological devulcanization technologies 

were chosen as focus of the present thesis work. These three devulcanization 

technologies were primarily chosen considering their impact on the environment 

and in particular their tendency to minimize the use of solvents, chemicals or 

energy.  
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The supercritical carbon dioxide devulcanization was first proposed by Kojima 

et al. [16]. In this technique the supercritical CO2 (scCO2) has been used as a 

reaction medium for some devulcanizing agents, in particular diphenyl disulfide 

(DD). Supercritical fluids, in particular scCO2, show the ability to permeate into 

polymers and represent excellent green solvents for these materials [17]. This 

technique minimizes the use of swelling agents, generally required for chemical 

techniques and leads to a bulk treatment. Nevertheless, it requires both energy 

to reach supercritical fluids conditions and chemicals as devulcanizing agents. As 

just mentioned, this technology is based on a well-studied process in scientific 

and patent literature [16,18], however it has never been modeled and optimized 

so far. 

The ultrasonic devulcanization, which has been widely investigated and 

patented by Isayev et al. [7], is carried out without involving any chemical, since 

ultrasounds can generate cavitation leading to the rupture of three-dimensional 

network in the rubber matrix within a time of several seconds. The incorporation 

of an ultrasonic device in extruders makes this process continuous. This 

technology avoids the usage of any devulcanizing or swelling agents, generally 

required for chemical techniques. It is a continuous process that allows to treat 

large amount of material and it is a bulk treatment. However, this technique 

requires energy to reach the treatment temperatures and to generate the 

ultrasonic waves. The ultrasonic technology has been extensively studied, 

however a coupled system ultrasonic/twin-screw extrusion has never been 

optimized for the devulcanization of tire rubber. 

The third considered devulcanization technology is the biological one, 

involving microorganism strains able to metabolize the sulfur present in the 

rubber matrix. Just few microorganisms were found with the ability to 

devulcanize waste rubber and GTR, due to their complex structure.  

This process was reported in 1997 by Romine and Romine [19]. They used 

Sulfolobus acidocaldarius on GTR and proposed a “4s”-like mechanism for the 

desulfurization. Other studies were successively carried out on other 

microorganisms. One of the most efficient chemoorganotroph bacterium 

described in literature is Gordonia desulfuricans 213E. It was patented by 

Christofi et al. in 2006 [20]. This bacterium is reported to be able to reduce the 

content of sulfur between 23 % and 35 %. 

Out of the known technologies, the biological one represents the greenest 

devulcanization technique since no swelling or chemical devulcanizing agents are 
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required and it is a low energy consumption technique. It has been proven that 

this process is highly selective towards sulfur, however the treatment is limited 

to the surface and has low reaction yields. Therefore long treatment time is 

generally required. The bio-devulcanization has already been patented and 

studied, however this technology has never been optimized considering the 

influence of bacterial growth parameters on the devulcanization. 

The aim of the present thesis work is to extensively investigate these three 

devulcanization technologies, to gain important information regarding the 

devulcanization mechanism and the influencing conditions and to provide a 

comparison among the optimal conditions on a commercial GTR. 
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2 L ITERATURE SURVEY AND BACKGROUND  

This chapter gives a comprehensive overview of the available methods for the 

reclaiming and recycling of waste rubber: Particular attention is given to the 

devulcanization methods experimentally investigated in the present thesis work. 

2.1 RECLAIMING AND RECYCL ING  

2.1.1  GENERA L CO NS IDE RATIO N S  

Waste rubber represents a potential green source of material, replacing the 

raw natural and synthetic rubber. Recycling of vulcanized rubber and tires 

represents a main concern to the industrial world. The more stringent 

environmental regulations and the fluctuating price of raw material have 

become driving forces for the development of several innovative technologies 

for rubber reclaiming.  

Reclaiming is a procedure in which scrap tires or rubber are converted, using 

mechanical or thermal energy, chemicals or microorganisms, into a state in 

which they can be mixed, reprocessed and vulcanized. However, the rubber 

recovery from such materials is not an easy matter due to their complex 

structure and to the presence of three-dimensional chemical crosslinks. 

Since the formation of this network is a non-reversible chemical process, 

many studies have focused their attention on this issue over the last decades. 

Generally, the reclaiming approaches can be divided into two categories. The 

first approach involves a grinding process leading to a reduction of rubber 

particle size without a significant rupture of the chemical bonds. The second 

approach that attempts to devulcanize the waste rubber by breaking the  

three-dimensional network involves mechanical, chemical, biological, 

microwaves and ultrasonic technologies [1-3]. 

2.1.2  GRIND ING  

Reuse of waste vulcanized rubber and ELTs generally requires reduction of 

particles and therefore a grinding process. This method was invented by 

Goodyear more than 150 years ago [4]. Three different grinding techniques can 

be identified according to their processing conditions: ambient grinding, 
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cryogenic grinding and wet-ambient grinding. However, the first two methods 

are the most employed. 

A primary reduction of whole tires down to 5x5 cm2 or 2.5x2.5 cm2 chips is 

done by using the guillotine, the cracker mill, the high impact hammer mill and 

the rotary shear shredder. Then, a magnetic separator and a fiber separator 

(cyclone) remove all the steel and polyester fragments. After that, the material 

can be further reduced by using ambient ground mill or can be ground into fine 

particles while is being frozen by a cryogenic grinding.  

The cryo-grinding process can produce much finer particles between 30 and 

100 mesh. However, this process requires a large amount of liquid nitrogen to 

cool the sample during the size reduction. 

The ambient grinding is often used as a conventional inexpensive method to 

produce 10 to 30-mesh material and relatively large crumbs. However, ambient 

grinding produces an irregular shaped particle and results in higher oxidation [2]. 

The lowest particle limit for the process is the production of 40-mesh material. 

The process, however, generates a significant amount of heat. Excessive heat can 

induce degradation and if not properly cooled combustion can occur upon 

storage [1]. 

It has been reported that the addition at 5-10 phr in new compounds of fine 

GTR obtained from the cryogenic grinding leads to better properties than the 

one obtained from ambient grinding. Although the nature of surface in 

cryogenically ground material facilitates the ventilation of trapped air, reducing 

the tendency for cure blistering in rubber products, providing better flow 

characteristics than ambient ground material, the mechanical properties of 

rubber compounds, even if containing this cryogenically GTR, worsen with the 

increase of content and of particle dimensions [2]. 

2.1.3  THE RMO-ME CHA NICA L A ND M ECHA NO-CHEM ICA L  METHO DS  

Mechanical and thermo-mechanical techniques consist of non-selective 

processes based on thermal and mechanical degradation due to high 

temperature and mechanical shearing. The differences in bond energies  

(Table 2.1) between C-C, C-S and S-S bonds are very small and hence unselective 

cleavage may occur under stress and heat. 

These methods can be implemented by adding and mixing several reclaiming 

agents, solvents, plasticizers, oils, or rubber previously devulcanized in order to 

improve the treatment [2].   



  CHAPTER 2 

11 
 

TABLE 2.1:  DISSOCIATION ENERGY OF BONDS IN VULCANIZED RUBBER [5]. 

Bond Type Dissociation energy, kcal/mole 

alkyl-C-alkyl 80 

alkyl-C-S-C-alkyl 74 

alkyl-C-S-S-C-alkyl 54 

alkyl-C-Sn-Sm-C-alkyl 34 
 

2.1.3.1  MECHANO -C HE MI CA L ME T HODS  

Usually chemical reclaiming agents are used in combination with a 

mechanical force applied to the rubber powder in air atmosphere and at room 

temperature. The most common reclaiming agents used in combination with the 

mechanical processes were described by Rajan et al. [3] and are listed in  

Figure 2.1. These reclaiming agents show ability to act as radical acceptors and 

hinder radical formation on the rubber chain. An often proposed reaction 

mechanism is the opening of crosslinks or the scission of the main chain by heat 

or shearing force and its reaction with disulfides or thiols, which prevent the 

recombination. 

 

 

FIGURE 2.1:  RECLAIMING AGENTS USED IN MECHANO-CHEMICAL METHODS (ADAPTED FROM REF.[3]). 
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2.1.3.2  PAN-MI LL ME THOD  

In this procedure, the devulcanization is carried out in a pan-mill  

mechano-chemical reactor. The pan-mill equipment was designed for solid state 

mechano-chemical reactions of polymers. Theoretical analysis demonstrated 

that this equipment can exert a strong squeezing force in the normal direction 

and a shearing force in both radial and tangential directions on milled materials, 

functioning like pairs of three-dimensional scissors [6]. 

2.1.3.3  M IX IN G MI LL  W I TH  C HE MI CA LS  ADDI T ION  

Grigoryeva et al. [7] used a mechanical procedure followed by a thermal 

treatment. GTR and ingredients of devulcanizing mixture (industrial processing 

oil, rosin, mineral rubber and phthalic anhydride) were mixed by rolls at 50 °C for 

20 min, without pre-swelling GTR with processing oil. Then, the obtained mixture 

was subjected to thermal heating at 130 °C for 0-6 hours in an oven. In another 

test series, the GTR was first swollen in industrial processing oil (mixture of 

naphthenic hydrocarbons) and then treated. 

Adhikari and coworkers [2] have developed a simple process, involving a 

vegetable product, which is ecofriendly and renewable resource material (RRM). 

The major constituent of RRM is diallyl disulfide. Other constituents of RRM are 

different disulfides, monosulfides, polysulfides and thiol compounds. Vulcanized 

and aged ground rubber of known composition was milled in a two roll mixing 

mill with simultaneous addition of the RRM and spindle oil or diallyl disulfide and 

spindle oil separately [2]. Other authors employed benzoic acid [8] or thiuram 

disulfides, such as tetrabenzyl thiuram disulfide [9]. For instance, Mandal et al. 

devulcanized GTR mixing 2 wt% of tetrabenzyl thiuram disulfide and spindle oil 

with powder rubber. The mixture was then mechanically milled in an open two-

roll mill for 40 min close to room temperature [9]. 

2.1.3.4  TRE LLE BR ORG PR OCES S  

This process is realized in a powder mixer at room (or slightly higher) 

temperature, where the cryogenically ground rubber is mixed with phenyl 

hydrazine-methyl halide or diphenyl guanidine [2].  

2.1.3.5  DE-L INK  PR OCES S  

Ground rubber is mixed in a two-roll mill at a temperature below 50 °C with 

a chemical mixture prepared from zinc salt of dimethyldithiocarbamate and 

mercaptobenzothiazole with stearic acid, sulfur and zinc oxide dispersed in diols. 
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Tetramethyl thiuram disulfide can be also used. The number of crosslinks can 

decrease by a factor of two. The application of this technology for 

devulcanization of synthetic rubber is more difficult than NR [2,3]. 

2.1.3.6  SWELLI NG IN  BENZENE  W I TH  SU LFOX IDE  

Vulcanized NR is swollen in benzene at room temperature in presence of a 

sulfoxide compound like dimethyl sulfoxide, di-n-propyl sulfoxide or a mixture of 

these with thiophenol, methyl iodide or n-butyl amine during a  

mechano-chemical process in a mill. The process generates low sol fraction and 

selective crosslink scission, but is extremely toxic. NR is more attacked by this 

treatment than synthetic rubber [2,3]. 

2.1.4  CHEMICAL  METHODS  

The majority of the devulcanization techniques focused on the use of 

chemical reagents. Several organic and inorganic chemicals have been employed 

for this purpose. The devulcanization reactions are complex and have been 

investigated by several studies. However, depending on the reagent type, these 

reactions can occur by main chain degradation or selectively, by breaking the 

crosslink network. The most employed reagents belong to disulfides, mercaptans 

and thiols acting at high temperatures. These chemicals can initiate the 

breakdown of sulfur crosslinks and interact with radicals formed during the 

degradation of rubber [2,3]. The most important techniques will now be 

described in more detail. 

2.1.4.1  ORG ANI C HYD ROPE ROX IDE S  

Organic hydroperoxides act by opening the sulfur crosslinks through an 

oxidation reaction [3] (Figure 2.2). 

 

 

FIGURE 2.2:  ORGANIC HYDROPEROXIDES REACTION MECHANISM W ITH THE SULFUR CROSSLINKS 

(ADAPTED FROM REF.[3]).  
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2.1.4.2  THIO LS  A ND D I SULF IDES  

Thiols and disulfides can initiate the breakdown of sulfur crosslinks and the 

degradation of the rubber chain (Figure 2.3 and Figure 2.4) and they can interact 

with radicals formed during the degradation of rubber.  

Thiols in combination with organic bases are able to selecticvely break the 

sulfur crosslinks, e.g., hexanethiol can break the di- and polysulfidic crosslinks 

[10]; 2-propane thiol in combination with piperidine as organic base can 

selectively break the polysulfidic crosslinks in a nucleophilic reaction [2]. In this 

case, the reagents give a complex combination as a piperidinium propane-2-

thiolate ion pair, in which the sulfur atom has enhanced nucleophilic properties, 

able to cleave polysulfidic crosslinks at 20 °C. Polysulfidic crosslinks cleavage is 

faster than disulfidic ones due to the pπ-dπ delocalization of the σ-electron pair 

[11] (Figure 2.5). 

 

 

FIGURE 2.3:  OPENING OF SULFUR CROSSLINKS BY REARRANGEMENT. 

 

 

FIGURE 2.4:  OPENING OF SULFUR CROSSLINKS BY SUBSTITUT ION. 

 

  
FIGURE 2.5:  REACTION MECHANISM BETWEEN 2-PROPANE THIOL/PIPERIDINE SYSTEM AND 

POLYSULFIDIC CROSSLINKS (ADAPTED FROM REF.[3]).  
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2.1.4.3  TR IP HENY L  P HOS P HINE  A N D P HOSP HITE S  

The triphenyl phosphine selectively reacts with the sulfur crosslinks as 

reported in Figure 2.6 [2,3,12]. 

 

 

FIGURE 2.6:  TRIPHENYL PHOSPHINE CLEAVAGE REACTION MECHANISMS OF DI-  AND POLYSULFIDIC 

CROSSLINKS (ADAPTED FROM REF.[3]). 

Trialkyl phosphites and sodium dibutyl phosphite and have been studied for 

the di- and polysulfidc crosslinks rupture and they act as reported in Figure 2.7 

and Figure 2.8 [12,13]. 

 

 

FIGURE 2.7:  CLEAVEGE OF DI-  AND POLYSULFIDIC CROSSLINKS BY TRIALKYL PHOSPHITES (ADAPTED 

FROM REF.[2]). 

 

 

FIGURE 2.8:  CLEAVEGE OF DI-  AND POLYSULFIDIC CROSSLINKS BY SODIUM DIBUTYL PHOSPHITE, 

(ADAPTED FROM REF.[3]). 

2.1.4.4  L IT HIU M A LUM INU M HYDR IDE  

Lithium aluminum hydride (LAH) reacts with di- and polysulfidic crosslinks 

with a weak acid. Terminal sulfidic groups are converted into thiols, while the 

interior groups are converted to hydrogen sulfide (Figure 2.9) [2,3]. 

 

 
FIGURE 2.9:  REACTION OF LITHIUM ALUMINUM HYDRIDE WITH DI-  AND POLYSULFIDIC CROSSLINKS 

(ADAPTED FROM REF.[2]).  
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2.1.4.5  METHYL  I ODIDE  

Methyl iodide reacts very slowly with disulfidic crosslinks. The allylic sulfides 

easily break down to trimethyl sulfonium salts (Figure 2.10). 

The reaction can be catalyzed by mercury iodide, even with monosulfidic 

crosslinks [2,3]. 

 

 

FIGURE 2.10:  REACTION MECHANISM OF METHYL IODIDE (ADAPTED FROM REF.[2]). 

2.1.4.6  PHENY L HYDRA ZINE  AND  P EROXIDE S  (M AI N C HAI N DE GRAD AT I O N)  

In this process, phenyl hydrazine-iron (II) chloride system is employed for the 

oxidative degradation of the rubber chain. In this process, the selectivity is low 

and it leads to the main-chain scission. The phenyl hydrazine is the main reagent, 

while FeCl2 acts as a catalyst. The reactions that take place during this process 

are shown in Figure 2.11 and Figure 2.12 [3,14].  

 

 

FIGURE 2.11:  OXIDATION MECHANISM F OR PHENYL HYDRAZINE- IRON (II) CHLORIDE SYSTEM (ADAPTED 

FROM REF.[3]). 
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FIGURE 2.12:  RUBBER CHAIN OXIDATION MECHANISM BY RADICALS (ADAPTED FROM REF.[3]). 

Peroxides decompose in presence of transition metals, generating free RO∙ 

radicals, which can give degradation reactions (Figure 2.13) [3,15]. 

 

 

FIGURE 2.13:  DECOMPOSITION OF PEROXIDES BY IONS OF METALS (ADAPTED FROM REF.[3]). 

2.1.4.7  OT HER CHE M IC A L MET HO D S  

Tributyl amine used in a mixture with copper (I) chloride can degrade rubber, 

especially the isoprene rubber [3]. Many other chemicals such as thiocarboxilic 

acid, alkyl phenol sulfides, 2-Mercaptobenzothiazole [2,3], benzoyl peroxide [16] 

and thiosalicylic acid [17] have been studied for devulcanization purposes. 

2.1.4.8  OZON IZA T ION  

Cataldo et al. [18] used ozone as active agent to cause surface oxidation and 

functionalization of rubber crumbs. Most researchers agreed that ozone attack 

is notably a surface reaction, in contrast to thermo-oxidative degradation, which 

takes place in the entire volume of the polymer specimen. However, for natural 

rubber, in contrast to synthetic rubber, published data suggest that the 

ozonization does continue into the bulk of the specimen. The GTR can be deeply 

oxidized to break up some crosslinks in bulk with enough time ozone exposure 

[19]. 
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2.1.4.9  SUPERCR IT I CA L CO 2  

Supercritical fluids are substances at a temperature and pressure above their 

critical point. At this point, liquid and gas phases do not exist separately but 

coexist. For this reason, these fluids show properties that are proper of the 

supercritical phase, different from the ones of either liquids or gases [20]. 

Density can be easily varied, since small changes in pressure or temperature 

result in large changes in density. Their viscosities are nearer to the ones of 

normal gaseous states, but densities and diffusivities are similar to liquids and 

solubility can be orders of magnitude higher. Due to these properties, they are 

able to penetrate porous materials as gas and to dissolve materials as a liquid. 

Since the solvent strength is correlated to the density, it can be manipulated by 

changing the supercritical conditions [20]. 

Carbon dioxide and water are the most commonly used supercritical fluids. 

Figure 2.14 shows a pressure-temperature phase diagram of the CO2. The boiling 

line separates the gas and liquid region and terminates in the critical point, 

where the liquid and gas coexist in the supercritical phase.  

 

 

FIGURE 2.14:  CO2 PRESSURE-TEMPERATURE PHASE DIAGRAM. 

Below the critical temperature, in the discontinuity two-phase region, as the 

pressure increases, the gas compresses and eventually condenses into a denser 

liquid, resulting in a discontinuity (vertical dotted lines in Figure 2.15). This region 
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is characterized by two phases in equilibrium, consisting of dense liquid and a  

low-density gas. As the critical temperature is approached (31.1 °C), the densities 

of the gas and liquid at equilibrium become closer. At the critical point, 31.1 °C 

(304.25 K) and 7.38 MPa (73.8 bar and 1070 psi), there is no difference in density 

and the two phases become one supercritical fluid phase. In the region above 

the critical temperature, a small increase in pressure causes a large increase in 

density [21]. 

 

 

FIGURE 2.15:  CO2 DENSITY-PRESSURE PHASE DIAGR AM (ADAPTED FROM REF.  [21]). 

Supercritical fluids, in particular scCO2, show ability to permeate into 

polymers and represent excellent solvents for these materials. Therefore, in the 

last years several researches focused on their possible applications, including 

polymer blending and composites, polymer modification and polymer foaming 

[20,22-24]. Other studies investigated the application of supercritical fluids to 

environmental friendly processes such as treatment of hazardous wastes [25], 

decomposition and reclaiming of pneumatic tires [26]. In particular, an 

environmental friendly process was developed for the recycling of waste rubber 

materials such as waste tires to generate valuable fuels or chemicals in a closed 

oxidation process, which is free of hazardous emissions [26]. This process 

involves the breakdown of rubber polymer materials by selective oxidation 
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decoupling of C-C, C-S and S-S bonds by water as a solvent at or near its 

supercritical condition. Moreover, some authors developed a green 

devulcanization process for cured rubber employing scCO2 as a reaction medium 

for devulcanizing agents [27], in particular diphenyl disulfide (DD) [28-32].  

ScCO2 has high diffusivity, low viscosity and high thermal conductivity 

depending on temperature and pressure. This fluid is non-toxic, inexpensive, 

non-flammable and easily removable from rubber and has an accessible critical 

point. ScCO2 is a good swelling agent and the distribution coefficient of DD in 

scCO2 is about four orders of magnitude higher than in toluene [29]. Several 

agents, such as thiophenol, n-butylamine, triphenyl phosine and diphenyl 

disulfide (DD) have been used for the devulcanization of rubber in scCO2 [27], 

however the thiol-amine system and DD were found to be the most effective 

agents for devulcanization of rubber in scCO2 and DD has been the most studied. 

The studies, employing DD as a devulcanizing agent, investigated this process on 

several types of rubber, in particular, Natural Rubber (NR) and synthetic rubber 

[28,30,32]. Some studies were also conducted on ground rubber [31,33]. Most 

commercial tires contain a great amount of carbon black (CB) and other fillers. It 

was demonstrated that the CB content does not interfere with the 

devulcanization reaction through scCO2 [32]. The reaction mechanism was 

studied on natural rubber [3,28] and butyl rubber [30].  

Although most of these researches were carried out in order to find the best 

devulcanizing conditions, these studies have analyzed the process variables just 

considering one variable at a time (OVAT) [28,30,32]. The studies showed that 

temperature, pressure, amount of devulcanizing agent and treatment time were 

the variables that mainly affect the devulcanization process, especially 

decreasing the crosslink density and increasing the sol fraction of the 

devulcanized rubber. 

Some studies analyzed the effect of the presence of unreacted DD on the 

revulcanization process of natural and butyl rubber [30,31] and just few 

researches evaluated the effect of a large amount of residual DD on the 

revulcanization process of the devulcanized rubber [33].  

2.1.5  PHYS ICA L ME TH ODS  

2.1.5.1  S ING LE -  AND TW IN -  S CRE W EXTRUDE RS  

Several researches have investigated a devulcanization process based only on 

shear stress and high temperature produced in single and twin-screw extruders 
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at several conditions and varying several screw configurations [34-44]. Most of 

these studies were carried out in order to find the best devulcanization 

conditions by analyzing the process parameters. These studies mainly pointed 

out that temperature, screw shape, screw speed and flow rate have significant 

effect on the devulcanization process. This process could be also enhanced by 

adding swelling or chemical devulcanizing agents [2]. In [45], waste tires were 

pretreated and swollen at a temperature around 180-200 °C for 24-36 h in a 

mixture of aromatic, naphthenic and paraffinic hydrocarbons and then extruded. 

In [42,45], some devulcanizing and promoting agents such as alkylphenol 

polysulfides and dixylen disulfide were added during the extrusion. 

Devulcanziation using twin-screw extruders is one of the relatively new 

methods of devulcanization. During this process, shear and elongational stresses 

along with high temperature are used to break the three-dimensional crosslink 

network. However, the high stress and heat generated during the extrusion of 

rubber can also cause a breakage of the main chain. A basic understanding for 

the cleavage of crosslinking bonds under high shear stress has been suggested  

in [46]. As shown in Figure 2.16 there appears to be a small difference in the 

bonding energy between C-C and C-S or S-S bonds. Hence, by simple heating, the 

cleavages of both the C-C and C-S or S-S bonds may occur unselectively. On the 

other hand, with regard to the elastic constant for these bonds, the constant 

value of S-S bonds can be estimated to be about 1/30th of the C-C one. 

Therefore, under high shear stress, the bonds having lower value of elastic 

constant (S-S) may become more extended compared to the ones having higher 

value (C-C), thus favoring a selective cleavage of S-S bonds [46]. 

 

 

FIGURE 2.16:  BREAKAGES OF CROSSLINKING POINTS IN HIGH SHEAR (ADAPTED FROM REF .  [46]). 
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Another method for devulcanization involving a twin-screw extruder was 

developed and patented by Tzoganakis [47]. 

This process of devulcanization in twin-screw extruder makes use of 

mechanical elongation and shear forces in presence of supercritical carbon 

dioxide (scCO2). The purpose of injecting scCO2 in the extruder is to facilitate the 

extrusion process and this is achieved by penetration of scCO2 in the rubber 

crumb particles, which causes them to swell. Swelling results in exerting more 

stress on less elastic crosslinks (C-S and S-S bonds), thus making them more 

susceptible for cleavage. Studies were carried out to investigate the effect of 

processing parameters and properties of devulcanized rubber obtained using 

this method [48].  

2.1.5.2  H IG H S PEED MIX IN G  

In this technique, the rubber is stirred at high speed (500 rpm) for 15-20 min 

and the temperature increases till 200 °C [3]. 

2.1.5.3  M ICR OW AVE  

In this procedure, the microwave energy is used at specific frequencies, able 

to generate heat quickly and uniformly on the waste rubber. Because of the 

relative bond energies of C-C, C-S and S-S, it has been reported that the process 

can selectively break the C-S and crosslink bonds in the vulcanizates. In 

particular, waves at 950 or 2450 MHz should be sufficient to break the crosslink 

bonds, but insufficient to break the polymer chain. In this way, the rubber waste 

can be reclaimed without depolymerization and can be revulcanized. This 

process showed good applicability to EPDM and IIR, reaching better properties 

than the ones obtained by other methods. However, the main problem pointed 

out with this technique is that during the treatment the microwave energy 

generates heat causing a temperature increase of the material above 260 °C 

[1-3]. 

2.1.5.4  ULTR AS OUND  

The range of human hearing is from about 16 Hz to 16 kHz. Ultrasound is 

generally defined as any sound with a frequency beyond the limit which the 

human ear can respond to. The upper limit for the ultrasonic frequency is usually 

taken to be 5 MHz for gases and 500 MHz for liquids and solids. 

The uses of ultrasound can be divided into two different categories. The first 

one, involving low amplitude (high frequency) waves, is referred to as  
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“low power” or “high frequency” ultrasound. This kind of ultrasound deals with 

the physical effect of the medium on the wave and generally, these low 

amplitude waves are used for analytical purposes such as the measurement of 

the velocity and absorption coefficient of the wave in a medium, for medical 

imaging, chemical analysis and the study of relaxation phenomena. The latter, 

involving high amplitude (low frequency) waves, is referred to as “high power” 

ultrasound (between 20 and 100 kHz). This ultrasound range is usually applied 

for the chemical reactivity and is used for cleaning, plastic welding and, more 

recently, for sonochemistry, with the employment of high power equipment 

capable of generating cavitation within liquid systems at these high frequencies 

[1]. 

It is believed that high power ultrasound influences chemical reactivity 

through an effect known as cavitation. Cavitation is the production of bubbles in 

a medium when a region is subjected to a rapidly alternating of pressures of high 

amplitude generated by high power ultrasound. The released energy depends on 

the value of acoustic pressure amplitude. When a sufficiently intense sound 

wave is applied to a medium, bubbles are formed during the expansion portion 

of the wave. These bubbles then undergo repeated expansion and compression. 

During the negative half of cycle, the liquid is subjected to a stress and during the 

positive one undergoes a compression. These bubbles can collapse rapidly and 

release a large amount of energy (Figure 2.17). Moreover, the intensity 

experienced by individual bubbles is not constant due to surrounding bubbles 

forming and resonating around them. This causes some bubbles to suddenly 

reach an unstable size and to collapse.  

In case of polymer solutions, it is known that the irradiation by ultrasound 

waves produces cavitation of bubbles. The collapse of these bubbles is 

responsible for the degradation of polymers in solution, which arises as a result 

of the ultrasound effect on the solvent medium. When applied to solid polymers, 

the term cavitation usually corresponds to the effect of formation and 

unrestricted growth of voids, induced by existing cavities, voids and density 

fluctuations.  

The viscoelasticity of rubber tremendously affects the dynamics of cavitation, 

acting to reduce the amplitude of oscillations and to decelerate the violent 

collapse contractions. As described by Yashin and Isayev [49,50] the collapse is 

not the primary mechanism of the ultrasonic devulcanization. When acoustic 

pressure is high enough to cause high levels of strain during cavitation, network 
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degradation around pulsating cavities should be considered. Therefore, 

ultrasonic cavitation without collapse is a possible mechanism of 

devulcanization. Very high acoustic pressure can be generated in a cured rubber 

compressed in a narrow gap. It has been demonstrated that high amplitude 

cavitation with no-collapse like effects is capable of a significant reduction of the 

crosslink density [49,50]. 

 

 

FIGURE 2.17:  ULTRASOUND CAVITATION BUBBLE GROWTH AND COLLAPSE 

(ADAPTED FROM REF.  [51]). 

Rubber devulcanization, using the ultrasonic energy, was first reported by 

Pelofsky in 1973 [52]. In this patented process, solid rubber has to be immersed 

into a liquid solution and then subjected to a source of ultrasonic waves at a 

frequency of 20 kHz. The rubber underwent a degradation process and dissolved 

in the liquid solution. In 1987, Okuda and Hatano patented a new ultrasonic 

devulcanization process based on a 20 min treatment with 50 kHz ultrasonic 

waves under static conditions (no flow). In this study, the treated rubber was 

revulcanized.  
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After these researches, a completely new continuous devulcanization process 

has been developed by Isayev at the University of Akron. In this case, the 

ultrasonic treatment was coupled to the extrusion of waste rubber resulting in a 

fast, continuous and chemical free process. The ultrasonic waves, in presence of 

heat and pressure, during the extrusion, can quickly lead to the  

three-dimensional rubber network breakage. Isayev and co-authors claimed a 

preferentially cleavage of sulfidic crosslinks in vulcanized rubber [1].  

At first, the system they used consisted of a single-screw extruder with an 

ultrasonic cone-shaped die attachment. In this case, an ultrasonic power supply, 

an acoustic converter, a booster and a cone-tipped horn were used. The rubber 

coming from the extruder flowed through the uniform clearance between the 

horn and the die, undergoing an ultrasonic wave treatment; the wave 

propagation was perpendicular to the flow direction and with a frequency of  

20 kHz. 

Later, the ultrasonic source was moved from the die to the barrel and two 

different systems were developed: the first one consisted of a barrel ultrasonic 

reactor with the rectangular cross section ultrasonic water-cooled horn installed 

on the barrel. Two bronze restrictors, placed on the barrel, blocked the flow of 

rubber and forced the rubber to flow through the cavity between the screw and 

the tip of the horn. The second one, similar to the previous one, consisted of a 

grooved barrel. In this case, two helical channels were installed on the barrel 

surface. Rubber was forced to flow into these channels. 

Extensive studies were conducted using these different systems for the 

devulcanization of several types of vulcanized rubbers; these technologies were 

successfully investigated on GTR, synthetic rubber, unfilled and filled NR. After 

the devulcanization, the mechanical and rheological properties of revulcanizates 

were investigated and showed good results, comparable to the one of virgin 

materials. 

Recently, a new devulcanization system was introduced by Isayev in his 

laboratories. In this new system, the ultrasonic device has been installed on a 

barrel of a co-rotating twin-screw extruder. The ultrasonic waves have frequency 

of 40 kHz. The rubber passing through the gap in the ultrasonic zone is subjected 

to a longitudinal waves, being perpendicular to the flow direction. The 

devulcanization reaction has already been tested on GTR of several dimensions 

by Isayev et al. [53], but this research just considered several conditions and 

analyzed the results, without giving a global view of the problem.  
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2.1.6  B IOLOG ICAL MET HODS  

The possibility to apply microorganisms to catalyze desulfurization reactions 

for industrial applications has been extensively investigated. In particular, some 

chemolithotrophes microorganisms, able to derive energy from the oxidation of 

inorganic sulfur compounds, have been isolated for desulfurization of inorganic 

compounds (i.e. pyrite, copper sulfide) from coal and mineral oil [54-56]. Among 

them, the most studied were Thiobacillus strains and some Archaea bacteria, 

such as Sulfolobales [57].  

Nevertheless, the majority of existing biodesulfurization researches and 

applications have focused on the microbial desulfurization of organic molecules, 

such as dibenzothiophene (DBT), often present as chemicals in fuels and as a 

consequence in the contaminated soils. Most of these studies pointed out that 

several microorganisms are able to remove the sulfur content from the DBT and 

use it as a micronutrient without introducing any change in the carbon structure 

[58-60]. The DBT desulfurization pathway was described and characterized by 

Oldfield et al. and it is known as “4s” pathway [61]. Several chemoorganotrophic 

bacteria, which require organic compounds for growth, were studied and some 

strains of the genera Pseudomonas, Rhodococcus, Paenibacillus and Bacillus are 

reported for their ability to oxidize DBT [62]. 

Since the biodesulfurization process on these compounds is similar to the 

biodesulfurizaton process of vulcanized rubber, several researches tried to 

extend and apply this technique to the rubber devulcanization, using the known 

ability of the chemoorganotrophs and chemolithotrophes microorganisms to 

selectively break the C-S bond. However, just few microorganisms were found 

with the ability to devulcanize waste rubber, due to its complex structure. 

A “4s”-like mechanism was suggested by Romine and Romine [63] for the 

desulfurization of GTR by Sulfolobus acidocaldarius. The sulfur crosslinks were 

metabolized into sulfoxide / sulfone / sulfonate / sulfate. Jiang et al. [64] 

reported the activity of Thiobacillus ferrooxidans on GTR. Thiobacillus, grown in 

30 days in presence of GTR, maintained a high biomass and was able to 

desulfurize rubber [65]. 

Li et al. [66] used Sphingomonas sp. isolated from coalmine soil for GTR 

desulfurization. The strain showed sulfur oxiding capacity after a 20-day 

treatment. Acidianus brierleyi and TH2 Lund, isolated Archeae, broke sulfur 

bonds in cryo-GTR in 20 days, leaving oxidized sulfur species on the surface [67]. 
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In addition, Eukarya were studied for rubber devulcanization. Some species 

of white-rot and brown-rot fungi, such as Ceriporiopsis subvermispora, were able 

to break sulfur crosslinks [68,69]. 

Since the biological devulcanization represents a promising technique, due to 

its low energy consumption and high selective nature, several microorganisms 

with a biodesulfurization ability were isolated and patented for this purpose. 

Thiobacillus ferroxidans, Rhodococcus rhodochrous and Solfolobus 

acidocaldarius were patented for a selective devulcanization [70]. Others strains 

such as Bacillus sphaericus or Rhodococcus rhodochrous were claimed for their 

selectivity towards C-S bonds. Christofi et al. [71] described different strains of 

mycolata bacteria such as Corynebaclerium, Rhodococcus, Nocardia, Gordonia, 

Tsukamurella, Dietzia, Mycobacterium and in particular Gordonia desulfuricans 

strain 213E. In this patent, the bacterium G. desulfuricans 213E was employed 

for the desulfurization of vulcanized rubber. The sulfur content in the rubber 

decreased between 23 % and 35 %. Before the treatment, benzothiophene was 

added to the culture medium as a desulfurization pathway inducer.  

Nevertheless, several might be the problems with the microbial 

devulcanization. Vulcanized rubber and culture medium have no affinity, 

resulting in a two-phase system. Moreover, some microorganisms might break 

the polymer chain in addition to the crosslink network and some rubber additives 

and soluble compounds released by the rubber might inhibit their growth. 

Nevertheless, the main limiting factor to the bacterial devulcanization process is 

the low yield of the process that by its nature is limited to the rubber surface, 

requiring a long treatment time [65,72]. 
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3 CHARACTERIZATION OF CRYO-GTR  AND PRELIMINARY 

SUPERCRITICAL CO2  DEVULCANIZATION  

The present chapter focuses on the characterization of the ground tire rubber (GTR) used 

in the entire thesis work. After an extensive characterization, the GTR is subsequently 

devulcanized in supercritical CO2 in presence of diphenyl disulfide (DD) as devulcanizing 

agent, keeping the treatment conditions as suggested in literature. The effect of the 

devulcanization process on mechanical properties and on curing behavior of compounds 

containing devulcanized GTR is investigated. The obtained results shown in this chapter 

has been published in Polymer Degradation and Stability (2014) [1]. 

3.1 EXPERIMENTAL  

3.1.1  MATE RIALS  A ND REAGE NT S  

The ground truck-tire rubber (GTR) characterized and devulcanized in the 

present chapter was the same studied in the entire thesis work. It had 

dimensions smaller than 0.4 mm and it was a cryo-ground rubber from whole 

truck tires. The rubber fraction was mainly composed by natural rubber (NR).  

The other reagents used in this chapter were diphenyl disulfide, DD (99% 

assay) from Sigma Aldrich (Germany); liquid carbon dioxide (99.995% assay) from 

Sapio (Italy); sulfur certified standard (NCS FC28107) from LabService Analytica 

(Italy); acetone, toluene and dichloromethane (>99% assay) from Panreac 

(Spain); polystyrene standards from Pressure Chemical Company (USA).  

N-Cyclohexyl-2-benzothiazole sulfenamide was Vulkacit CZ/EG-C from Lanxess 

(Germany); stearic acid was Stearina TP8 from Undesa (Italy); sulfur was from 

Zolfoindustria (Italy), zinc oxide was from Zincol (Italy), NR was STR20-1,4-cis 

polyisoprene from Von Bundit (Thailand) and carbon black (CB) was N330 from 

Cabot Corporation (USA). 

3.1.2  GTR  CO MPOS ITION  

The dimensions of the GTR particles were determined by sieving through 

ASTM E-11 standard sieves and weighing the respective fractions. Scanning 

electron microscope was used to investigate the particle surface morphology. 

The moisture content was determined by drying the sample in a vacuum oven 

at 70 °C for 24 h and by thermogravimetric analysis (Perkin Elmer TGA 7) at 
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isothermal conditions (70 °C for 7 h). The ashes content was determined by 

muffle calcination at 550 °C for 5 h and by TGA at 900 °C in air atmosphere. 

Further details on the rubber composition were obtained by TGA. 

Approximately 10 mg of sample had previously been extracted to remove the 

extractable and dried in vacuum oven. Thus, the sample was introduced in the 

TGA and heated from room temperature up to 600 °C at a heating rate of  

20 °C/min in N2 atmosphere. The sample weight and its rate of weight loss were 

continuously measured as a function of temperature.  

The characterization also focused on the extractable fraction through two 

consecutive Soxhlet extractions. Approximately 3 g of GTR were dried and 

extracted with acetone and subsequently with chloroform. The extraction was 

performed using an automatic Soxhlet (Büchi Extraction System B-811) in 

standard Soxhlet mode, according to the ISO 1407 and ASTM D 297 standards. 

The Soxhlet cycles were optimized in order to obtain the largest amount of 

extractable. This corresponded to 384 and 90 cycles for acetone and chloroform, 

respectively. These two solvents are suggested by the ASTM D 297 standard in 

order to reach a total extraction. They were chosen due to their higher 

Hildebrand solubility parameter in comparison with NR and BR, since this 

parameter provides a numerical estimation of the degree of interaction between 

solvent and polymer.  

The extracts were dried (Büchi Rotavapor R-200) and the remaining solid 

fraction was weighed. In order to identify the extractable chemicals, the extracts 

were re-suspended in 25 ml of hexane and analyzed using a gas chromatograph 

(GC 6890N, Agilent) equipped with a 7683 Series injector (Agilent), combined 

with a mass selective detector (AG5973N MSD, Agilent). The separation column 

(Phenomenex ZB-5ms, Torrance, CA, USA) had a length of a 60 m and internal 

diameter of 0.25 mm with 0.25 µm film thickness. The GC conditions were as 

follows: column carrier gas, helium, injection volume, 2 μL in splitless mode with 

an injection temperature of 260 °C. The oven temperature program was from  

60 °C (holding time 5 min) to 320 °C (holding time 10 min) at 5 °C/min. The mass 

spectra detector (MSD) conditions were as follows: full scan mode, m/z 40−550 

amu, positive EI mode, ion-source temperature 230 °C. 

3.1.3  DEVULCA NIZAT IO N PRO CE SS  

GTR was dried under vacuum to remove moisture and subsequently 

underwent the devulcanization process. The reaction was carried out in an 
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industrial prototype plant (SFE µ-Plant) realized by Q-Ation Ltd (Italy), designed 

for supercritical extractions. The instrument, shown in Figure 3.1, has maxiumum 

operating temperature of 500 °C and pressure of 70 MPa. It was equipped with 

a reactor cell of a capacity up to 100 ml. 

 

 

FIGURE 3.1:  SCHEMATIC OF SFE  µ-PLANT. 

Temperature (T), pressure (P), time (rt) and the amount of devulcanizing 

agent (DD), shown in Table 3.1, were chosen considering the operating level and 

the rubber type [2-7]. These experimental conditions provided a large excess of 

devulcanizing agent.  

TABLE 3.1:  TEMPERATURE,  PRESSURE, TIME AND DEVULCANIZING AGENT USED IN THE 

DEVULCANIZATION PROC ESS. 

Parameter Value 

Temperature (°C)  180 

Pressure (MPa) 15 

Time (min) 180 

Ratio DD/rubber (wt%) 10 

 

3.1.4  CHARACTERIZA TIO N OF  T HE MATE RIALS  

The GTR and devulcanized GTR (T-GTR) were passed in a two-roll mill at 40 °C 

keeping conditions constant in order to obtain 1-mm-thick sheets. These sheets 

were suitable to avoid loss of material, especially during the swelling 

measurements. Additives were removed from GTR and T-GTR (E-GTR,  

TE-GTR) sheets by extraction using hot acetone. Each sample was then dried. 

3.1.4.1  COM P ARI SON  OF  E-GTR  A ND TE-GTR 

The content of sulfur, the molecular weight of the sol fraction, the crosslink 

density, the sol and gel fractions parameters were determined on E-GTR and on  

TE-GTR sheets and each measurement was repeated at least three times in order 
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to estimate the standard error and to test statistical differences between the two 

samples.  

Sulfur was determined by elemental analysis (Perkin Elmer 2400 Series II 

CHNS/O System) and the NCS Coal Certified Reference Material, containing 2.10 

wt% of sulfur for K factor calculation, was used as a standard. 

About 1 g of E-GTR or TE-GTR was used for the determination of the crosslink 

density, of the sol and gel fraction and for the gel permeation chromatography 

(GPC) analysis (Wi).  

The crosslink density and the estimation of the devulcanization percentage 

were carried out according to ASTM D 6814-02 standard through swelling 

measurements. Toluene was chosen as a solvent considering the Hildebrand 

solubility parameter. The Flory-Rehner equation was used in order to calculate 

the crosslink density [8]: 

 

𝒗𝒆 = − 
𝒍𝒏(𝟏−𝒗𝒓)+𝒗𝒓+𝝌𝒗𝒓

𝟐

𝒗𝒔(𝒗𝒓
𝟏
𝟑⁄ −𝟎.𝟓𝒗𝒓)

     (EQUATION 3.1) 

 

where ve is the crosslink density of the rubber, vr is the volume fraction of the 

rubber at swelling equilibrium calculated considering the rubber and solvent 

densities, vs is the molar volume of the solvent and χ is the interaction parameter 

between the rubber and the solvent. 

The density of rubber was approximated to the density of the NR, considering 

the content of sulfur and it was 0.92 g/cm3 [9]. The χ interaction parameter 

between the rubber and the swelling solvent (toluene) was set equal to 0.39. The 

interaction parameter was chosen considering NR as the main polymer. 

In reinforced filler-rubber systems, the Flory-Rehner equation cannot be 

directly used. It is assumed that the filler does not swell in solvents, therefore 

Equation 3.1 has to be modified using the Kraus correction [10,11] as follows: 

 

𝑣𝑟𝑜

𝑣𝑟
= 1 − 

𝑚ф

(1−ф)
      (EQUATION 3.2) 

 

𝑚 = 3𝐶 (1 − 𝑣𝑟𝑜
1
3⁄ ) + 𝑣𝑟𝑜 −  1    (EQUATION 3.3) 
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where vro and vr are the volume fraction of rubber in the swollen gels of 

unfilled and analogous filled vulcanizates, C is a universal constant for a given 

filler and ф is the volume fraction of the filler in the dried gel. The CB density was 

taken to be 1.85 g/cm3 and the constant C in the correction was chosen equal to 

1.17.  

The sol fraction represents the soluble polymeric fraction extracted by a 

suitable solvent. To achieve the dissolution of the unbound rubber chains, the 

sample was swollen in cold toluene for 72 h and the solvent replaced with fresh 

solvent every 24 h [12-14]. The following equation was used for the sol fraction 

calculation: 

 

𝑆𝑜𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) = (
𝑊𝑆𝐹

𝑊𝑖
) ∗ 100    (EQUATION 3.4) 

 

where WSF is the weight of the toluene extract after solvent evaporation. 

The gel fraction, which represents the insoluble fraction after removing the 

sol fraction, was calculated using the equation: 

 

𝐺𝑒𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) = (
𝑊𝐺𝐹

𝑊𝑖
) ∗ 100    (EQUATION 3.5) 

 

where WGF is the dried sample weight after toluene evaporation. 

Furthermore, since it is difficult to determine the type of bond rupture during 

devulcanization processes, the dependence of experimental normalized sol 

fraction (or gel fraction) versus normalized crosslink density was analyzed and 

compared to the Horikx function, which is based on the statistical theory dealing 

with the sol fraction (or gel fraction) – crosslink density relationship. The analysis 

of the soluble polymeric material (or gel fraction) generated during the 

devulcanization process can be used to investigate the ratio between the main 

chain and crosslink scission [15,16]. Horikx functions can be calculated as: 

 

1 −
𝑣𝑓

𝑣𝑖
= 1 − 

(1−𝑆𝐹𝑓
1
2⁄ )
2

(1−𝑆𝐹𝑖
1
2⁄ )
2      (EQUATION 3.6) 
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1 −
𝑣𝑓

𝑣𝑖
= 1 − 

𝛾𝑓(1−𝑆𝐹𝑓
1
2⁄ )
2

𝛾𝑖(1−𝑆𝐹𝑖
1
2⁄ )
2      (EQUATION 3.7) 

 

where vi and vf are the crosslink density of initial and devulcanized material, 

respectively; SFi and SFf are the sol fraction of initial and devulcanized material, 

respectively. γi and γf are the crosslinking indices before and after the 

devulcanization process. If gel fraction is the only available measurement, the sol 

fraction can be calculated from the content of gel fraction. 

Equation 3.6 is used to plot the relationship between the normalized sol 

fraction (or gel fraction) and the normalized crosslink density in case of the only 

main chain breakage. Equation 3.7 is used just in case of crosslink cleavage. By 

these equations, it is possible to describe the type bond breakage occurred 

during the devulcanization process.  

γi and γf numbers are calculated from Mn, the density of rubber and the 

crosslink density. If the value of Mn is known, it is possible to easily calculate the 

Horikx function for the crosslink scission. In case of GTR devulcanization, it is 

possible to calculate only the function for the main chain breakage, but not the 

function for the selective crosslink breakage, since the value of Mn is not available 

for GTR that represents a waste and vulcanized material. 

GPC was used to investigate the sol fraction molecular weight and its 

distribution. The dried toluene extract was re-suspended in 1 ml of chloroform 

and the sample was filtered with a 0.45 µm filter. 30 mg of the solution were 

dried again and suspended again in 1 ml of dichloromethane. A volume of 40 µL 

was injected in a GPC equipped with Isocratic Pump (Waters 1515), 4 columns 

(Shodex, KF-802.5, KF-803, KF-804, KF-805) and a DAD detector (Waters 2487). 

The dichloromethane flow rate was 1 ml/min at room temperature and at the 

wavelength of 244 nm. Monodisperse polystyrene standards (the weight average 

Molecular weight, Mw between 1.6x106 and 478 Da) were used for the 

quantification. 

In order to obtain information on structural changes in the functional groups 

after the devulcanization treatment, Fourier transform infrared spectra (Nicolet 

iS10 FT-IR Spectrometer) with the attenuated total reflectance mode were 

collected at room temperature with a 4 cm-1 resolution and 32 scans signal 

average. Spectra were registered from 4500 to 650 cm-1. 
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The acetone and cold toluene extracts were analyzed in GC-MSD in order to 

gain information on devulcanization reaction mechanism. The GC and MSD 

conditions were already reported in section 3.1.2. 

3.1.5  COMPO UNDS  

GTR or T-GTR were mixed with raw NR in order to obtain several compounds 

and then cured. Formulations are shown in Table 3.2. As reference, a compound 

with NR as the only polymeric material was prepared (Ref inTable 3.2). The 

compounds were formulated considering the composition of the starting 

material in order to reach the same amount of rubber and CB in each compound.  

In order to evaluate the influence of the DD on the revulcanization process, 

not only GTR and T-GTR, but also E-GTR and TE-GTR samples were compounded. 

Each compound was mixed for 30 min using a two-roll mill and the curing 

behavior was studied according to the ISO 6502 standard using a Moving Die 

Rheometer (MDR 200, Alpha Technologies) at an oscillation angle of 0.5°, a 

temperature equal to 150 °C, a pressure equal to 4.3 bar and a frequency of  

1.7 Hz. All the specimens for MDR analyses were cut by a Constant Volume 

Rubber Sample Cutter (CUTTER 2000, Alpha Technologies) from the uncured 

compounds sheets (diameter = 3.5 cm, thickness = 0.2 cm and weight = 4.5 ± 0.3 

g). The resulting curves allowed evaluating the maximum and minimum torque 

(MH, ML), the scorch time (TS2) and was especially used to evaluate the optimal 

curing time for the tensile test.  

Tensile test properties were measured according to the ISO 37 standard, 

using ring as specimens shape. At least three samples were prepared by 

compression molding at the optimum cure temperature and time for each 

sample. Mechanical properties were measured at room temperature using a 

Zwick dynamometer. 
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3.2 RESULTS AND DISCUSSION  

3.2.1  GTR  CO MPOS ITION  

The relative and cumulative distributions of particles size (Figure 3.2) show 

that the 95 % of the particles were smaller than 0.4 mm with the majority (about 

80 %) between 0.4 and 0.15 mm (40-100 mesh). 

 

FIGURE 3.2:  GTR  PARTICLES SIZE DISTRIBUTION. 

The particles surface morphology is shown in Figure 3.3. During the milling 

process, the nitrogen steam hindered a temperature increase and prevented the 

degradation and oxidation of the sample. As a result, the surface of the  

cryo-GTR appears quite smooth. The dimensions of several GTR particles can be 

also observed in Figure 3.3.  

The moisture content determined by drying the sample through vacuum oven 

and through TGA were respectively 1.2 ± 0.2 wt% and 0.9 ± 0.1 wt%. The amount 

of ashes determined by calcination and by TGA were respectively 7.2 ± 0.8 wt% 

and 7 ± 1 wt%. 

The thermogravimetric (TGA/dTGA) curves of the GTR sample are shown in 

Figure 3.4. This analysis allowed the quantification of the polymeric fraction. The 

weight losses with a maximum rate at 385 °C and 430 °C correspond to the 
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decomposition of NR and synthetic rubber, respectively [17]. From the TGA 

analysis and the amount of the extractable, the rubber fraction was proved to be 

the 53 wt% and it was made up of 70 % NR and less than 30 % of synthetic rubber 

(BR and SBR). 

 

 

FIGURE 3.3:  SEM  PICTURE OF GTR PARTICLES. 

 

FIGURE 3.4:  TGA/dTGA  OF THE GTR IN N2 ATMOSPHERE AND HEATING RATE OF 20  °C/min. 
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The polymeric fraction, moisture and ashes were determined through TGA 

measurements, the extractable fraction was determined through the extraction 

procedure and the CB was determined as the difference between the starting 

weight and the weight of the other fractions (Table 3.3). 

TABLE 3.3:  GTR COMPOSITION. 

Parametera Value (wt%)a Standard deviation 

Polymer 53 1 

Carbon black 30 3 

Extractable 9.4 0.2 

Moisture 0.9 0.1 

Ashes 7.2 0.8 
awt% on the initial weight. 

3.2.1.1  ADDIT IVES  

The GC-MSD analysis of the extracts led to the identification of several 

compounds that are shown in Table 3.4 and Table 3.5. The mass spectra of the 

National Institute of Standards and Technology library was used for the 

identification of the compounds. The MSD peaks were identified and assigned to 

a specific compound only when the match probability was higher than 80 %.  

Most of these compounds belong to three main categories of additives: 

plasticizers, accelerators and antioxidants. The accelerators had previously 

reacted during the vulcanization reaction. It was possible to identify some 

products of the reaction, in particular N,N-dicyclohexyl and benzothiazolone. 

Some peaks exhibited peculiar mass spectra. Many of these peaks resulted 

from degradation fragments of the basic structure of natural and synthetic 

rubber rather than from additives [18]. 
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3.2.2  COMPARISO N BE TWEE N E-GTR  A ND TE-GTR 

The content of sulfur, crosslink density, sol and gel fractions and estimated 

molecular weight are shown in Table 3.6 for E-GTR and TE-GTR. 

TABLE 3.6:  CHARACTERIZATION OF THE E-GTR AND TE-GTR. 

Parametera E-GTR SEd 

(Number of 

observations) 

TE-GTR SE 

(Number of 

observations) 

Sol-fraction (s) % (wt%) 1.08 0.05 (16) 8.3 0.2 (3) 

Gel-fraction (g) % (wt%) 98.78 0.06 (16) 91.12 0.03 (3) 

Crosslink density, (ve) 

(mmol/cm3) 

0.082 0.005 (11) 0.037 0.001 (3) 

Sulfur % (wt%) 2.29 0.04 (5) 2.69 0.03 (4) 

Mn (Da)b 7000 300 (3) 5200 300 (3) 

PDIc 2.01 0.1 (3) 2.68 0.03 (3) 
aAll parameters were determined on sample extracted with hot acetone and then dried. 
bThe number average molecular weight, Mn 
cPoly dispersity index. 
dStandard error. 

 

All these parameters were useful to evaluate the yield of devulcanization 

reaction. Each parameter of TE-GTR significantly differed from the ones 

determined for E-GTR (t-test, confidence level at 95 %).  

The degree of devulcanization was calculated as: 

 

% 𝐷𝑒𝑣𝑢𝑙𝑐𝑎𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =  (1 −
𝑣𝑓

𝑣𝑖
) ∗ 100    (EQUATION 3.8) 

 

where vf and vi are the crosslink density of the material after devulcanization 

and of the initial material. This percentage was 55 ± 6 %. 

The reduction of the crosslink density showed that the devulcanization 

reaction had occurred. The increase of the sol fraction, the decrease of the Mn 

and the increase of PDI confirm that during the treatment a partial main chain 

scission occurred. During this process, it was possible to reach a substantial 

degree of devulcanization and low sol fraction indicating an efficient crosslink 

scission. 

In order to confirm that devulcanization took place, the Horikx function based 

on the main chain breakage for the GTR was analyzed and compared to the 
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experimental data (Figure 3.5). It is seen that experimental results lie above the 

Horikx function. Therefore, it can be concluded that the scCO2 treatment 

preferentially cleaved the crosslink network with some breakage of the main 

chain. 

 

FIGURE 3.5:  NORMALIZED GEL FRACTION AS A FUNCTION OF NORMALIZED CROSSLINK DENSITY 

COMPARED TO THE HORIKX FUNCTION. 

Furthermore, the dependence of experimental normalized gel fraction 

GFf/GFi versus the normalized crosslink density vf/vi was analyzed using the 

following model [11,19-21]:  

 

𝐺𝐹𝑓

𝐺𝐹𝑖
= (1 + 𝜁 ∗ 

𝑣𝑓

𝑣𝑖
 ) ∗ 𝐻 ∗ {(

𝑣𝑓

𝑣𝑖
) − 𝑒

(−1 𝜁⁄ )
}   (EQUATION 3.9) 

 

where H represents the Heaviside step function [22]. 

A good fit (R2 = 0.99) between the experimental data and Equation 3.9 was 

obtained with ζ = 0.108. The ζ parameter represents the change of normalized 

gel fraction with respect to change in normalized crosslink density that is affected 

by the relative amounts of intermolecular bond breakage and main chain bond 

breakage [22]. It can be seen that a decrease in the normalized crosslink density 
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by about 50 %, corresponds to a decrease in the gel fraction by only 10 %, 

confirming that the treatment preferentially generated the rupture of the 

crosslink network. 

These results support the hypothesis that crosslink network scission occurred 

during the devulcanization and that the DD mainly reacted with the crosslink 

network rather than with the main chain. 

Both E-GTR and TE-GTR were investigated through ATR; the spectra are 

shown in Figure 3.6. The two absorption peaks at 1450 cm-1 and 1375 cm-1, 

assigned to δCH2 and δCH3 deformation in the rubber backbone did not show 

any difference between the two samples. Nevertheless, the absorption peak at 

2920 cm-1, assigned to CH saturated stretching vibration, was strengthened in 

the TE-GTR spectra [23,24]. Two new peaks appeared at 730 and at 690 cm-1. 

These peaks have been assigned to the CH bending in the monosubstituited 

benzene and a weak peak at 1580 cm-1, assigned to the aromatic C=C stretching 

vibration, appeared. Moreover, in the TE-GTR spectrum (Figure 3.6) the peak at 

960 cm-1, assigned to the -CH=CH- (trans) bending, was strengthened [25]. 

 

FIGURE 3.6:  ATR SPECTRA OF E-GTR AND TE-GTR. 

These peaks confirmed that the DD exhibits a radical addition mechanism, 

which provide the crosslink cleavage with the incorporation of the benzene 
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sulfide radical into the rubber structure. Moreover, the increase of sulfur 

observed in the TE-GTR (Table 3.6) seems to confirm this crosslink cleavage 

mechanism [4,6]. 

In order to understand this peak variation, the hot acetone and cold toluene 

extracts of T-GTR were analyzed in GC-MSD. The presence of thiophenols 

supports the proposed reaction mechanism for NR [26]. This mechanism 

foresees an initial thermal decomposition of the DD to give benzene sulfide 

radicals that can abstract the allylic hydrogen from the natural rubber chain to 

form benzenethiol or give addition reaction to the double bonds. After that, the 

polymer radical can undergo the crosslink network scission, but also the  

main-chain degradation. This process and the high temperature explain the 

observed increase in C=C groups. Figure 3.7 shows a simplified scheme for the 

radical reactions between the NR and the DD. The same reactions could be 

observed for the synthetic rubber.  

 

 

FIGURE 3.7:  REACTION SCHEME FOR THE DD  AND NR. 
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3.2.3  ME CHA NICA L PROPE RTIES  O F V ULCA NIZE D CO MPO U NDS  

(VULCA NIZATE S )  

Stress-strain curves of different vulcanizates are shown in Figure 3.8. 

Figure 3.9 shows the moduli at 100 % and at 300 %, the tensile strength and 

the elongation at break as a function of the devulcanized rubber content (phr) in 

the vulcanizates.  

These mechanical properties displayed that vulcanizates with various 

amounts of GTR exhibited worse properties than the reference one with NR, as 

already observed [27-29]. Only the elongation at break of T-GTR was higher than 

the reference. 

While the tensile strength and the elongation at break of the vulcanizate 

containing T-GTR were higher than the properties of vulcanizate containing GTR, 

the opposite was observed for moduli at 100 % and at 300 % of elongation. These 

results indicated that the devulcanization treatment affected the mechanical 

properties.  

In order to evaluate the influence of the devulcanizing agent on the 

mechanical properties of the vulcanizates, both GTR and T-GTR were extracted 

with hot acetone, dried and then compounded. From the comparison between 

the vulcanizates containing GTR and E-GTR at various phr, it can be seen that the 

extraction process adversely affected all the mechanical properties of the 

vulcanizates. This is probably due to the removal of most additives from the tire 

rubber. 

To evaluate the effect of residual DD during the revulcanization reaction on 

mechanical properties, the vulcanizate containing T-GTR was compared to the 

vulcanizate with TE-GTR. While the tensile strength and the elongation at break 

of the vulcanizate containing T-GTR were higher than the properties of 

vulcanizate containing TE-GTR, the opposite was observed for moduli at 100 % 

and at 300 % of elongation (Figure 3.9). Therefore, the treatment partially 

balanced the worsening of mechanical properties due to the removal of 

additives. Indeed, all mechanical properties of vulcanizate containing TE-GTR 

were higher than the properties of vulcanizate containing E-GTR (Figure 3.9). 

These results showed that the treatment with DD increases the compatibility of 

the gel fraction with the rubber.  
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FIGURE 3.8:  STRESS–STRAIN CURVES FOR NR VULCANIZATE COMPOUND AND VULCANIZED COMPOUNDS 

CONTAINING VARIOUS AMOUNTS OF (a) GTR  /  T-GTR  AND (b) E-GTR /  TE-GTR. 
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FIGURE 3.9:  MODULI AT (A) 100%  AND AT (B)  300%  ELONGATION,  (C)  TENSILE STRENGTH AND  (D) 

ELONGATION AT BREAK AS A FUNCTION OF THE DEVULCANIZED RUBBER CONTENT (PHR). 

3.2.4  CURING BE HAV IOR  OF  CO MPO UNDS  

The curing behavior was also analyzed in order to investigate the effect of the 

DD on the revulcanization process. The maximum (MH), minimum torque (ML) 

and the differences between them (ΔM) were considered. Figure 3.10 and  

Figure 3.11 show that MH and ΔM were strongly influenced by two factors: the 

amount of GTR and the presence of DD. 

The hot acetone extraction of the devulcanized rubber influenced the 

revulcanization behavior by decreasing the MH and the ΔM (Figure 3.11). 

Moreover, MH and ΔM decreased with the increase of the amount of GTR due to 

the presence of the crosslinked network hindering the revulcanization process 

[30]. Comparing the behavior of E-GTR and TE-GTR, the two samples exposed to 

the same extraction treatment, it can be seen that MH and the ΔM resulted 

higher for the compound containing TE-GTR rather than for the compound 

containing E-GTR. This represents an evidence that the gel fraction of the TE-GTR 

contained more active sites than E-GTR that could be cured. Moreover, the low 
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amount of sol fraction obtained with this process did not have any influence on 

the torque and therefore on the revulcanization process. As a result, it is clear 

that the DD had a strong influence on the revulcanization as well as on the 

mechanical properties.  

 

 

FIGURE 3.10:  CURING CURVES FOR NR  COMPOUND AND COMPOUNDS CONTAINING VARIOU S AMOUNTS 

OF (a)  GTR  / T-GTR  AND (b) E-GTR /  TE-GTR. 



 

56 
 

 

FIGURE 3.11:  (a) MAXIMUM TORQUE (MH) AND (b)  ΔM  AS A FUNCTION OF THE DEVULCANIZED 

RUBBER CONTENT (PHR). 

Rajan et al. [29] analyzed the effect of disulfide used as a devulcanizing agent 

on the revulcanization process. They observed that the presence of an excess of 

a diphenyl disulfide deteriorates the tensile strength and the elongation at break, 

but at the same time increases the moduli values. In this study, the large 

deterioration observed on properties is probably due to the large amount of the 

DD used in the GTR scCO2 devulcanization process. At the same time, the effect 

of the DD on the reduction of maximum torque and on the revulcanization 

process observed in our experiments was lower than the effect observed on the 

butyl rubber by Jang et al. [6]. This is probably due to the different chemical 

structure of the rubber, indeed the NR contains higher unsaturation than butyl 

rubber. 

3.3 CONCLUSIONS  
In this chapter, the GTR was characterized and subsequently devulcanized 

using scCO2 as a solvent and DD as a devulcanizing agent.  

The results support the idea that the crosslink network scission occurred 

during the treatment and that the DD mainly reacts with the crosslink network 

rather than with the main chain. Nevertheless, the unreacted DD can affect the 

process of revulcanization and the mechanical properties of the vulcanizates 

containing the devulcanized GTR, in particular increasing the elongation at break 

and decreasing the modulus. For this reason, the mechanical properties of the 

vulcanizates containing devulcanized GTR and unreacted DD cannot be 

compared with the original material, even though the resulting material 

undergoes a preferential breakage of crosslink network. The most limiting factor 

for this devulcanization process is the amount of DD left in the devulcanized GTR. 
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4 MODELING AND INVESTIGATION OF SUPERCRITICAL 

CO2  DEVULCANIZATION  

As shown in Chapter 3, the scCO2 devulcanization process in presence of DD has been 

found to be active and selective. Therefore, a 24 factorial design is employed in the 

present chapter both to investigate the scCO2 devulcanization process behavior in a 

wider experimental domain and to investigate the influence of temperature, pressure, 

amount of devulcanizing agent, treatment time and their interactions on the 

devulcanization process. The obtained results shown in this chapter has been published 

in The Journal of Supercritical Fluids (2014) [1]. 

4.1 INTRODUCTION  
For process improvement, it is usually necessary to consider how a number 

of input variables, such as temperature, feed rate, concentration, etc. can 

simultaneously influence the experimental responses. The use of statistical 

experimental design allows to get a clear picture of how these process variables 

behave separately and together on the experimental responses and how it is 

possible to control them in order to make the process more effective [2]. 

The present chapter presents a statistical approach for studying the GTR 

devulcanization using a green devulcanization process employing scCO2 as a 

reaction medium and diphenyl disulfide (DD) as a devulcanizing agent.  

Most of the previous studies were carried out in order to find the best 

devulcanizing conditions, analyzing the process variables just considering one 

variable at a time (OVAT) [3-6]. In OVAT approach, the variables that could 

possibly affect the performance of the process are kept at a fixed level except for 

one, which is varied until the best conditions are reached. These studies showed 

that temperature (T), pressure (P), amount of DD and treatment time (rt) were 

the variables that can mainly affect the devulcanization process, especially 

decreasing the crosslink density and increasing the sol fraction of the 

devulcanized rubber. However, this approach does not allow exploring the 

influence of the interaction among variables on the responses. 

Thus, an experimental design approach is implemented in the present 

chapter in order to investigate the devulcanization process. 
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4.2 MATERIALS AND METHODS  

4.2.1  DESIG N O F EX PERIME NT S  

A two-level full factorial experimental design [2,7,8] has been chosen to 

investigate the effect of each single variable and the interactions among them. 

The number of experiments necessary to carry out this design is N=Lk, where L 

represents the number of levels for the investigation (two in our case) and k 

represents the number of variables, or factors (four in our case). 

Table 4.1 shows maximum (+1), minimum (-1) and central (0) levels for each 

variable used in the present study. These levels were chosen considering the type 

and properties of GTR, the maximum operating level for the equipment (400 °C 

and 70 MPa) and the CO2 supercritical conditions (31.1 °C and 7.38 MPa [9]). 

TABLE 4.1:  FACTORS AND LEVELS OF THE EXPERIMENTAL DESIGN. 

Factor Min level Max level Central level 

Code -1 1 0 

Temperature (°C) 70 190 130 

Pressure (MPa) 8 24 16 

Treatment time (min) 60 240 150 

DD/rubber (wt%) 1 25 13 

 

Sixteen experiments were carried out in order to investigate the experimental 

domain; three experiments were added to investigate the performance in the 

center of the experimental domain and to estimate the model validity, 

reproducibility and experimental error. A fully randomized execution of the 

nineteen experiments was carried out in order to minimize the error due to the 

planning of the experiments. 

The crosslink density (CD), sol fraction (SF), gel fraction (GF) and sulfur 

content (SC) were chosen as experimental responses. The CD, SF and GF give 

information on the degree of devulcanization. SC is an important quantitative 

indicator of the reaction between DD and GTR. 
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The dependence of each experimental response, y, on the factors was 

modeled applying the following equation [2]: 

 

𝑦 =  𝛽0 + ∑ 𝛽𝑖
𝑛
𝑖=1 𝑥𝑖 +∑ ∑ 𝛽𝑖𝑗

𝑛
𝑗=𝑖+1 𝑥𝑖

𝑛−1
𝑖=1 𝑥𝑗 + 𝜀   (EQUATION 4.1) 

 

where β0 is the constant term, βi and βij are the regression coefficients, ε is 

the error, xi and xj are the variables and n is their number. The coefficients were 

determined by multiple linear regression. 

The analysis of variance (ANOVA) is normally used to determine which factors 

and which interactions have a significant influence on the process. In our 24 

factorial designs, the use of ANOVA is questionable to discriminate whether the 

factors and interactions are real [2]. Therefore, the relevance of the effects for 

the factors and two-factor interactions was also evaluated comparing each 

computed effect with the standard error (SE) through a t-test. The main and the 

interactive effects were calculated according to Box et al. [2]. 

The three central experiments were used to evaluate the experimental error 

and therefore the standard error for the effects through the following equation: 

 

𝑆𝐸 (𝑒𝑓𝑓𝑒𝑐𝑡) =
2𝜎

√𝑛
      (EQUATION 4.2) 

 

where n is the total number of runs of the two-level factorial design and σ is 

the standard deviation of the central experiments. Moreover, under the 

assumption that higher-order interactions are largely due to noise, the effect of 

these interactions (bk) can provide a reference set for the estimation of the 

standard error. The standard error for main effects and two-factor interactions 

was also calculated applying following equation: 

 

𝑆𝐸 (𝑒𝑓𝑓𝑒𝑐𝑡) =  √
∑ (𝑏𝑘)

25
𝑘=1

5
     (EQUATION 4.3) 

 

In order to point out the best fitting model and to confirm the significant 

parameters for each experimental response, the step-wise approach was used 

to find the best combination of factors and interactions considering the 
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coefficient of determination (R2), the adjusted R2 and the coefficient of 

determination for prediction (Q2) [8,10]. Q2 represents the leave-one-out cross-

validated R2 in which the residual sum of squares is substituted by the predicted 

sum of squares. 

The PRESS is calculated using the following equation: 

 

𝑃𝑅𝐸𝑆𝑆 = ∑ (𝑦𝑖 − 𝑦̂𝑖\𝑖)
𝑛
𝑖=1      (EQUATION 4.4) 

 

where 𝑦̂𝑖\𝑖 represents the predicted response estimated using a regression 

model calculated without the i-th observation. 

The linear regression models (Equation 4.1), ANOVA and response surfaces 

were calculated by MODDE 6.0 (Umetrics, Umeå, Sweden) and MATLAB R2013 

(The MathWorks Inc., Natick, USA). 

4.2.2  EXPERIME NTAL A ND A NA L YTICAL  PROCED URES  

The GTR used in the present study was a cryo-ground rubber from truck tires, 

the same used and characterized in Chapter 3. The chemical reagents were the 

same used in Chapter 3. 

A pre-treatment of GTR was necessary to remove all chemicals that could 

affect experimental determinations. Thus, GTR was first extracted in a Büchi 

Extraction System B-811 automatic Soxhlet with acetone for 16 h and then with 

chloroform for 4 h, according to ISO 1407 and ASTM D 297 standard methods. 

After the extraction, the powder was vacuum dried at 50 °C for 24 h.  

The obtained GTR was mixed with DD and then treated in scCO2 at several 

conditions as planned in the experimental design (Table 4.2), in the same reactor 

shown in Figure 3.1. 
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After the devulcanization, each sample was extracted in acetone for 24 h to 

remove the excess of unreacted DD, dried again under vacuum and finally 

pressed in a two-roll mill at 40 °C keeping conditions constant in order to obtain 

1-mm-thick sheets (TE-GTR). These sheets were suitable to be characterized 

avoiding loss of material, especially during swelling measurements. The crosslink 

density, sol fraction, gel fraction and sulfur content were determined on the  

TE-GTR. Every measurement was repeated at least three times. 

Figure 4.1 shows the schematic of the procedure used for the treatment and 

characterization. 

 

 

FIGURE 4.1:  PROCEDURE USED FOR THE TREATMENT AND CHARACTERIZATION. 

The crosslink density was determined according to ASTM D 6814-02 as shown 

in Chapter 3. Flory-Rehner equation and Kraus correction were applied 

considering the content of carbon black (Table 3.3) and the same parameters 

used in Chapter 3 [11-14]. 

Sol and gel fractions were evaluated through a 24-hour Soxhlet extraction 

using toluene as a solvent [15] and about 1 g of TE-GTR (Wi). After this period of 
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time, the toluene extract was dried and weighed (WSF). The rubber sample was 

dried in vacuum oven for 24 h and weighed again (WGF). Sol and gel fraction were 

calculated as in Equation 3.4 and Equation 3.5. 

Sulfur content was determined by CHNS elemental analysis as in Chapter 3. 

4.3 RESULTS AND DISCUSSION  

4.3.1  REGRESS IO N MODE LS  

The experimental conditions and the obtained responses are summarized in 

Table 4.2.  

A preliminary regression model, evaluated for each response, was an 

interaction model including the four factors and all two-factor interactions [8]. 

Higher-order interactions were omitted since in real phenomena, the relevance 

of the effect decreases with the increase of the interaction order [2]. This 

assumption allowed excluding three- and four-factor interactions to privilege the 

quality of the model and to avoid over-fitting. Although not advisable, the 

ANOVA was carried out on this model, thus it was possible to point out which 

factors and interactions were statistically significant [7]. Table 4.3 shows the 

ANOVA for the four responses containing all the factors and two-factor 

interactions. The P-values of T, DD and their interaction (T * DD) were lower than 

0.05 and therefore these parameters proved to be significant [7]. 

The standard error, estimated by both the central points (Equation 4.2) and 

higher-order interactions (Equation 4.3), was also used to evaluate whether the 

effect of either factors or two-factor interactions were significant. Table 4.4 and 

Table 4.5 show the estimated effects, their standard error (SE) evaluated using 

the three central points and the higher-order interactions, respectively. 
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Both this approach and the ANOVA, applied to each experimental response, 

identified the same significant factors and interactions. Temperature, content of 

DD and their interaction resulted the only significant parameters, while the other 

factors and interactions resulted negligible. The DD resulted unimportant only 

for the crosslink density, whereas T and their interaction resulted significant. 

However, even for this experimental response, the DD was considered in the 

final reduced model in order to preserve the hierarchy among factors. 

A model is considered hierarchical if the presence of significant higher-

interactions or higher-order terms requires the inclusion of the lower-order 

terms within the higher-order ones. 

The effect of pressure was negligible; as a result, the treatment can be 

conducted at relatively low pressure. Nevertheless, pressure must be at least 

equal to the one of scCO2, since scCO2 acts as the solvent media for the 

devulcanization reaction. Treatment time resulted the least important factor, 

indeed the devulcanization reaction employing DD involves radical reactions, 

resulting very fast in comparison to the tested treatment times. Therefore, a final 

reduced model was calculated by multiple linear regression for each 

experimental response, considering only significant factors and interactions. In 

order to confirm that the obtained models were the optimal ones, a stepwise 

approach was used to find the best combination of factors and interactions by 

evaluating the coefficient of determination for prediction (Q2). 

Table 4.6 shows the regression coefficients and the coefficients of 

determination for each experimental response referred to the scaled and 

centered variables. The model obtained for the gel fraction exhibits the highest 

R2, Q2 and the smallest difference between these two coefficients, resulting in 

the best model. All final reduced regression models were statistically significant 

at 95 % and without any lack of fit considering the same probability [2]. 

Moreover, for a sound evaluation of models, the residuals distribution was 

studied. Figure 4.2 shows the normal probability plots of the residuals for each 

response. No evident anomalies are present for crosslink density (a), sol (b) and 

gel fractions (c). For sulfur content (d), two runs appear to be highly discrepant. 

Nevertheless, the normal distribution for residuals was confirmed by the 

Shapiro-Wilk normality test for 95 % confidence interval [16] for each response.  
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TABLE 4.6:  REGRESSION COEFFICIENTS WITH STANDARD ERROR (SE) AND COEFFICIENTS OF 

DETERMINATION FOR EACH EXPERIMENTAL RESPONSE REFERRED TO THE SCALED AND CENTERED 

VARIABLES. 

 Response 

 CD SF GF SC 

Constant 0.051 8.3 92.6 2.52 

SE 0.001 0.6 0.4 0.03 

DD -0.003 2.4 -2.3 0.13 

SE 0.002 0.7 0.4 0.03 

T -0.018 5.9 -5.8 0.14 

SE 0.002 0.7 0.4 0.03 

DD * T -0.005 2.0 -2.3 0.12 

SE 0.002 0.7 0.4 0.03 

R2 0.91 0.87 0.94 0.79 

R2 adj 0.89 0.85 0.92 0.75 

Q2 0.86 0.80 0.90 0.69 

 

 

FIGURE 4.2:  NORMAL PROBABILITY PLOT OF RESIDUALS FOR (a)  CROSSLINK DENSITY,  (b) SOL 

FRACTION, (c) GEL FRACTION AND (d) SULFUR CONTENT. 
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In order to visualize the influence of T and DD on the devulcanization process, 

a 3-D graph (Figure 4.3) was plotted for each experimental response using the 

reduced models. The plotted surfaces do not show any maximum. Temperature 

proved to be the most important factor for this devulcanization process, since 

high temperatures cause the degradation of the rubber network. A significant 

variation of responses was observed. Increasing the temperature, especially at 

high amounts of DD. Indeed, at high T values the decomposition of DD generates 

more benzene sulfide radicals [5,17,18], leading to the chain scission and 

crosslinks rupture, reducing the crosslink density, the gel fraction and increasing 

the sol fraction as shown in Figure 4.3 (a-c) [17]. These radicals react with the 

rubber chain and with the crosslink network increasing the sulfur content 

(Figure 4.3 d). 

 

 

 

FIGURE 4.3:  3-D  PLOT FOR THE FOUR EXPERIMENTAL RESPONSES AS A FUNCTION OF DD AND T.  (a) 

CROSSLINK DENSITY,  (b)  SOL FRACTION,  (c)  GEL FRACTION AND (d) SULFUR CONTENT.  IN ORDER TO 

SHOW CLEARLY THE SURFACES TRENDS,  FIGURES (c)  AND (d)  SHOW AXES WITH OPPOSITE DIRECTIONS. 
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4.3.2  VAL IDA TION  

A validation was carried out in order to test the reduced models predictive 

power within the studied domain. Indeed, for the optimization procedure and 

for future predictions, both a good descriptive and good predictive capacities of 

models are required. 

The leave-one-out cross validation was used for internal validation. In this 

procedure, each observation is predicted by the model without including that 

observation. The predictive power of the reduced regression models is given by 

Q2 (Table 4.6) which is based on this procedure [8,10] and it had already been 

used to select the best models. 

In addition to the internal validation, a set of new experimental runs within 

the experimental domain (V1, V2 and V3 in Table 4.7) was predicted and 

compared to the experimental results. These experiments were chosen varying 

either the significant parameters for the final reduced models (T and DD) or the 

negligible ones (rt and P). 

TABLE 4.7:  VALIDATION EXPERIMENT CONDITIONS WITHIN TH E STUDIED DOMAIN. 

Experiment Treatment time 

(min) 

DD 

(wt%) 

Temperature 

(°C) 

Pressure  

(MPa) 

V1 60 5 150 24 

V2 60 10 180 24 

V3 120 10 180 15 

 

Figure 4.4 shows the experimental crosslink density, sol and gel fraction and 

sulfur content obtained for these validation points compared to the predicted 

values. It can be seen that each experimental value is contained within the 

models error bars, resulting in accordance with the predicted ones. 
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FIGURE 4.4:  VALIDATION EXPERIMENT RESULTS WITHIN THE MODELS ERROR BARS AT 99  %  OF 

CONFIDENCE LEVEL. 

4.4 CONCLUSIONS  
The aim of the present chapter was to investigate the scCO2 devulcanization 

process of a GTR by varying treatment time, temperature, percentage of 

devulcanizing agent DD and CO2 pressure. A full factorial experimental design 

was used to define the experimental conditions within the variables domain and 

a set of four responses was used to characterize the devulcanized GTR. The 

experimental dataset was modeled by multiple linear regression. The most 

significant variables were temperature, amount of DD and their interaction. 

Regression models developed in the study resulted in a reliable prediction of 

devulcanization indicators within the experimental domain. Treatment time 

resulted the least important factor and the influence of pressure resulted 

negligible. The same evidence was not observed in previous studies performed 

on natural rubber and butyl rubber where pressure, treatment time, 

temperature and amount of devulcanizing agent had strong influence on the 

devulcanization reaction.  
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Indications regarding the reaction mechanism were also obtained. High T and 

decomposition of DD generate radicals that react with the rubber chain and with 

the crosslink network increasing the sulfur content of the TE-GTR.  

These results have an important outcome since this devulcanization process 

can be carried out in a short time and at relatively low pressure, with subsequent 

energy saving. 
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5 MODELING AND INVESTIGATION OF ULTRASONIC 

DEVULCANIZATION  

As shown in Chapter 2, both ultrasonic and twin-screw extrusion are well-

known devulcanization techniques for tire rubber. In the present chapter, these 

techniques are combined, investigated and optimized. The process variables 

considered are those relevant for the two technologies, in particular the 

ultrasonic amplitude, screw speed, flow rate and temperature. Several 

responses, including crosslink density, gel fraction, complex viscosity of 

devulcanizates, tensile strength, modulus and elongation at break of 

revulcanizates are analyzed. A multi-response optimization is carried out 

through a desirability function approach in order to define the combination of 

factors that maximize the overall level of satisfaction with respect to the 

responses under study. 

5.1 INTRODUCTION  
The last decade gave birth to a green devulcanization process, employing 

ultrasound [1]. This process is carried out without involving any chemical, since 

ultrasound can generate cavitation leading to the rupture of three-dimensional 

network in the rubber matrix within a time of several seconds. Most of the 

previous studies investigated this devulcanization process using an ultrasonic 

single-screw extruder on several types of rubber, in particular, GTR, NR and 

various synthetic rubber. GTR represents an ideal raw material for the ultrasonic 

devulcanization, since it can be fed directly into the extruder. Recently, the 

incorporation of an ultrasonic device in a twin-screw extruder made the process 

more efficient [2]. The resulting devulcanized tire rubber can be directly 

compounded with curatives without adding virgin rubber and the revulcanized 

showed good mechanical properties [1,2].  

Several researches have also investigated a devulcanization process based 

only on shear stress and high temperature produced in twin-screw extruders at 

several conditions and varying several screw configurations [3-8]. Most of these 

devulcanization studies were carried out in order to find the best devulcanization 
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conditions by analyzing the process parameters just considering one variable at 

a time [9]. Moreover, the devulcanization process on GTR in a twin-screw 

extruder was investigated using the response surface methodology (RSM)  

[10-13]. These studies mainly pointed out that temperature, screw shape, screw 

speed and flow rate have significant effect on the devulcanization process. 

Nevertheless, no ultrasonic devulcanization study was carried out by means of 

RSM. 

Simulations of ultrasonic devulcanization based on physical modeling were 

performed in [14-16]. The complex nature of ultrasonic devulcanization of GTR, 

only led to a qualitative agreement between experimental and simulation 

results, indicating that the process model reported in Isayev et al. [14-16] was 

insufficient for the process optimization.  

Another possibility to develop a process model of ultrasonic devulcanization 

of GTR is to carry out statistical modeling. The use of statistical experimental 

design and responses surfaces allows to get a clear picture of how the process 

variables behave both separately and cooperatively on the experimental 

responses and how it is possible to control them in order to make the process 

more effective [9]. Since all the previous physical approaches used to describe, 

predict and optimize the ultrasonic rubber devulcanization process resulted in 

complex systems, this statistical approach offers a useful tool for the 

optimization of this process within the studied domain for a multi-response 

situation.  

The aim of the chapter is to investigate and optimize a multi-response 

ultrasonic devulcanization process of a GTR in co-rotating twin-screw extruder 

using the RSM based on central composite face-centered design (CCFD) [17,18]. 

A similar study using a more classical OVAT approach would require many more 

experiments, necessary to cover the experimental domain, without estimating 

the interaction effects among the variables and with the risk to locate the wrong 

optimum for each response [19,20].  

The process variables considered in the present study were those that 

resulted to be significant in the aforementioned studies with the addition of the 

ultrasonic amplitude. Several responses, including crosslink density, gel fraction, 

complex viscosity of devulcanizates, tensile strength, modulus and elongation at 

break of revulcanizates were analyzed. A multi-response optimization was 

carried out through a desirability function approach. 
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5.2 MATERIALS AND METHODS  

5.2.1  MATE RIALS  A ND EQ UIPM E NT  

The GTR used for the ultrasonic devulcanization was the same characterized 

in Chapter 3.  

The devulcanization process was carried out in an ultrasonic co-rotating twin-

screw extruder (Prism USALAB 16, Thermo Electron Co., UK) [2]. A water-cooled 

ultrasonic horn with an 800 W power supply (Branson 2000 bdc, Branson 

Ultrasonic Co., CT) was operating at 40 kHz, providing a longitudinal ultrasonic 

wave perpendicular to the flow direction of the material. The cross section of the 

horn had dimensions of 28x28 mm2. The gap between the horn tip and the 

screws was 2.5 mm and the volume of ultrasonic treatment zone was 1.54 cm3. 

Energy from a power supply was converted into mechanical energy for the 

devulcanization. The barrel temperature was monitored by several 

thermocouples inserted in the barrel. The flow rate was regulated by varying the 

material feeding rate. 

The configuration of the screw elements is shown in Figure 5.1. Both screws 

were single-flighted with diameter of 16 mm and L/D ratio of 24. One reverse 

element was introduced after the ultrasonic zone to guarantee the complete 

filling of the ultrasonic treatment zone and to increase pressure and residence 

time of the GTR in this zone. The addition of more reverse elements resulted in 

extremely high torque. 

 

 

FIGURE 5.1:  SCHEMATIC OF THE SCREW CONFIGURATION. 

5.2.2  DESIG N O F EX PERIME NTS   

A central composite face-centered experimental design [17,18] has been 

chosen in the present study to model and optimize the ultrasonic 

devulcanization process and to analyze the effect of each variable, their 

interactions and second order terms. It is generated by combining a two-level 

full factorial design with axial experiments requiring a number of experiments 

equal to N = Lk + 2*k + Nc. L represents the number of levels for the investigation 

(two in our case), k represents the number of process variables, or factors (four 

in our case) and Nc is the number of central experiments. 
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Table 5.1 shows maximum (coded as +1), minimum (coded as -1) and central 

(coded as 0) levels for each process variable, including the ultrasonic amplitude 

(US), screw speed (SS), flow rate (FR) and temperature (T). Each level was chosen 

by carrying out several trial experiments, considering the type of GTR and the 

maximum operating level for the equipment in term of maximum torque, screw 

speed and temperature. 

TABLE 5.1:  FACTORS AND LEVELS OF THE EXPERIMENTAL DESIGN. 

Factor, Units Min level Max level Central level 

Code -1 +1 0 

Ultrasonic amplitude (US), µm 5 12 8.5 

Screw speed (SS), rpm 150 250 200 

Flow rate (FR), g/min 4 8 6 

Temperature (T), °C 130 210 170 

 

Although just one or two center runs are required for central composite 

designs [18], four center runs were introduced in the experimental design 

considering one of the criteria reported by Draper [21]. He suggested to add at 

least four center runs for a face-centered central composite design. This number 

is required to achieve adequate pure error degrees of freedom and a reasonably 

sensitive lack of fit test [21]. The rotatability of central composite designs [17] 

was sacrificed in the present study by choosing the distance of axial experiments 

at ±1, due to the experimental complexity to carry out the axial experiments at 

different levels. Twenty-eight experiments were carried out to investigate the 

experimental domain. A fully randomized execution of experiments was carried 

out in order to minimize the error due to the planning of experiments.  

The complex viscosity (η*), crosslink density (CD) and gel fraction (GF) were 

chosen as experimental responses in order to study the devulcanized GTR  

(D-GTR). The modulus at 100 % of elongation (M100), tensile strength (TS) and 

elongation at break (Eb) were chosen as experimental responses in order to 

study the properties of the revulcanized GTR (R-GTR). 
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A preliminary regression model, evaluated for each response, was a second 

order model containing the four factors, their squares and two-factor 

interactions. The dependence of each experimental response, y, on the factors 

was modeled by applying the following equation [17,18]: 

 

𝑦 =  𝛽0 +  ∑ 𝛽𝑖
𝑛
𝑖=1 𝑥𝑖 +∑ 𝛽𝑖𝑖

𝑛
𝑖=1 𝑥𝑖

2 + ∑ ∑ 𝛽𝑖𝑗
𝑛
𝑗=𝑖+1 𝑥𝑖

𝑛−1
𝑖=1 𝑥𝑗 + 𝜀  (EQUATION 5.1) 

 

where β0 is the constant term, βi, βii and βij are the coefficients, ε is the error, 

xi and xj are the variables (US, SS, FR and T) and n is the number of variables. The 

coefficients were determined by multiple linear regression. 

The three-factor interaction terms were considered in case the experimental 

observations were not adequately fitted by the second order model  

(Equation 5.1), resulting in a poor model with low coefficients of determination 

or serious lack of fit. In these cases, the response surface could be more complex 

than the one defined by the second order approximation model given by 

Equation 5.1 [22-24]. 

Model term P-values from ANOVA and the coefficient of determination in 

prediction (Q2) were considered to achieve the best subset model. Q2 represents 

the leave-one-out cross-validated R2, where the residual sum of square is 

replaced by the predicted residual sum of square (Equation 4.4) [25-27]. The 

terms whose P-value was higher than 0.1 were sequentially and systematically 

eliminated. The terms whose P-value was between 0.1 and 0.05 were kept in the 

model only if they contributed to an increase of the Q2 value. The best reduced 

model containing only the significant factors, interactions and second order 

terms was thus calculated for each experimental response. A validation was 

carried out in order to test the reduced models predictive power. 

5.2.3  RESPO NS ES FOR THE  DEV ULCA NIZE D GTR  (D-GTR) 

The crosslink density, gel fraction and complex viscosity were determined on 

D-GTR. These measurements gave information on the degree of devulcanization. 

Each measurement was repeated at least three times. 

Advanced Polymer Analyzer (APA 2000, Alpha Technologies, Akron, OH) was 

used to determine the dynamic properties of the D-GTR, in particular the 

complex viscosity. The frequency sweep analysis was carried out at 120 °C within 

a frequency range between 0.15 rad/s and 200 rad/s and a strain amplitude of 

0.042. 
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The crosslink density was determined through swelling measurements. 1 g  

D-GTR (Wi) was extracted for 24 h in standard Soxhlet using toluene as a solvent. 

After this period of time, the excess of solvent on the sample surface was 

removed with a paper towel and the swollen sample was weighed. Finally, the 

sample was dried in vacuum oven for 24 h and weighed again (WGF). Flory-Rehner 

equation and Kraus correction were calculated as in Chapter 3, considering the 

content of carbon black (Table 3.3) and the same parameters considered in 

Chapter 3 [28-31]. The gel fraction was also evaluated by the same Soxhlet 

extraction and it was calculated using Equation 3.5. 

5.2.3.1  HORI KX  FUNC T ION  

In order to investigate in more detail the relative effect of degradation of the 

main chain and of the crosslink network, the dependence of experimental 

normalized gel fraction versus normalized crosslink density was analyzed and 

compared to the Horikx function for the main chain degradation (Equation 3.6). 

5.2.4  RESPO NS ES FOR THE  REV ULCA NIZE D GTR  (R-GTR) 

In order to investigate the mechanical properties, the D-GTR was 

homogenized and compounded with curatives using a two-roll mill (Reliable 

Rubber & Plastic Machinery Co., North Bergen, NJ) for 10 and 30 passes, 

respectively. The chemicals used for the compounding recipe were courteously 

donated by Akrochem Corporation (Akron, OH, USA) and were added as follows: 

1 part per hundred of rubber (phr) powder N-cyclohexyl-2-benzothiazole 

sulfenamide, 1 phr rubbermakers sulfur, 1.25 phr RGT-M zinc oxide and 0.25 phr 

rubber grade stearic acid, based on 100 phr of D-GTR.  

The curing behavior of the D-GTR samples at 160 °C was studied using the 

APA 2000 by performing a time sweep, at a frequency of 10 rad/s and a strain 

amplitude of 0.042. The resulting curves were used to evaluate the optimal 

curing time for the tensile test. R-GTR sheets of 15x15 cm2 with thickness varying 

from 2.2 to 3.5 mm were prepared using a compression-molding press (Carver, 

Wabash, IN) at the optimum cure time (t95). The dumbbell shape specimens for 

tensile test (type C in the ASTM D 412 standard method) were cut out from those 

sheets. Mechanical properties were measured at room temperature using 

tensile testing machine (Instron tensile tester, Model 5567, Instron), following 

the ASTM D 412 standard method, at an elongation rate of 500 mm/min. Tensile 

strength, modulus at 100 % of elongation and elongation at break were 

evaluated on at least five R-GTR samples. 
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5.2.5  OPT IMIZA T IO N  

Desirability functions were used to define the optimum condition for the 

treatment [32]. The desirability function approach (di) assigns numbers ranging 

between 0 and 1 for each response yi(x). The individual desirability functions are 

then combined in order to find the most desirable condition with respect to all 

the responses. Two different desirability functions were employed to maximize 

the overall level of satisfaction with respect to all the responses. 

5.2.5.1  DE RRIN GER AND SU IC H DE SIR AB I L I TY  FU NC TI ONS  

Three different types of desirability functions exist according to the response 

characteristics [33]. Each of them transforms the response for each combination 

of experimental conditions into a value lying between 0 and 1, where 1 is the 

best condition and 0 represents the worst one. The nominal-the-best (NTB), the 

larger-the-best (LTB) and the smaller-the-best (STB) desirability functions, are 

respectively calculated as: 

 

𝑑𝑖(𝑥) =

{
 
 

 
 (

𝑦̂𝑖(𝑥)−𝑦𝑖
𝑚𝑖𝑛

𝑇𝑖−𝑦𝑖
𝑚𝑖𝑛 )

𝑠

,  𝑦𝑖
𝑚𝑖𝑛 < 𝑦̂𝑖(𝑥) < 𝑇𝑖

(
𝑦̂𝑖(𝑥)−𝑦𝑖

𝑚𝑎𝑥

𝑇𝑖−𝑦𝑖
𝑚𝑎𝑥 )

𝑡

, 𝑇𝑖 < 𝑦̂𝑖(𝑥) < 𝑦𝑖
𝑚𝑎𝑥

0 , (𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒)

                            𝑁𝑇𝐵 (EQUATION 5.2) 

𝑑𝑖(𝑥) =

{
 
 

 
 0 , 𝑦̂𝑖(𝑥) ≤ 𝑦𝑖

𝑚𝑖𝑛

(
𝑦̂𝑖(𝑥)−𝑦𝑖

𝑚𝑖𝑛

𝑦𝑖
𝑚𝑎𝑥−𝑦𝑖

𝑚𝑖𝑛)
𝑟

,  𝑦𝑖
𝑚𝑖𝑛 < 𝑦̂𝑖(𝑥) < 𝑦𝑖

𝑚𝑎𝑥

1 , 𝑦̂𝑖(𝑥) ≥ 𝑦𝑖
𝑚𝑎𝑥

                     𝐿𝑇𝐵 (EQUATION 5.3) 

𝑑𝑖(𝑥) =

{
 

 
1 , 𝑦̂𝑖(𝑥) ≤ 𝑦𝑖

𝑚𝑖𝑛

(
𝑦̂𝑖(𝑥)−𝑦𝑖

𝑚𝑎𝑥

𝑦𝑖
𝑚𝑖𝑛−𝑦𝑖

𝑚𝑎𝑥)
𝑟

,  𝑦𝑖
𝑚𝑖𝑛 < 𝑦̂𝑖(𝑥) < 𝑦𝑖

𝑚𝑎𝑥

0 , 𝑦̂𝑖(𝑥) ≥ 𝑦𝑖
𝑚𝑎𝑥

                     𝑆𝑇𝐵 (EQUATION 5.4) 

 

where yi
max and yi

min represent the maximum and minimum tolerance limits 

and (𝑦̂𝑖(x)) are the estimated responses; s, t and r, having positive values, 

represent the weights. The NTB desirability function, reported in Equation 5.2, is 

used for responses that need to reach a specific target (Ti). The LTB, reported in 

Equation 5.3, is used when the value of the estimated response is expected to be 

larger than a lower tolerance limit. The STB, reported in Equation 5.4 is used 

when the value of the estimated response is expected to be smaller than an 

upper tolerance limit. 
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In a multi-response situation, the overall desirability function (D) is maximized 

and represented by a geometric mean obtained by combining the individual 

desirability functions (di) defined as: 
 

𝑚𝑎𝑥
𝑥∈𝛺

𝐷 = (∏ 𝑑𝑖
𝑤𝑖𝑛

𝑖=1 )
1

∑ 𝑤𝑖
𝑛
𝑖=1      (EQUATION 5.5) 

 

where di is the individual desirability function of the i-th response, x 

represents the combination of experimental conditions within the experimental 

domain Ω and wi are the weights assigned to each response. A high wi implies 

that the desirability value is close to 0, unless the response gets very close to its 

target value. Higher wi values assign more importance to the di. The objective of 

this approach is to find the experimental conditions, maximizing the D value 

within the experimental domain. 

5.2.5.2  K I M AND L IN  DES IR AB I L I TY  FUNC T IO NS  

In this approach [34], the individual desirability function of i-th response, di, 

has an exponential form and it is defined as: 

 

𝑑′(𝑧) = {
𝑒𝑥𝑝(𝜏′)−𝑒𝑥𝑝(𝜏′|𝑧|)

𝑒𝑥𝑝(𝜏′)−1
, 𝜏 = 0

1 − |𝑧|, 𝜏 ≠ 0
    (EQUATION 5.6) 

 

where τ′ = τ + ( 1 – R2 ) (τmax – τ) and τmax is a sufficient large value of τ (constant, 

-∞<τ<∞) such that d′ (z) with τmax is a concave curve assuming virtually no effect 

in the optimization process. Realistic values of τ lies between -10 and 10. For  

τ < 0 the function is convex, for τ = 0 the function is linear and for τ > 0 the 

function is concave. R2 is the coefficient of determination and z is a standardized 

parameter representing the distance of the estimated response from its target 

in units of the maximum allowable deviation. This parameter (z) depends on the 

response type and is defined as: 

 

𝑧𝑖(𝑥) =

{
 
 

 
 

𝑦̂𝑖(𝑥)−𝑇

𝑦𝑖
𝑚𝑎𝑥−𝑇

, (𝑓𝑜𝑟 𝑁𝑇𝐵)

𝑦̂𝑖(𝑥)−𝑦𝑖
𝑚𝑖𝑛

𝑦𝑖
𝑚𝑎𝑥−𝑦𝑖

𝑚𝑖𝑛 , (𝑓𝑜𝑟 𝑆𝑇𝐵)

𝑦𝑖
𝑚𝑎𝑥−𝑦̂𝑖(𝑥)

𝑦𝑖
𝑚𝑎𝑥−𝑦𝑖

𝑚𝑖𝑛 , (𝑓𝑜𝑟 𝐿𝑇𝐵)

                      𝑤𝑖𝑡ℎ 𝑦𝑖
𝑚𝑖𝑛 ≤ 𝑦̂𝑖(𝑥) ≤ 𝑦𝑖

𝑚𝑎𝑥 (EQUATION 5.7) 
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where yi
max and yi

min represent the maximum and minimum values of the 

estimated response (𝑦̂𝑖(x)). Equation 5.7 ranges between −1 and 1 for NTB-type 

responses and between 0 and 1 for STB and LTB ones. 

In the present study, in order to consider the predictive ability of each 

response model, R2 was substituted by the coefficient of determination in 

prediction (Q2). τmax was fixed equal to 10. The values of τ for each model were 

chosen considering the importance of the response. 

In this approach, the overall minimal level of satisfaction is reached following 

the formulation: 

 

𝑚𝑎𝑥
𝑥∈𝛺

(𝑚𝑖𝑛 [𝑑1 {(𝑦̂1(𝑥)}, 𝑑2{(𝑦̂2(𝑥)}, …𝑑𝑛{(𝑦̂𝑛(𝑥)}])  (EQUATION 5.8) 

 

where x represents the combination of experimental conditions within the 

experimental domain Ω.  

In the present study, only LTB and STB response types were considered for 

both approaches. The minimum and maximum values for each responses (yi
max 

and yi
min) were set at the extreme values of each estimated response.  

The linear regression models, ANOVA, response surfaces and desirability 

functions were calculated by Modde 6.0 (Umetrics, Umeå, Sweden) and MATLAB 

R2013 (The MathWorks Inc., Natick, USA). 

5.3 RESULTS AND DISCUSSION  

5.3.1  REGRESS IO N MODE LS  

The results of the experiments are summarized in Table 5.2. As a response for 

the model, the value of η* was uniquely taken at the frequency of 200 rad/s, 

since the analysis was more stable at this frequency. 

For each experimental response, a reduced subset model was obtained 

considering the only terms that resulted significant. Table 5.3 shows regression 

coefficients for each experimental response related to the scaled and centered 

variables. In order to achieve the best subset model, some terms were included 

even if they did not result significant to preserve the principal of hierarchy.   
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All the obtained reduced regression models were statistically significant at 

95 %, without showing any lack of fit at the same probability [9,18]. The residual 

distributions, as shown in Figure 5.2, do not reveal evident anomalies. The 

normal distribution for the residuals was confirmed by the Shapiro-Wilk 

normality test at 99 % confidence level [35]. 

 

FIGURE 5.2:  NORMAL PROBABILITY PLOT OF RESIDUALS FOR (a)  η*, (b) CD,  (c) GF, (d)  TS, (e)  

M100  AND (f) Eb.  
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Q2 was used to select the best subset model for each response. Therefore, 

this statistic results in the highest power prediction for each model (Table 5.4). 

Moreover, each model shows relatively high R2 and R2 adjusted (R2 adj), 

offering an acceptable explanation of the total variance. 

TABLE 5.4:  COEFFICIENTS OF DETERMINATIONS OF REDUCED  MODELS. 

5.3.2  D-GTR 

η* was determined as a function of the angular frequency and followed the 

power law behavior. Therefore, the experimental data were fitted according to 

the following equation: 

 

𝜂∗  =  𝐾𝜔𝑛−1       (EQUATION 5.9) 

 

where ω represents the frequency and K and n are empirical constants  

(n < 1). 

The constant K in Equation 5.9, representing a measure of flow resistance, 

could have been used as an additional experimental response for the model. This 

parameter allowed us to consider the behavior of the rubber in the entire region 

of the studied frequencies. Figure 5.3 shows the dependence of η* on the 

frequency ω and the power law fit for three samples chosen as representative 

ones. 

Nevertheless, this additional response (K) showed an analogous behavior as 

η* at 200 rad/s with the same significant terms for the fitted reduced model. For 

this reason, it was decided to uniquely consider η* during the optimization 

process. 

Response R2 R2 adj Q2 

η* 0.98 0.96 0.94 

CD 0.93 0.89 0.86 

GF 0.98 0.95 0.88 

M100 0.94 0.90 0.88 

TS 0.87 0.81 0.74 

EB 0.91 0.85 0.72 
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FIGURE 5.3:  POWER LAW FITTING EXAMPLES ON SAMPLES (a)  E1,  (b)  E12  AND (c) C4  

CORRESPONDING TO TABLE 5.2. 

The analysis of the η*, GF and CD were performed directly on the material 

after the devulcanization, since these values give information on the rupture of 

the crosslink network.  

The η*, as function of angular frequency, is a measure of the resistance to 

flow. In particular η* decreases with a decrease of molecular weight, crosslink 

density and gel fraction. 

The GF represents the insoluble fraction after removing the sol fraction. It 

decreases with the increase of network breakage and with the increase of 

polymeric soluble fraction. Similarly, the CD represents the effective number of 

chains per unit of volume and it decreases with the increase of devulcanization. 

From the reduced models (Table 5.3) it can be observed that all process 

variables had influence on the devulcanization process. The ultrasonic amplitude 

showed the highest effect, acting with a negative trend on D-GTR properties. 

Indeed, as already observed in [1], the ultrasonic devulcanization increases with 

the ultrasonic amplitude. The effects of screw speed and temperature were 

found to be less important despite the fact that these process variables acted in 

the same direction as the ultrasonic amplitude. Indeed these two process 
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variables are responsible for thermal and mechanical degradation and 

decrosslinking [5,6]. The effect of flow rate was observed to be less important 

and acting in opposite direction, since the flow rate enhance decreases the 

residence time of the material within the extruder, decreasing the 

devulcanization treatment time. 

5.3.2.1  HORI KX  FUNC T ION  

In Figure 5.4, the line indicates the Horikx function based on the main chain 

breakage. Experimental data are indicated by symbols. It is seen that 

experimental results lie above the Horikx function [36]. Therefore, it can be 

concluded that the ultrasonic treatment preferentially cleaved the crosslink 

network with some breakage of the main chain. However, it is impossible from 

this plot to define types of crosslink breakage (monosulfidic, disulfidic and 

polysulfidic). In addition, it was difficult to experimentally measure the amount 

of different type crosslink breakage on D-GTR. In that regard, a previous study 

[37] (conducted on a model SBR rubber) indicated that the ultrasonic 

devulcanization causes a significant decrease of polysulfidic and monosulfidic 

crosslinks indicating that ultrasonic devulcanization takes place indeed. 

 

FIGURE 5.4:  NORMALIZED GEL FRACTION AS A FUNCTION OF NORMALIZED CROSSLINK DENSITY 

COMPARED TO THE HORIKX FUNCTION.  
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5.3.3  R-GTR 

The analysis of M100, TS and Eb were performed on the material R-GTR after 

compounding and revulcanization. Generally, the compound recipe and crosslink 

network type are the main parameters influencing all these mechanical 

properties [38]. However, in our case, the filler content and recipe of the R-GTR 

were kept constant. Therefore, the mechanical properties were strictly 

correlated to the devulcanization effect induced by the ultrasonic treatment. 

M100 is a measure of the tensile properties at 100 % of elongation. TS and Eb 

represent the final mechanical properties. They define the failure point of the 

vulcanizates. 

As seen from Table 5.3, M100 followed a reduced model similar to the one 

observed for all the responses evaluated on the D-GTR. The increase of the 

ultrasonic amplitude, screw speed and temperature and the decrease of the flow 

rate led to lower values of M100. Several researches had already observed that 

the modulus increases with the crosslink density and gel fraction of the material. 

Furthermore, the crosslink density and gel fraction of revulcanizates are highly 

correlated with the correspondent devulcanizates, as long as the curing recipe is 

kept constant [2,39]. Also in this study higher values of gel fraction and crosslink 

density of D-GTR led to higher values of R-GTR. 

Although M100 of R-GTR resulted being correlated with the crosslink density 

and gel fraction of the D-GTR, it is clear that TS and Eb behaved differently. 

Indeed, the main significant process variables had a completely opposite 

influence on these two properties. These final mechanical properties were 

strongly influenced by the degree of devulcanization. More breakage of the 

three-dimensional network can generates more active sites that can be cured 

during the revulcanization process, increasing the compatibility among the  

D-GTR particles.  

In order to better understand the trend of the response surfaces, 3D plot are 

shown in Figure 5.5. In these surfaces each response was plotted as a function of 

US and T, fixing the values of FR at center level (0) and SS at the highest one  

(+ 1). 

In Figure 5.5 it is clear that the mechanical properties are strongly dependent 

on the structure properties. Namely, the CD, GF and η* showed similar 

behaviors, since their decrease was observed with an increase of T and US. On 

the other hand, the mechanical properties did not show a unique behavior. The 

M100 showed significant decrease at high T and US, while the opposite was 
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observed for TS and Eb. As already observed in [2], this different behavior of the 

mechanical properties of the R-GTR can be explained by considering their 

correlation with the structure of the D-GTR. The reduction of CD and GF is 

generally associated to an increase of the sol fraction. This soluble polymeric 

fraction, along with the gel of lower crosslink density, provides enough active 

sites that can be re-cured, increasing the compatibility among various D-GTR 

particles, resulting in better final properties of R-GTR. On the other hand, the 

M100 behaves in opposite manner since this property shows higher values at 

higher values of CD and GF.  
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Figure  5.5:  RESPONSES SURFACES OF (a) η*, (b) CD, (c) GF,  (d) M100,  (e) TS  AND (f) Eb AS A 

FUNCTION OF T  AND US AT HIGHEST VALUE OF SS (250  rpm) AND MIDDLE VALUE OF FR (6  g/min).  



  CHAPTER 5 

95 
 

5.3.4  VAL IDA TION  

A validation was carried out in order to test the reduced models predictive 

power within the studied domain. In addition, some experiments were carried 

out to evaluate the applicability of the model outside the studied domain.  

The conditions used for validation experiments are reported in Table 5.5.  

TABLE 5.5:  VALIDATION EXPERIMENT CONDITIONS. 

Experiment US (µm) SS (rpm) FR (g/min) T (°C) 

Experiments out of the experimental domain 

v1 0 250 8 130 

v2 0 200 8 170 

Experiments within the experimental domain 

v3 8.5 250 6 170 

v4 8.5 200 6 170 

v5 12 250 6 130 

v6 12 200 6 170 

v7 12 150 8 130 

 

These experiments were fixed by selecting combinations of independent 

variables within the experimental domain. Moreover, the predictive power of 

the models was tested outside the experimental region, removing the most 

influential process variable. Therefore, two experiments (v1 and v2) were carried 

out without applying any ultrasonic treatment. 

Figure 5.6 shows the experimental responses compared to the predicted 

values. It can be seen that the experimental values are in good agreement with 

the predicted ones within the experimental domain (v3 to v7). Moreover, some 

models show an acceptable predictive capacity outside the experimental range 

(v1 and v2). 
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FIGURE 5.6:  RESULTS OF VALIDATION EXPERIMENTS WITH THE MODELS ERROR BARS AT 95  %  

CONFIDENCE LEVEL. 

5.3.5  OPT IMIZA T IO N  

In the previous sections, our attention was focused on modeling each 

response as a function of the input process variables. Two different behaviors 

were generally observed, as seen in Figure 5.5. In addition, in Figure 5.7 it can be 

observed that the optimal condition as a function of US and T is different for each 

response.  

Although, for practical applications, the process variables could be varied in 

order to achieve the optimal conditions for a desired property, in the present 
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study a multiple response optimization approach was performed. In particular, 

this optimization was carried out considering a possible application of the D-GTR 

in new tires. Therefore, it was decided to assign more importance to the M100 

and TS. 

 

 

FIGURE 5.7:  CONTOUR PLOTS OF (a) η*, (b) CD, (c) GF,(d) M100,  (e) TS AND (f) Eb  AS A 

FUNCTION OF T  AND US F IXING SS=250  rpm  AND FR =  6  g/min. The optimal conditions are 

shown in black color.  
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The weights and parameters used for the two different desirability function 

approaches are shown in Table 5.6. The results of the optimization are listed in 

Table 5.7.  

Although the two desirability function approaches gave different overall 

degree of satisfaction, the two approaches gave comparable results in term of 

optimal process conditions. In order to maximize the value of M100 and TS, it is 

necessary to keep a relatively low value of US, sufficient to reduce the network 

density and to increase the number of active sites so D-GTR can be revulcanized, 

without introducing an excessive degradation. 

TABLE 5.6:  PARAMETERS FOR DESIRABILITY FUNCTIONS. 

Response Type of desirability function  𝑦𝑖
𝑚𝑖𝑛 a 𝑦𝑖

𝑚𝑎𝑥 a w b τc 

η* STB 0.80 4.16 1 -1 

CD STB 0.018 0.044 1 -1 

GF STB 73.8 85.3 1 -1 

M100 LTB 2.52 3.67 3 -3 

TS LTB 3.69 6.46 3 -3 

Eb LTB 194 102 1 -1 
a The value of  𝑦𝑖

𝑚𝑖𝑛 and 𝑦𝑖
𝑚𝑎𝑥were computed for each response, using the  

reduced subset models reported in Table 5.3. 
b Weights for the Derringer and Suich approach. 
c Value of τ parameter for the Kim and Lin approach. 
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5.4 CONCLUSIONS  
The aim of the present study was to investigate a green and continuous 

ultrasonic devulcanization process that could be carried out in a short time 

adjusting the process variables in order to optimize specific required conditions. 

Ultrasonic-assisted devulcanization in a twin-screw extruder was studied and 

modeled using a face-centered central composite design and desirability 

functions. Several responses on the D-GTR and on R-GTR were chosen as 

responses and reduced regression models were obtained by regression analysis. 

The properties of the D-GTR and R-GTR were influenced by all the process 

variables as well as interaction effects between them. However, the US was 

found to be the most influencing process variable for the described screw 

configuration. Different behaviors were observed for the various responses. For 

this reason, an optimization was performed in order to maximize the TS and 

M100, considered the most important parameters for reuse of D-GTR. A 

relatively low value of US was required to reduce the network density without 

introducing an excessive degradation of the tire rubber. 
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6 MODELING AND INVESTIGATION OF BIOLOGICAL 

DEVULCANIZATION  

A biological devulcanization process of a vulcanized ground natural rubber model 

system (VGNR) is investigated by a two-level full factorial design of experiments. In 

particular, the devulcanization ability of Gordonia desulfuricans 213E is evaluated as a 

function of several parameters influencing the bacterial growth, such as the glucose 

concentration, dibenzothiophene concentration and initial biomass concentration. The 

complex viscosity is chosen as experimental response. Furthermore, the automated 

ribosomal intergenic spacer analysis (ARISA) method is proposed to investigate the 

persistence of the inoculated strain during the experiments. 

The author is grateful to research group led by Prof. Bestetti (DISAT, University of 

Milano-Bicocca) and in particular to Dr. Valeria Tatangelo for the microbiological 

analyses. 

6.1 INTRODUCTION  
Last decades gave birth to a microbial desulfurization process as an 

alternative to the known traditional methods that require hazardous chemicals 

or energetic operative conditions.  

Just few researchers have investigated the biodesulfurization of ground 

rubber [1-3] and few aspects of the process have been taken into consideration, 

for example an important parameter such as the effect of growth medium 

composition on desulfurization activity has never been investigated. Another 

important point never studied so far regards the evaluation of the persistence of 

bacterial inoculum during the treatment. Since GTR is a complex material, the 

sterilization process may not be completely efficient and other bacterial strains 

can over compete the inoculated strain.  

In the present chapter, Gordonia desulfuricans 213E with known 

desulfurization ability [3] is employed to study the devulcanization process of a 

vulcanized ground natural rubber (VNGR) in order to reproduce a vulcanized 

system similar to the GTR. 

In [3], G. desulfuricans 213E has already been employed for the 

desulfurization of vulcanized rubber. In this patent, it was reported a selective 

desulfurization mechanism leading to a decrease in the sulfur content between 
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23 % and 35 %, keeping the growth parameters at the optimal conditions, in 

presence of a swelling agent and of benzothiophene as a degradation pathway 

inducer.  

In the present chapter, a statistical approach based on experimental design is 

used to investigate how some process parameters, influencing the bacterial 

growth but not considered in [3], could affect the complex viscosity (η*) and 

therefore the desulfurization or degradation process of the rubber structure. In 

particular, the concentration of glucose as a source of carbon, of DBT as 

desulfurization pathway inducer and the G. desulfuricans 213E initial biomass in 

the culture medium were considered as variables.  

The choice to analyze the process on a VGNR model system, instead directly 

on GTR was carried out since tire rubber is an extremely complex system to 

control and monitor in case of a biological process. However, although the VGNR 

is a model system, less complex than a GTR, it is still porous and difficult to 

sterilize. Therefore, the fingerprinting method ARISA (automated ribosomal 

intergenic spacer analysis) was used to characterize the microbiological 

community and to evaluate the persistence of the inoculated bacterium [4]. 

Moreover, since the purpose of the thesis work is to study green processes, 

the experiments were conducted avoiding all the chemical aids reported by 

Christofi et al. [3], such as swelling agents. Indeed, although these chemicals are 

useful to increase the devulcanization efficiency, they might have a toxic effect 

for the microorganisms and for the environment. 

6.2 MATERIALS AND METHODS  

6.2.1  REAGENTS  

The biological devulcanization was carried out on a model system of 

vulcanized ground natural rubber (VGNR). NR was mixed in a two-roll mill as 

follows: 1 part per hundred of rubber (phr) powder N-cyclohexylbenzothiazole-

2-sulfenamide, 1 phr sulfur, 5 phr zinc oxide and 2 phr stearic acid, based on 100 

phr of NR. After mixing, the rubber sheet was cured for 18 min at 150 °C. After 

the curing process, the NR was ground at room temperature in order to reach 

particle dimensions between 250 µm and 500 µm. All the reagents were the 

same as in Chapter 3. 

The strain G. desulfuricans 213E (NCIMB 40816) was purchased from Lebeniz 

Institut DSMZ-“German Collection of Microorganisms and Cell Culture” 
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(Germany). Constituents of mineral salt medium (MSM) were purchased from 

Sigma Aldrich (Germany). 

6.2.1.1  B IO LOG IC AL  MED IU M  

Sulfur-free MSM (pH 7.0) [5] was prepared by dissolving, 4.5 g/l of K2HPO4, 

1.5 g/l of NaH2PO4, 2 g/l of NH4Cl and autoclaved at 121 °C for 30 min. Then, the 

following chemicals were added after sterilization by filtration: 0.2 g/l of MgCl2; 

0.02 g/l of CaCl2*2H2O; 10 ml/l vitamin (RPMI 1640 Vitamins Solution (100×)-

Sigma Aldrich- Germany); 5 mg/l MnCl2*6H2O; 0.5 mg/l H3BO3; 0.5 mg/l ZnCl2; 

0.5 mg/l CoCl2*6H2O; 0.46 mg/l NiCl2*6H2O; 0.3 mg/l CuCl2, 0.1 mg/l 

NaMoO4*2H2O; 1.49 mg/l FeCl2*4H2O; 0.003 mg/l Na2SeO3; 0.008 mg/l Na2WO4 

[6]. Glucose and DBT were added after sterilization by filtration. 

6.2.2  DESIG N O F EX PERIME NT S  

6.2.2.1  EXPERI MEN TA L  PR OCEDUR E  

VGNR was extracted with acetone for 72 h at room temperature, using a 

volume of 10 ml/g of rubber. Acetone was changed every 24 h. After that, VGNR 

was dried under vacuum for 24 h at 50 °C. This step was necessary to remove 

unreacted sulfur and vulcanizing agents.  

Each experiment of the experimental design was carried out in a flask with  

10 g of VGNR, in 50 ml of final biological medium volume. All flasks were 

incubated under stirring at 30 °C for 14 days. At the end of the treatment, the 

treated VGNR was recovered and dried under vacuum for 24 h at 50 °C.  

VGNR complex viscosity (η*) was chosen as experimental response, since it is 

influenced by the NR structure and its change may result from both 

decrosslinking and degradation of main polymer chain. 

The samples showing the lowest viscosity were tested with crosslink density 

and molecular analysis (ARISA). 

6.2.2.2  FULL F AC TOR I AL  DES IGN  

A 23 full factorial experimental design [7,8] was chosen to investigate the 

devulcanization process.  

Table 6.1 shows the maximum (+1), minimum (-1) and central (0) levels for 

each variable used in the present study. Glucose was used as a carbon source 

(Gc) and dibenzothiophene (DBT) was added as a desulfurization pathway 

inducer. The third variable considered was the initial bacterial biomass 
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concentration in the culture medium and it was evaluated in terms of optical 

density at 600 nm (OD). Highest absorbance corresponds to the maximum 

concentration of bacteria and vice versa. These variables were chosen since they 

were considered the most important parameters influencing the growth of 

microorganisms. 

TABLE 6.1:  FACTORS AND LEVELS OF THE EXPERIMENTAL DESIGN. 

Factor Min level Max level Central level 

Code  -1 1 0 

Gc (g/l) 10 20 15 

DBT (mg/l) 0.00 3.12 1.56 

OD600 (AU) 0.10 1.00 0.55 

 

Eight experiments were carried out in order to investigate the experimental 

domain (Table 6.2). Three experiments were added to assess the performance in 

the center of the experimental domain (Table 6.2). Three experiments were 

added as control samples without the bacterial inoculum (Table 6.3) to 

investigate the effect of the VGNR bacterial community lasting even after the 

sterilization. A fully randomized execution of the experiments was carried out in 

order to minimize the error due to the planning of experiments. 

TABLE 6.2:  FULL FACTORIAL DESIGN AND EXPERIMENTAL RESPONSE. 

 Factor  Response 

Experiment Gc (g/l) DBT (mg/l) OD600 (AU)  η*(Kpa.s) 

E1 10 0.00 0.10  3.01 

E2 20 0.00 0.10  3.70 

E3 10 3.12 0.10  2.76 

E4 20 3.12 0.10  3.02 

E5 10 0.00 1.00  2.40 

E6 20 0.00 1.00  2.92 

E7 10 3.12 1.00  3.11 

E8 20 3.12 1.00  3.05 

Center1 15 1.56 0.55  3.02 

Center2 15 1.56 0.55  3.05 

Center3 15 1.56 0.55  2.78 
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TABLE 6.3:  CONTROL SAMPLES WITHOUT BACTERIAL INOCULUM. 

 Factor  Response 

Experiment Gc (g/l) DBT (mg/l) OD600 (AU)  η*(Kpa.s) 

Control1 15 1.56 0.00  3.25 

Control2 15 1.56 0.00  3.19 

Control3 15 1.56 0.00  2.98 

 

The dependence of η* on the factors was modeled applying an interaction 

model containing the variables and their interactions [7,8], the same used in 

Equation 4.1. The coefficients were determined by multiple linear regression. 

The ANOVA is normally used to determine which factors and which 

interactions have a significant influence on the process. In our 23 factorial design, 

the use of ANOVA is questionable to discriminate whether the factors and 

interactions are real [7]. Therefore, the relevance of the effects for the factors 

and interactions was also evaluated comparing each computed effect with the 

standard error (SE) through a t-test. The main and the interactive effects were 

calculated according to Box et al. [7]. 

The three central and three control samples were used to evaluate the 

experimental error and therefore the standard error for the effects by the 

following equations: 

 

𝜎 = √
𝑁𝐶∗𝜎𝑁𝐶

2 +𝑁𝐴∗𝜎𝑁𝐴
2

𝑁𝐶+𝑁𝐴
      (EQUATION 6.1) 

 

𝑆𝐸 (𝑒𝑓𝑓𝑒𝑐𝑡) =  
2𝜎

√𝑛
      (EQUATION 6.2) 

 

where σ is the standard deviation of the experiments, NC and NA are the 

number of central and control samples and n is the total number of runs of the 

two-level factorial design. 

The linear regression models, ANOVA and response surfaces were calculated 

by MODDE 6.0 (Umetrics, Umeå, Sweden). 
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6.2.2.3  COM P LEX  V I SC OS IT Y  

Rheological characterization was performed by Rubber Process Analyzer (RPA 

2000, Monsanto). The frequency sweep tests were carried out at a temperature 

of 100 °C at a strain amplitude of 20 % and within a frequency range between 

0.1 Hz and 30 Hz. 

As a response for the model, the value of complex viscosity (η*) was uniquely 

taken at the frequency of 30 Hz as shown in Table 6.2, since the analysis was 

more stable at this frequency. Moreover, all the models obtained with the others 

frequencies gave the same significant factors and interactions with lower R2 and 

Q2. 

6.2.3  HORIKX FUNCTIO NS  

In order to confirm that the devulcanization process took place, samples E3, 

E4, E5, E6 (Table 6.2) and Control1 (Table 6.3) were swollen in toluene and the 

crosslink density and gel fraction were calculated as in Chapter 3. In this case, 

the Kraus correction was not necessary since the VGNR did not contain any 

carbon black. 

In order to investigate in more detail the relative effect of degradation of the 

main chain and of the crosslink network, the dependence of experimental 

normalized gel fraction versus normalized crosslink density was analyzed and 

compared to the Horikx functions described in Chapter 3 [9,10]. 

The value of Mn is available for the natural rubber STR-20 and therefore it was 

possible to calculate both Horikx curves for the main chain and crosslink scission 

of VGNR [11]. 

Equation 3.6 was used to plot the relationship between the normalized gel 

fraction and the normalized crosslink density of VGNR devulcanization in case of 

the only main chain breakage. Equation 3.7 was used in case of the only crosslink 

cleavage. By these equations, it was possible to describe the type of preferential 

bond breakage during the devulcanization process. 

6.2.4  AUTOMA TED  R IBO SOMAL I NTE RGE NIC SPA CER A NA LYS I S  (ARISA)  

In order to apply ARISA analysis, total DNA was extracted from 0.5 g of VGNR 

(experiments E3, E4, E5, E6 and Control1) and from 0.5 g of the autoclaved VGNR 

samples by using the FastDNA_SPIN for Soil Kit (MP Biomedicals, Solon, OH, 

USA). Moreover, total DNA was extracted from a pure culture of G. desulfuricans 
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213E, with ZR Soil Microbe DNA Miniprep kit (Zymo Research Corporation, Irvine, 

CA). 

ARISA is a Polymerase Chain Reaction (PCR)-based technique for the analysis 

of bacterial community structure and is based on amplification sizing of the  

16S-23S intergenic region [4].  

Ribosomal intergenic spacer was amplified by using both primer ITSF (5’-

GTCGTAACAAGGTAGCCGTA-3’) and primer ITSReub (5’-GCCAAGGCATCCACC-3’) 

with a fluorescent probe [4]. PCR was performed in 40 µl containing 20 µl of  

2X GoTaq Green Master Mix (Promega Corporation, Madison, WI), 5 µL of each 

primer (10 µM), 2 µl of DNA template and 8 µl of water. PCR program was as 

follows: 94 °C for 3 min followed by 30 cycles at 94 °C for 45 s, 55 °C for 1 min, 

72 °C for 2 min and a final extension at 72 °C for 7 min [4]. An aliquot of PCR 

reaction was analyzed by capillary electrophoresis using 2500 ROX (Applied 

Biosystems) as size standard for Peak Scanner (Applied Biosystems) analysis. 

Capillary electrophoresis results in an electropherogram where each peak 

represents an operative taxonomic unit (OTU).  

The signed area of each peak was used to estimate the OTU relative 

abundance. A normalization was carried out to compare the OTU in different 

samples setting the sum of the all OTU in every sample equal to 10000. Finally, 

OTU with a relative abundance minor than 1.5 % were removed to reduce the 

noise.  

6.3 RESULTS AND DISCUSSION  

6.3.1  REGRESS IO N MODE L  

The experimental conditions and the obtained results are summarized in 

Table 6.2. 

A preliminary considered regression model was an interaction model 

including the three factors and all two-factor interactions [7,8]. 

Although not advisable, the ANOVA was carried out on this model, thus it was 

possible to point out which factors and interactions were statistically significant. 

Table 6.4 shows the ANOVA for the response containing all the factors and two-

factor interactions. 

Moreover, the significance of factors and interactions was evaluated by 

estimation of effects and the standard error (SE) calculated as in Equations 6.2 

and shown in Table 6.5. 
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In both cases, the terms whose P-value was higher than 0.05 were 

sequentially and systematically eliminated. The terms whose P-value was lower 

than 0.05 were kept in the model since considered significant. Both these 

approaches identified the same significant factors and interactions.  

TABLE 6.4:  ANALYSIS OF VARIANCE FOR THE INTERACTION MODEL. 

Variable Degrees of Freedom S.S. P-value 

Constant 1  <0.001 

Gc 1 0.249 0.012 

DBT 1 0.101E-02 0.793 

OD 1 0.128 0.034 

Gc*DBT 1 0.128 0.034 

Gc*OD 1 0.300E-01 0.201 

DBT*OD 1 0.392 0.005 

Residuals 4 0.513E-01  

Total 10 0.977  

 

TABLE 6.5:  ESTIMATED EFFECTS AND STANDARD ERROR (SE) CALCULATED THROUGH THE THREE 

CENTRAL EXPERIMENTS AND THREE CONTROL SAMPLES (EQUATION 6.2). 

Variable Estimated Effect SE P-value 

Average 3.0 ±0.1 <0.001 

Gc 0.4 ±0.1 0.016 

DBT -0.02 ±0.1 0.851 

OD -0.3 ±0.1 0.040 

Gc*DBT -0.3 ±0.1 0.040 

Gc*OD -0.1 ±0.1 0.374 

DBT*OD 0.4 ±0.1 0.016 

 

A final reduced model was calculated by multiple linear regression 

considering only significant factors and interactions. Table 6.6 shows the scaled 

and centered regression coefficients and the coefficients of determination for 

the reduced model. The reduced regression model was statistically significant at 

95 % and without any lack of fit, considering the same probability [12]. It can be 

observed that DBT*OD and Gc resulted the most important variables, acting with 

a positive effect on the η*, on the other hand Gc*DBT and OD act with a negative 

effect (Table 6.6). The DBT did not result significant, however it was kept in the 
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final model to preserve the hierarchy, since it is contained within significant 

higher-order interactions. 

TABLE 6.6:  REGRESSION COEFFICIENTS WITH THE STANDARD ERROR (SE) AND COEFFICIENTS OF 

DETERMINATION REFERRED TO THE SCALED AND CENTERED VARIABLES. 

Variable Coefficient SE R2 R2 adj Q2 

Constant 2.98 0.04 

0.92 0.83 0.58 

Gc 0.16 0.04 

DBT -0.01 0.04 

OD -0.11 0.04 

Gc*DBT -0.10 0.04 

DBT*OD 0.18 0.04 

 

Moreover, the residual distribution, as shown in Figure 6.1, do not show 

evident anomalies. The normal distribution for the residuals was confirmed by 

the Shapiro-Wilk normality test at 95 % confidence level [13]. 

 

FIGURE 6.1:  NORMAL PROBABILITY PLOT OF RESIDUALS. 

In order to display the influence of the factors and interactions on the η*,  

3D-plot surfaces were analyzed and are shown in Figure 6.2 and Figure 6.3. In 

particular, Figure 6.2 shows a η* decrease alongside with a decrease of glucose 
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as source of carbon from 20 g/l to 10 g/l and with a decrease of DBT 

concentration from 3.12 mg/l to 0 mg/l, especially at high values of OD. An 

increase in the initial bacterial medium concentration (OD) helped to reduce the 

rubber η*. When bacteria were inoculated at high concentration of easily 

accessible carbon source, they might have preferentially used this compound 

without breaking the rubber carbon and the η* remained high. The same 

behavior can be observed for the DBT concentration. It is even clearer that when 

bacteria were inoculated with DBT as pathway inducer, they might have 

preferentially used this compound without breaking the rubber crosslinks and 

the η* remained high. Indeed, although the DBT was added at low concentration 

this effect was evident, since the sulfur is a micronutrient for the microorganisms 

and even a small amount of DBT is enough to avoid the rubber sulfur 

degradation. 

In Figure 6.3, it can be observed the importance of initial OD related to the 

DBT concentration. As previously noticed, higher OD is able to enhance the 

decrease of η*. Nevertheless, the importance of DBT as inducer of the 

desulfurization pathway can be observed, independently from the amount of 

carbon source, especially when OD is lower. Indeed, in this case, the competition 

is low and bacteria are more stimulated to induce the degradation pathway. 

3D-plots and final reduced model (Table 6.6) also show that in order to induce 

bacteria to decrease the η*, the carbon source and DBT concentration have to 

be kept at the lowest level and OD at the highest one. However, in this case the 

main component for the η* reduction might be attributed both to the carbon 

and crosslink degradation. High concentration of carbon source can prevent such 

reduction of the η*, since bacteria have enough carbon, limiting the rubber 

degradation. 

However, since bacteria need sulfur to grow up and increase the biomass, a 

low DBT initial concentration at high OD might lead to a decrease in the η* due 

to utilization of sulfur crosslinks. It can be seen that this condition may be the 

most favorable one for a selective decrosslinking. 
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FIGURE 6.2:  3-D  PLOT FOR η*  AS A FUNCTION OF DBT  AND GC,  FIXING OD AT (a)  0.1, (b)  0.55  AND 

(c) 1  AU. 
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FIGURE 6.3:  3-D  PLOT FOR η*  AS A FUNCTION OF OD  AND DBT, F IXING GC AT (a) 10  (b)  15  AND (c)  

20  g/l.  
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6.3.2  HORIKX FUNCTIO NS  

Figure 6.4 shows the normalized gel fraction versus the normalized crosslink 

density of the VGNR. The solid and dotted lines in Figure 6.4 show the breakage 

of only main chains and only crosslinks, respectively. It is seen that some 

devulcanized samples showed a decrease in the crosslink density without 

showing any decrease in the gel fraction. In particular, it can be observed that E5 

and E6 samples showed a slight decrease in the crosslink density, overlapping 

the dotted Horikx function. In both these experiments the DBT concentration 

was kept at the lowest value. Therefore, it can be concluded that the biological 

treatment preferentially cleaved the crosslink network, resulting in a selective 

process. All the other experiments are located in the point with value 1 for both 

the normalized crosslink density and normalized gel fraction. However, it is clear 

from Figure 6.4 that all data points are located in the area close to this point. A 

similar observation has been reported by Yao et al. [14], indicating that the 

biological devulcanization is a low yield process limited to the surface due to the 

bacterial dimensions unable to penetrate the rubber matrix. 

 

FIGURE 6.4:  NORMALIZED GEL FRACTION AS A FUNCTION OF NORMALIZED CROSSLINK DENSITY 

COMPARED TO THE HORIKX FUNCTIONS.  
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6.3.3  M ICROBIA L CHARA CTERIZ ATIO N  

ARISA was carried out on the conditions E3, E4, E5 and E6 (Table 6.2), Control1 

(Table 6.3) and on VGNR after acetone extraction and autoclave treatment. Since 

the ribosomal operon sequences of G. desulfuricans 213E had never been 

reported in literature and the number and the length of 16S-23S intergenic 

region is unknown, ARISA was also conducted on a pure culture strain. The  

16S-23S intergenic region has a heterogeneity in length and sequence. Every 

strain is characterized by the combination of fragments of different length, 

usually more than one, due to the presence of multiple ribosomal operons in the 

bacterial genomes. 

In the present study, this technique was used as a technique to assess the 

presence of the inoculated strain in the experiments. 

VGNR is complex porous material and it might be colonized by microbial 

populations during storage and grinding. Therefore an effective treatment 

should be necessary to assure the persistence of the inoculated bacteria and 

microbial monitoring should be used to observe the survival of inoculated strain 

during the competition with the bacterial populations naturally hosted on VGNR.  

Some ARISA fragments were detected in the VGNR sample after acetone and 

autoclave treatment (Figure 6.5). Although we cannot exclude that these 

fragments are due to the amplification of DNA from dead organisms, the 

fingerprinting profile of the uninoculated sample (control1) after incubation 

revealed that alive microbial populations actually resisted to chemical and 

thermal treatments on VGNR. Particularly, the fragment 596 bp was shared 

between VGNR and Control1.  

Furthermore, in Figure 6.5 a difference between the communities of samples 

VGNR and Control1 was observed. This indicates a change in the community 

during the experiment confirming the presence of bacterial survival to the 

sterilization treatments. 
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FIGURE 6.5:  CONTROL1  AND VGNR  ARISA  PROFILES. 

The characteristic fragments of G. desulfuricans 213E are reported in  

Figure 6.6. These fragments were found in samples E3, E4, E5 and E6 (Figure 6.7). 

This demonstrates that the G. desulfuricans 213E persisted under the four tested 

conditions of the experimental design. However, in E4 and E6 samples the 596 

bp fragment, typical of the autochthonous rubber microbial community, was also 

detected. In Figure 6.7, it can be also observed that 582 bp fragment is the 

second abundant fragment in Control1 sample and it was also found at 35 % in 

all other treated samples (Figure 6.7). This demonstrate that other bacterial 

populations grew up despite the inoculum addition.  

Therefore, the community fingerprinting analysis showed that  

G. desulfuricans 213E persisted in all experiments. 

It is clear the need to monitor the bacterial community in the experiments 

and sample without inoculum to observe the persistence of inoculated strain. 
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FIGURE 6.6:  G.  desulfuricans  213E  ARISA PROFILE. 

 

FIGURE 6.7:  ARISA  PROFILES OF THE EXPERIMENTS E3,  E4,  E5  AND E6  IN TABLE 6.2. 
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6.3.4  CONCLUS IO NS  

In the present chapter, VGNR bio-devulcanization was studied by a full 

factorial experimental design in order to test the parameters and conditions that 

could affect the bacterial growth on this material. Bio-devulcanization process 

was carried out using G. desulfuricans 213E strain, which had previously been 

described by Christofi et al in 2010. In their patent, the growth conditions had 

not been reported in details, therefore this strain has been deeply studied in this 

research in order to obtain more information on its growth condition for the 

devulcanization of vulcanized rubber. The η* was used as response and it was 

supported by an investigation of the crosslink density and gel fraction to evaluate 

the selectivity of the process and by a microbiological analysis to assess the 

persistence of the inoculated strain during the experiments.  

A regression model was used to fit the experimental observation and a final 

reduced model, containing the significant factors and interaction, was obtained. 

The model indicated that the lowest η* can be reached keeping the carbon 

source at the minimum level (10 g/l), without DBT and when the initial biomass 

is high (OD equal to 1). However, in this case the η* reduction might be attributed 

both to the carbon and crosslink degradation. For future experiments, it is 

advisable to use a high concentration of carbon source, absence of DBT and a 

high OD. This condition might be the most favorable one for a selective 

decrosslinking.  

Despite the fact that microbiological analysis confirmed that initial bacterial 

population naturally hosted on VGNR resisted to thermal and chemical pre-

treatment and grew up, the community fingerprinting analysis showed that G. 

desulfuricans 213E persisted in all the experiments, leading to a decrease of η*. 
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7 INFLUENCE ON PROPERTIES OF NATURAL RUBBER 

COMPOUNDS CONTAINING DEVULCANIZED GTRS  

Supercritical fluid, ultrasonic and biological devulcanization technologies were 

extensively investigated and optimized in previous chapters, therefore only the best 

conditions are now considered and compared. 

The aim of the present chapter is to provide an extensive comparison among the 

optimal conditions for these three different devulcanization techniques by blending the 

devulcanized tire rubber derived from each technique with raw rubber and testing the 

properties. In particular, GTR and devulcanizates by each technique are compounded 

into the raw NR at a concentration of 10 phr to find out the rubber providing the highest 

compatibility for compounding and revulcanization. The rheological and mechanical 

properties of their vulcanizates are investigated and compared. In addition, a 

comparison of these results is made with the ones of raw NR compounds and 

vulcanizates. 

7.1 MATERIALS AND METHODS  
The GTR used in the present chapter is the same characterized in Chapter 3 

and studied in the entire thesis work. 

7.1.1  DEVULCA NIZAT IO N TECH N O LOGIE S  

7.1.1.1  SCCO 2  DEVU LC AN IZA TI ON  

In Chapter 4 this devulcanization technique was extensively studied on GTR 

using the experimental design approach. In the same chapter, it was 

demonstrated that the only significant processing variables are temperature, 

amount of DD and their interaction and that the devulcanization process can be 

carried out in a short time at relatively low pressure. Moreover, the obtained 

results supported the idea that the crosslink network scission occurred during 

the treatment. However, the unreacted DD can affect the revulcanization 

process and the mechanical properties of the obtained vulcanizates, in particular 

increasing the elongation at break and decreasing the modulus. 

Considering the results of the full factorial investigation and the reverse 

influence of DD on the mechanical properties of the revulcanizates, three 
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different conditions were chosen as the optimal conditions for the comparison 

carried out in the present chapter. The conditions shown in Table 7.1 were 

chosen using the crosslink density model reported in Table 4.6, keeping the 

degree of devulcanization higher than 40 %. Furthermore, the choice was done 

keeping T at a relatively low level in order not to introduce degradation in the 

rubber chain and keeping the DD/rubber ratio lower than 5 wt% in order not to 

deteriorate the mechanical properties of the vulcanizates. Each of these scCO2 

devulcanization experiment was carried out in the static reactor shown in  

Figure 3.1, with the same reagents described in Chapter 3. 

TABLE 7.1:  EXPERIMENTAL CONDITIONS FOR THE SCCO2 DEVULCANIZATION. 

X-GTRa sample name Time 

(min) 

DD/Rubber 

(wt%) 

Temperature 

(°C) 

Pressure 

(MPa) 

DD0-GTR 60 0 170 24 

DD1.5-GTR 60 1.5 160 24 

DD5-GTR 60 5 150 24 
aX-GTR is decrosslinked GTR. 

7.1.1.2  ULTR AS ONI C DEVU LC AN IZ AT ION  

In Chapter 5, this devulcanization technique was extensively studied and 

optimized on GTR using the response surface methodology. The properties of the 

devulcanized and revulcanized rubber were influenced by all the process 

variables. The ultrasonic amplitude (US) was found to be the most influencing 

process variable. It was also demonstrated that it is necessary to keep a relatively 

low value of US, sufficient to reduce the network density and to increase the 

number of active sites. Three different conditions were chosen for the 

comparison carried out in the present chapter. US5-GTR and US7.2-GTR  

(Table 7.2) were chosen considering the results of the optimization calculated in 

Chapter 5. US12-GTR was added since at this condition the highest degree of 

devulcanization was observed. The devulcanization process was carried out in 

the ultrasonic co-rotating twin-screw extruder described in Chapter 5 with the 

same screw configuration (Figure 5.1). 
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TABLE 7.2:  EXPERIMENTAL CONDITIONS FOR THE ULTRASONIC DEVULCANIZATION. 

X-GTR sample name Ultrsonic 

Amplitude (µm) 

Screw Speed 

(rpm) 

Flow Rate 

(g/min) 

Temperature 

(°C) 

US5-GTR 5 250 5.6 202 

US7.2-GTR 7.2 250 5.5 210 

US12-GTR 12 250 4.0 210 

7.1.1.3  B IO LOG IC AL  DEVULCA NIZ A TI ON  

Biological devulcanization was carried out in a bioreactor (Biostat B, Sartorius 

Stedim Biotech S.A) using Gordonia desulfuricans 213E as a desulfurizing 

bacterium. The schematic of bioreactor is shown in Figure 7.1. The culture 

medium (1.5 l) was the sulfur-free MSM with an initial glucose concentration 

equal to 20 g/l and 150 g of GTR as sulfur source. The test was executed for ten 

days at 500 rpm, 30 °C and pH 7. Glucose concentration was monitored every 

two days and added just in case the concentration was found to be lower than 

10 g/l. Sulfur free MSM composition was described in Chapter 6. 

 

 

FIGURE 7.1:  SCHEMATIC OF THE BIOREACTOR. 

The experimental conditions were chosen considering the optimal conditions 

found in Chapter 6, where G. desulfuricans 213E desulfurization activity was 

investigated and optimized on VGNR. It was shown that the high glucose 

concentration as a source of carbon, the absence of dibenzothiophene as an 
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inducer of the desulfurization pathway and high initial bacterial biomass are the 

most favorable conditions for a selective bio-devulcanization. The sample 

obtained by this treatment is shown in Table 7.3 as G-GTR. 

TABLE 7.3:  EXPERIMENTAL CONDITIONS FOR THE BIOLOGICAL DEVULCANIZATION. 

X-GTR sample 

name 

Glucose 

Concentration (g/l) 

Initia Bacterial 

Biomass, OD600 (AU) 

Dibenzothiophene 

(mg/l) 

G-GTR 20 1 0 

7.1.2  COMPO UNDS  

The GTR and all devulcanized samples by each technique (X-GTRs) were 

compounded into raw NR at a concentration of 10 phr. As a reference, a 

compound with only natural rubber (Ref-NR) was prepared (Table 7.4). The 

compounds were formulated considering the composition of the GTR in order to 

reach the same amount of rubber and CB in each compound. All reagents for 

compounding were the same used and described in Chapter 3. 

A master-batch, containing most of the NR, carbon black and chemicals of the 

recipe reported in Table 7.4 was prepared using a Pomini Banbury mixer of  

1.2 Kg.  

The compounds were finished in a two-roll mill (roll diameters 470 mm; 

working distance 20 mm), adding the GTR/X-GTRs, vulcanizing agents and a small 

amount of NR and carbon black ingredients as listed in Table 7.5 in order to reach 

the recipe reported in Table 7.4. Each compound was mixed for 10 min. 
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TABLE 7.5:  INGREDIENTS ADDED TO THE MASTER-BATCH IN TWO-ROLL MILL. 

Ingredient (phr)  Ref-NR GTR or X-GTR 

Ref-NR 15.0 10.0 

Carbon Black 13.0 10.0 

GTR / X-GTR 0.0 10.0 

TMQ-6PPD (25 %-75 %) 4.0 4.0 

Resin 0.3 0.3 

CBS 1.2 1.2 

Sulfur 1.3 1.3 

 

7.1.3  CHARACTERIZA TIO N TE CH NIQUES  

7.1.3.1  GTR  AND X-GTRS  SO L  AN D GEL  FRA CT IO NS  

Gel fraction was evaluated on GTR and devulcanized X-GTRs samples before 

compounding with raw NR. It was evaluated through a 24-hour Soxhlet 

extraction using toluene as a solvent [1] and about 1 g of material (Wi). After this 

period of time the rubber sample was dried in vacuum oven for 24 h and weighed 

again (WGF). Gel fraction was calculated as in Equation 3.5. Sol fraction was 

calculated as: 

 

𝑆𝑜𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) = (1 −
𝑔𝑒𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%)

100
) ∗ 100  (EQUATION 7.1) 

 

The crosslink density of several X-GTRs samples was impossible to determine 

due to the powdery nature of the devulcanized material especially for the G-GTR. 

As a result, the crosslink density was only determined on vulcanized compounds. 

7.1.3.2  COM POU NDS C HAR AC TER I ZAT IO N  

The curing behavior of the compounds were measured according to the  

ISO 6502 standard in a Moving Die Rheometer (MDR 2000, Alpha Technologies) 

at an oscillation angle of 0.5°, a temperature equal to 150 °C, a pressure equal to 

4.3 bar and a frequency of 1.7 Hz. The resulting curves allowed to evaluate the 

maximum and minimum torque (MH, ML) and were used to evaluate the optimal 

curing time for the tensile test and for the rheological characterization of the 

vulcanizates.  
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Rheological characterization was performed by Rubber Process Analyzer 

(RPA2000, Alpha Technologies). The frequency sweep tests were carried out at a 

temperature of 100 °C, at a strain amplitude of 20 % at 120 °C and within a 

frequency range between 0.1 Hz and 30 Hz. Each sample was first heated at  

150 °C (corresponding to the vulcanization temperature) for the optimal curing 

time and then tested at the same conditions as aforementioned. 

All the specimens for MDR and RPA analyses were cut by a Constant  

Volume Rubber Sample Cutter (CUTTER 2000, Alpha Technologies) from the  

uncured compounds sheets (diameter = 3.5 cm, thickness = 0.2 cm and  

weight = 4.5 ± 0.3 g). 

Tensile test was carried out according to the ISO 37 standard, using ring as 

specimens shape. At least three samples were prepared by compression molding 

at the optimum cure temperature and time for each sample. Mechanical 

properties were measured at room temperature using a Zwick dynamometer. 

The crosslink density was determined according to ASTM D 6814-02 as shown 

in Chapter 3. Flory-Rehner equation and Kraus correction were applied 

considering the content of carbon black (Table 3.3) and the same parameters 

used in Chapter 3 [2-5]. 

7.2 RESULTS AND DISCUSSION  

7.2.1  GTR  AND X-GTRS  SO L A ND G EL FRA CTI ONS  

The devulcanization was analyzed from the amount of the sol and gel fraction 

that are shown in Table 7.6. The GTR sample, which had not been subjected to 

any devulcanization treatment, showed the highest gel fraction and lowest sol 

fraction. From Table 7.6, it can be observed that under the scCO2 treatment the 

sol fraction showed a slight increase, especially increasing the content of DD 

from 0 wt% to 5 wt%. In the same way, the samples treated with ultrasound 

showed an increase in the sol fraction content and a decrease in the gel content 

with an increase in the ultrasonic amplitude. The same behavior had previously 

been observed in [6,7]. In this second group of samples, the increase was more 

evident and significant. The G-GTR, which underwent a biological treatment, 

showed the lowest increase in the sol fraction and the lowest decrease in the gel 

fraction compared to GTR and to the other X-GTRs. This behavior can be 

explained considering the nature of the biological desulfurization process that is 

a superficial treatment, able to give devulcanization only on the GTR surface, 

therefore unable to produce large amounts of sol fraction [8]. 



 

130 
 

TABLE 7.6:  SOL AND GEL FRACTION OF GTR/X-GTRS SAMPLES. 

GTR/X-GTR Gel Fraction wt% Sol Fraction wt% SEa 

GTR 97.7 2.3 0.1 

DD0-GTR 96.7 3.3 0.2 

DD1.5-GTR 95.9 4.1 0.3 

DD5-GTR 94.5 5.5 0.5 

US5-GTR 93.6 6.4 0.5 

US7.2-GTR 87.3 12.7 0.5 

US12-GTR 84.5 15.5 0.5 

G-GTR 96.9 3.1 0.5 
a Standard Error 

7.2.2  CHARACTERIZA TIO N O F  C OM PO UNDS  CO NTA INING  GTR  AND  
X-GTRS  SAM PLES  

The sol and gel fractions and the crosslink density in the reclaimed rubber are 

two of the most important factors influencing the mechanical and viscoelastic 

properties of the revulcanizates. Decreases in properties with increasing 

concentration of reclaimed material and therefore, with respect to the decrease 

in the molecular weight of the sol fraction and to the presence of the crosslinked 

gel, were reported by many researchers [9]. Even in the present study, most of 

the properties of vulcanizates containing either GTR or X-GTRs materials at 10 

phr were found to be worse than the ones of reference vulcanized compound 

containing only NR at 100 phr. 

7.2.2.1  CURI NG BEHAV IOR  AND C R OSS LI NK D ENS I TY  

The curing curves of the different compounds were analyzed and the 

minimum torque (ML), maximum torque (MH), scorch time (tS2) and the optimal 

curing time (t95) of each sample are shown in Figure 7.2. 
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FIGURE 7.2:  (a) MAXIMUM TORQUE (MH) AND MINIMUM TORQUE (ML), (b) SCORCH TIME (tS2)  AND 

OPTIMAL CUTING TIME (t95) FOR THE COMPOUNDS. 
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In Figure 7.2, it can be seen that compounds containing devulcanized samples 

treated with different techniques showed different curing behaviors. The Ref-NR 

compound containing only NR without any GTR or X-GTRs showed the lowest ML 

and the highest MH, tS2 and t95. Indeed, the three-dimensional gel network of 

crosslinked particles imparts a certain elastic contribution to the unvulcanized 

sample causing the ML to increase. Nevertheless, when the compounds are 

vulcanized, the gel particles also co-cure with the matrix, hence the mobility and 

flexibility of particles get lost. At the same time, the Ref-NR compound containing 

only NR has more active sites that can react during vulcanization, resulting in 

higher values of tS2 and t95 [9]. 

The compound containing DD5-GTR showed the most significant difference if 

compared to the GTR and to the other DD-GTRs compounds. An increase in the 

DD content from 0 wt% to 5 wt% led to a decrease in all the curing parameters. 

This behavior had been observed in Chapter 3 and in [9-12]. Residual DD 

seriously impedes the curing process, also contributing to decrease the value of 

the crosslink density of the vulcanizate as shown in Figure 7.3. The same trend 

can be observed for the values of moduli (M100 and M300 in Figure 7.4) and 

storage modulus curves (Figure 7.5). 

The compounds containing US5-GTR and US7.2-GTR showed similar curing 

behavior to the one containing GTR (Figure 7.2). On the other hand, it can be 

observed that the compound containing US12-GTR showed lower ML due to 

more devulcanization experienced by this sample, caused by an increase of the 

ultrasonic amplitude and a decrease of the flow rate. For the same reason, the 

MH, tS2 and t95 exhibited a similar trend as well. This behavior had previously 

been observed by Feng et al. [13]. The same trend can be also observed in the 

mechanical and rheological properties (Figure 7.4 and Figure 7.5), where the 

moduli showed lower values for samples devulcanized at a higher amplitudes.  

The compound containing G-GTR showed a decrease in all curing parameters 

if compared to the one containing GTR (Figure 7.2). A decrease in MH and ML in 

presence of a GTR devulcanized by a biological treatment had already been 

observed in [14]. The torque decrease could be explained by a partial and 

superficial rupture of crosslink structure and by the formation of smaller chains 

on the surface acting as a plasticizer. Even the decrease in tS2 and t95 had already 

been observed [15,16] and it might be attributed to the high surface reactivity of 

the biodesulfurized rubber. 
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After curing, the crosslink density of each vulcanized compound was 

determined and is shown in Figure 7.3. 

 

FIGURE 7.3:  CROSSLINK DENSITY OF VULCANIZATES. 

Ref-NR vulcanizate showed the highest crosslink density. Surprisingly, the 

incorporation of 10 phr of GTR caused a significant decrease of the crosslink 

density. An increase of devulcanizing agent from 0 wt% to 5 wt% led to a 

decrease of the crosslink density in vulcanized compounds containing DD-GTRs. 

The DD5-GTR vulcanizates showed the lowest crosslink density. 

Among the US-GTRs vulcanizates, US12-GTR resulted the only sample 

showing a significant decrease in the crosslink density if compared to the GTR 

vulcanizate. This sample is the one that underwent a stronger devulcanization as 

can be observed in Table 7.6. The same trend for crosslink density of a 

revulcanized ultrasonically devulcanized GTR had been observed in [6,7]. 

The G-GTR vulcanizate was the only sample showing a crosslink density 

slightly higher when compared to the GTR vulcanizate. As previously observed in 

[8], the biological treatment is a selective and superficial process, therefore able 

to reduce the crosslink density only on the surface of GTR, keeping the bulk 

three-dimensional network.  
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7.2.2.2  MECHANI C AL  PR OPER T IES  OF  VULCAN IZED CO MP OU N DS  

The stress-strain curves of the different vulcanizates were analyzed and the 

moduli at 100 % and 300 % of elongation (M100 and M300), tensile strength (TS) 

and elongation at break (Eb) of each vulcanizate are shown in Figure 7.4. These 

mechanical properties displayed that all the vulcanizates containing GTR and  

X-GTRs exhibited worse properties than the Ref-NR, as already observed in  

Chapter 3 and in [9,17,18] especially considering the fact that each material was 

compounded at 10 phr. 

The vulcanizates containing GTR treated in scCO2 with low amount of DD 

(DD0-GTR and DD1.5-GTR) showed similar mechanical properties compared to 

the vulcanizate containing GTR. However, these samples were treated keeping 

the temperature higher in order to reach the same degree of devulcanization 

obtained for the 5DD-GTR sample. In this case, the high temperature could 

generate a higher content of sol fraction with a lower molecular weight, leading 

to a slight decrease of moduli.  

In Chapter 3, it had been demonstrated that unreacted DD can affect not only 

the curing properties, but also the mechanical properties of the vulcanizates 

containing such devulcanized GTR, in particular increasing the elongation at 

break and decreasing the modulus. The same behavior can be observed in the 

present chapter, where DD-GTRs vulcanizates experienced M100 decrease. On 

the other hand, Eb exhibited a slight increase by increasing the DD/rubber ratio 

from 0 wt%, to 1.5 wt% and to 5 wt%. In Figure 7.2 and Figure 7.3, it can be 

observed that even at concentrations of 1.5 wt% and 5 wt% of DD used during 

the devulcanization process was enough to interfere with the curing process and 

therefore with the crosslink density of vulcanizates, negatively affecting M100 

and M300 and positively affecting Eb even when added at 10 phr (Figure 7.4). 

These results confirm that the supercritical fluid treatment might increase the 

compatibility of the GTR with the raw NR and the mechanical properties of 

vulcanizates. Therefore, the unreacted DD can lead to a deterioration of the 

mechanical properties, especially of M100 and M300. 

The vulcanizate containing GTR treated at the highest ultrasonic amplitude, 

lowest flow rate and highest T (US12-GTR) showed higher TS and Eb if compared 

to the GTR vulcanizate. The Eb resulted even comparable with the one of the  

Ref-NR vulcanizate. On the other hand, this vulcanizate exhibited similar M100 

to GTR vulcanizate, but slightly lower M300 (Figure 7.4). US5-GTR vulcanizate, 

containing GTR treated at the mildest conditions, behaved differently, showing 
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similar properties to the ones observed on the GTR vulcanizate. In this case, the 

treatment was insufficient to produce a strong devulcanization (Table 7.6), 

providing less compatibility with raw NR. Moreover, the TS and especially Eb did 

not show big differences with respect to the GTR composite since the 

degradation was kept low. The US7.2-GTR vulcanizate showed intermediate 

properties between the two previous conditions. 

From these results, it can be observed that a strong ultrasonic treatment 

caused a breakage of sulfur crosslinks and rubber chain, generating sol fraction 

with a low molecular weight as reported on the same material in Chapter 6 and 

in [6]. This soluble polymeric fraction, along with the gel of lower crosslink 

density, provides enough active sites that can be re-cured, increasing the 

compatibility between various particles, resulting in better final properties. 

However, this low molecular weight sol fraction could be responsible for the 

decrease of M300 observed in vulcanizate containing US12-GTR. 

The G-GTR vulcanizate, containing GTR treated by a biological process, 

showed high M100 and M300, better than the vulcanizate containing GTR and 

even comparable with the Ref-NR vulcanizate, but it exhibited similar final 

properties to the GTR vulcanizate, especially Eb. This behavior can be explained 

considering the fact that biological devulcanization is just superficial and cannot 

give a bulk treatment as shown in [8]. Moreover, since bacteria might remove 

sulfur from the GTR, the bulk particles crosslink network is maintained, resulting 

in a higher crosslink density of the vulcanizate (as shown in Figure 7.3). This 

behavior can be attributed to the gel content of the G-GTR, indeed the particles 

generate points for stress concentration and failure. Therefore, the final 

properties resulted close to the GTR vulcanizate ones. 
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FIGURE 7.4:  (a) MODULI AT 100%  (M100)  AND AT 300%  (M300)  OF ELONGATION , (b) TENSILE 

STRENGTH (TS)  AND ELONGATION AT BREAK (Eb) FOR THE VULCANIZED COMPOUNDS.  
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7.2.2.3  DYNA M IC V IS COE LA ST IC  P ROPER T IES  OF  VULCA NIZE D CO MP OU NDS  

Figure 7.5 shows the frequency dependencies of the storage modulus, G’ (a) 

and the loss tangent, tan δ (b) of various vulcanizates. 

 

FIGURE 7.5:  (a) STORAGE MODULUS (G’) AND (b) LOSS TANGENT (tan δ) OF VULCANIZED 

COMPOUNDS AS A FUNCT ION OF FREQUENCY. 
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7.2.2.3.1  STOR AGE MODU LUS  

The reference vulcanizate (Ref-NR) showed the highest value of G’, 

confirming that the vulcanizate containing just NR had the highest elasticity 

compared to the other vulcanizates. The worsening of the storage modulus in 

GTR and X-GTRs vulcanizates is due to the presence of a certain amount of gel 

fraction. The gel fraction that can contribute to increase the storage modulus in 

the uncured compounds, at the same time leads to a decrease of G’ after the 

vulcanization process. The latter is due to the fact that during the curing process 

the gel particles co-cure with the rubber matrix and their mobility and flexibility 

is lost providing the overall reduction in the elasticity.  

The DD5-GTR vulcanizate showed the lowest G’ and therefore the lowest 

elasticity. This behavior was caused by the unreacted DD that interfered with the 

revulcanization process leading to a worsening of properties. On the contrary, 

the DD0-GTR and DD1.5-GTR vulcanizates showed values of G’ close to the GTR 

vulcanizate one, especially at high frequencies, confirming what already 

observed for the mechanical properties. When the content of DD was kept low, 

the properties of vulcanizates containing these material did not show the same 

worsening than the one experienced in presence of high amount of DD.  

The G-GTR and US-GTRs vulcanizates, especially the US5-GTR and US7.2-GTR 

samples, containing GTR devulcanized at lower US amplitudes showed better 

elasticity if compared to the GTR vulcanizate. In this case, the degradation was 

lower, but the treatment was enough to reduce the crosslink density of the 

material. The US12-GTR vulcanizate showed lower G’ compared to the other  

US-GTRs since the treatment can produce degradation with a sol fraction having 

lower molecular weight. The lower molecular weight of the sol part can lead to 

a decrease in the storage moduli. 

The same behaviors can be observed by the Cole–Cole plot (Figure 7.6) where 

it is clear that different vulcanizates have different elasticity behavior, but lower 

than Ref-NR vulcanizate. At the same loss moduli, the Ref-NR vulcanizate showed 

the highest elasticity followed by US-GTRs and G-GTR having, nevertheless, 

higher elasticity compared to the GTR vulcanizate. Even in this case the DD5-GTR 

showed the lowest elasticity. 
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FIGURE 7.6:  COLE-COLE PLOT FOR VULCANIZED COMPOUNDS. 

7.2.2.3.2  TAN GEN T DE LT A  

The tan δ of the vulcanizates is an important parameter since it is a measure 

of tire rolling resistance. The loss tangent is the ratio of the work converted into 

heat to the work recovered. In Figure 7.5, it can be observed that even in this 

case the Ref-NR vulcanizate showed the best properties. On the other hand, 

DD5-GTR vulcanizate exhibited the highest tan δ, especially at high frequencies. 

The US12-GTR vulcanizate showed higher values than other US-GTRs, since 

higher devulcanization temperature, ultrasonic amplitude and low flow rate led 

to worse tan δ properties due to the lower crosslink density and to the presence 

of higher sol fraction with low molecular weight. All the other samples showed 

an intermediate behavior close to the GTR vulcanizate, especially at low 

frequencies. 

7.3 CONCLUSIONS  
Several devulcanization processes at their optimal conditions were applied in 

this study for a devulcanization of a GTR. The devulcanized samples were 

analyzed and compounded in raw NR at 10 phr in order to have a direct 

comparison among these optimized techniques. 
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Each devulcanization process affected the structure of the GTR and therefore 

the properties of the compounds and vulcanizates containing the devulcanized 

materials.  

The biological treatment resulted the mildest and most superficial 

devulcanization, with a small production of sol fraction. The mechanical and 

rheological properties of the vulcanizate containing this G-GTR were found to be 

better than the vulcanizate containing GTR, especially for moduli. Nevertheless, 

the final properties remained unchanged. 

Samples from scCO2 process led to differences in mechanical, rheological 

properties of the vulcanizates if compared to the ones with GTR, despite the fact 

that these materials did not show big differences in sol and gel fractions if 

compared to the GTR ones. When GTR was treated at the highest amount of 

devulcanizing agent, it showed the worst properties. The unreacted DD 

interferes with the curing process, worsening the mechanical and rheological 

properties being a limiting factor for the application of this technology. 

The material from ultrasonic treatment showed the biggest differences in 

term of sol and gel fractions and in term of properties of vulcanized compounds. 

The moduli of vulcanizates containing these materials were similar to the one 

containing GTR, with a slight decrease for the sample treated at the highest 

ultrasonic amplitude. The final properties and storage modulus resulted the 

highest among the other devulcanization techniques. However, at the highest 

ultrasonic amplitude, the treatment produced a high amount of sol fraction that 

led to a reduction of moduli values and an increase of loss tangent value, despite 

the vulcanizate showed the best final properties. 

Among the known devulcanization technologies, the ultrasonic method 

seems to be the most useful technique to control the investigated properties of 

the vulcanizates. Nevertheless, each of these studied technologies can be 

employed to enhance specific properties or extended to other properties not 

investigated in this thesis work. 

Confidently, in future further novel and efficient green devulcanization 

technologies may be developed as well. 
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