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Abstract 10 

Under the umbrella of the transition toward a circular economy, the evaluation of the environmental 11 

sustainability of processes aiming to the recycling of materials is essential. Rubbers, like ethylene-propylene 12 

diene monomer (EPDM), represent a class of materials that have become an environmental, social and 13 

economic issue, so the evaluation of the end-of-life management of these materials is of primary relevance. 14 

This study investigates the environmental burdens associated with a thermo-mechanical devulcanization 15 

process for recycling of EPDM wastes by co-rotating twin-screw extruders. The Life Cycle Assessment 16 

methodology was used to carry out the analysis and eight environmental impact categories have been 17 

evaluated: Climate change, Ozone depletion, Photochemical ozone formation, Acidification, Eutrophication 18 

(freshwater), Ecotoxicity (freshwater), Resource use (fossils) and Resource use (minerals and metals). In the 19 

first step, the analysis focused on the identification and quantification of main environmental hotspots of 20 

the process. Then, the study was extended by including two comparative analyses, to better understand 21 

the magnitude of the environmental burdens generated by the devulcanization process. The results of the 22 

hotspots analysis showed that the main contribution to the environmental impacts of the devulcanization 23 

process is due to energy consumption. However, the comparison underlines how the devulcanization 24 

process for recycling of EPDM waste allows to reduce the environmental burden associated with the life 25 

cycle of rubber products.  26 
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1. Introduction 32 

The current models on which the development of modern society is based led to an unsustainable 33 

consumption of resources, with associated important environmental and social impacts (Hanumante et al., 34 

2019). This approach involves an ever-increasing production of wastes, and its management remains a 35 

challenge (Fan et al., 2021).  36 

In 2020 the European Commission, by adopting a Circular Economy Action Plan, has defined the path to 37 

follow to achieve a more sustainable model for economic development (European Commission, 2020). The 38 

objective of the EU action plan, based on the circular economy paradigm, is to exploit the full potential of 39 
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resources and materials, keeping them in the economy for as long as possible. At the same time, this 40 

objective towards a greater sustainability is pursued by minimizing the production of waste (European 41 

Commission, 2015).  42 

Elastomers, and more specifically rubbers, although indispensable for today's life, represent a class of 43 

materials with important environmental, social and economic impacts. These issues are not only associated 44 

with the production phase, which requires high intensity of labor, energy and raw materials, but also with 45 

respect to the final disposal of wastes (Dunuwila et al., 2018; Garcia et al., 2015; Fazli and Rodrigue, 2020).   46 

 47 

1.1 Rubber End-of-Life 48 

Nowadays, thanks to the development of new processes, there are several different options that can be 49 

identified for the end-of-life management of these materials. One of the most common solution is to use 50 

the rubbers as fuel in the cement industries and blast furnace or, more generally, to burn this waste with 51 

associated energy recovery (Isayev, 2013; Ramarad et al., 2015). Another solution is to recycle this material 52 

through a mechanical process, by grinding the waste to convert it into powder or granulates, that can be 53 

used for different applications: bituminous mixtures, concrete, reinforcing fillers in polymers, rubber pads 54 

(Farina et al., 2017; Isayev, 2013; Li et al., 2010; Si et al., 2018; Sienkiewicz et al., 2017; Zanetti et al., 2015). 55 

If rubber materials, in the last part of their life cycle, are not directed towards a recycling process, the 56 

remaining destination is landfill disposal, with the consequent possible development of diseases and 57 

ecological contaminations (Molino et al., 2018). However, to fulfil the objectives defined by a circular 58 

economic model and therefore try to keep the quality of materials unchanged for as long as possible, it is 59 

necessary to rely on other processes, which allow a recovery of the material while preserving its 60 

physicochemical properties.   61 

 62 

1.2 Devulcanization processes 63 

A possible solution to recycle rubbers is the devulcanization processes (Seghar et al., 2019). Devulcanization 64 

is a process that allows the breaking of the crosslinked bonds between polymeric chains, obtaining a 65 

material that can be mixed, processed, and vulcanized again (Isayev, 2013). The process can be carried out 66 

using physical methods, i.e. ultrasound, microwave, mechanical stress (Aoudia et al., 2017; Mangili et al., 67 

2015; Seghar et al., 2015), thermo-mechanical methods (Meysami et al., 2017; Seghar et al., 2019) or 68 

chemical methods (Jana et al., 2006; Joseph et al., 2015; Kojima et al., 2005). Previous works suggested that 69 

the thermo-mechanical devulcanization is one of the most suitable methods to be implemented at an 70 

industrial level. In fact, it allows to obtain a high degree of devulcanization and is carried out using a simple 71 

extrusion process, which is a very widespread technology in the world of rubber and polymeric materials 72 

(Fukumori et al., 2006; Seghar et al., 2019; Yazdani et al., 2011).  73 

 74 

1.3 Life Cycle Assessments 75 

To our knowledge, objective evaluations of possible environmental effects associated with the use of a 76 

thermo-mechanical devulcanization process for the recycling of elastomeric materials are not reported in 77 

the literature. In fact, only limited studies have examined the environmental burdens of the 78 

devulcanization process and references are always made to chemical methods preceded by mechanical 79 

grinding treatments. Li et al. (2010) compared, from an environmental point of view, different technologies 80 

for the end-of-life treatment of tires. In this study, the environmental impacts of a devulcanization process 81 

(dynamic devulcanization), carried out using chemical agents, were also assessed. The analysis showed that 82 

the best environmental profile for end-of-life treatment can be identified in the use of pyrolysis technology, 83 

followed by dynamic devulcanization and environmental grinding. The main impacts for all treatments are 84 

mainly due to energy consumption, which is very high for the devulcanization process. However, the 85 
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authors believe that dynamic devulcanization treatment is the preferable approach in China; in fact, by 86 

optimizing this process, it is possible to recover materials and reduce the dependence on the extraction of 87 

new raw resources. In another study, Li et al. (2014) investigated, through the Life Cycle Assessment (LCA) 88 

methodology, the environmental profile of ground rubber produced from scrap tires. The recycling phase 89 

of scrap tires was also modelled, using a chemicals-assisted devulcanization process. The results showed 90 

that the main impacts (more than 66% of the total) of the devulcanization are due to the high energy 91 

consumption. However, a more in-depth investigation of the purely thermo-mechanical process for the 92 

devulcanization of rubber, and therefore of its recycling, is lacking. 93 

 94 

1.4 Aims of the study 95 

The aim of this study is to investigate the environmental impacts of an integrated system able to carry out a 96 

thermo-mechanical devulcanization process of rubber at industrial scale. Therefore, the analysed process, 97 

without requiring devulcanizing agents, allows the recycling of rubber-based components, extending the 98 

useful life of the material. More in detail, the investigated recycled materials are gaskets in ethylene-99 

propylene diene monomer (EPDM) (Restrepo-Zapata et al., 2013), sulfur vulcanized, deriving from the 100 

automotive sector. Although different thermo-mechanical devulcanization processes by co-rotating twin-101 

screw extruders (cTSE) have been proposed (Meysami et al., 2017; Diaz et al., 2018; Pirityi and Pölöskei, 102 

2021), their practical implementation has not been completely satisfactory till now. The process here 103 

considered, i.e. the thermo-mechanical devulcanization process by cTSE, patented by Maris SpA, allows the 104 

devulcanization without the use of devulcanizing additives, supercritical CO2 or solvents, obtaining a 105 

product re-usable in a virgin blend without altering its characteristics. Moreover, most sulfur/peroxide-106 

crosslinked rubbers can be recycled in this way. The methodology used to perform the analysis of 107 

environmental impacts is the LCA and data to model the system refer to a real plant (Maris EVOREC 108 

RUBBER line, with a 58mm cTSE) that carries out the devulcanization of EPDM waste. First, the attention 109 

was focused on a hotspot analysis of the devulcanization process, in order to identify the steps in the 110 

process responsible for the greatest environmental burden. Subsequently, the actual consequences of the 111 

recycling of EPDM were investigated; a comparative analysis between the use of a virgin EPDM compound 112 

and a devulcanized EPDM compound was carried out. This comparison is necessary to obtain information 113 

on the actual environmental implications of the recycling process. In fact, it is of primary importance to 114 

carry out comparative evaluations of the processes and technologies considered enabling for sustainable 115 

development, with respect to existing technologies and approaches. In addition, at the present time, there 116 

is no effective analysis of the environmental implications of recycling these materials in a closed cycle 117 

compared to the use of virgin rubbers.  118 

 119 

2. Materials and methods 120 

LCA methodology, through the collection and quantification of resources, energy consumption, emissions, 121 

and waste, allows to quantify and interpret the environmental burdens associated to the entire life cycle of 122 

a product or a process (Baumann and Tillman, 2004). The approach to LCA analysis has been carried out 123 

following the UNI EN ISO 14040-44 standard and the guidelines of the International Reference Life Cycle 124 

Data System (ILCD) (European Commission - Joint Research Centre - Institute for Environment and 125 

Sustainability, 2010; ISO, 2006a, 2006b). According to the requirements of the ISO 14040 and 14044 126 

standards, four steps are required to conduct an LCA: goal and scope definition, inventory analysis, life 127 

cycle impact assessment and interpretation of the results. The whole work was carried out using the 128 

SimaPro 9.2 software and the Ecoinvent v.3.7.1 database. 129 

 130 
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2.1 Goal and scope definition 131 

The definition of the objectives and the field of application is the first step of an LCA analysis, and it defines 132 

the purpose of the study, the system boundaries, and the functional unit for all flows (Curran M.A., 2017). 133 

The analysis examined the production of the integrated system that allows the devulcanization process of 134 

EPDM. As anticipated, the goal is to identify, within the studied system, units and processes that involve 135 

high environmental impacts (defined as hotspots). To carry out a more accurate analysis, the study has also 136 

examined the use phase, in order to divide the environmental burdens generated by each process unit over 137 

the entire life cycle of the system. The identified functional unit (FU), to which all inventory flows refer, 138 

corresponds to the production of 120 kg of devulcanized EPDM in 1 hour.  Such amount has been chosen in 139 

order to represent the real situation, in fact it is the real quantity of EPDM treated in 1 hour by the cTSE. 140 

To facilitate data collection and process modelling, the integrated system, capable of carrying out the 141 

devulcanization of the EPDM, has been divided into unit processes. Fig. 1 reports a graphic representation 142 

of the devulcanization line.  143 

 144 
Fig. 1  Graphic representation of the devulcanization line (Maris S.P.A. property).  145 

Figure 2 shows the scheme of the units that make up the system and the dashed box reports the system 146 

boundary for the environmental analysis. The analysis takes into consideration both the materials used for 147 

the production of all the physical units of the system and the materials and energies spent during the use 148 

phase. 149 

 150 
Fig. 2 Scheme of the units that allow the thermo-mechanical EPDM devulcanization process; the dashed box indicates the system 151 
boundary for the LCA. 152 
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The devulcanization process, shown in Fig. 1, allows to break C-S and S-S bonds, which are generated during 153 

the vulcanization step of EPDM. In fact, selective breaking of the crosslinking points, limiting the C-C bonds 154 

breaking, can occur thanks to the application of adequate temperatures and shear stresses during the 155 

devulcanization process (Fukumori et al., 2003; Jana and Das, 2005; Sabzekar et al., 2015).  156 

The analyzed plant basically consists of an extruder, which allows to obtain 120 kg of devulcanized rubber 157 

per hour. The first part of the system consists of a gravimetric feeding system that allows to feed free-158 

flowing rubber waste into the extruder in a constant and continuous way. Then, there is the central part of 159 

the system where the co-rotating twin-screw extruder is located, followed by elements that allow vacuum 160 

extraction and degassing. As the rubber passes through the extruder, it is subjected to specific 161 

temperatures and shear forces that allow the breaking of the bonds created during vulcanization. Finally, to 162 

decrease the temperature of the material leaving the extruder, there is a cooling tank, followed by a 163 

transport line that collects the devulcanized EPDM. 164 

 165 

2.2 Inventory analysis 166 

The inventory analysis is the second phase of the LCA, with the aim of identifying and quantifying the raw 167 

materials, resources, energy consumption, outputs and emissions related to the functional unit considered 168 

(Rebitzer et al., 2004). Collecting all this information allowed to build a model that represents the real 169 

system investigated. The data to model the system were obtained from direct measurements (primary 170 

data) and from the literature; as describe by Sonnemann et al. (2010), an attributional approach was used 171 

to compile the inventory. Table 1 shows details of the inventory of the various components contributing to 172 

the production and use phase of the integrated system. The system use phase involves the use of 173 

consumables (Table 1) and electricity (Table 2). The “life time” column shows the estimated life of each 174 

input, at the end of this period the material is considered therefore to be replaced. In this regard, it should 175 

be noted that, apart from consumables and components subject to wear, for which the duration of the life 176 

cycle is exactly known, for all other inputs the reported values  have been estimated based on the 177 

knowledge of professionals in the sector and of the possible market trend. The system is assumed to 178 

operate 8 hours/day for 253 days/year. 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Process phase Input Amount Ecoinvent dataset Lifetime 

Feeding system 
Feeding unit** 10 kg Steel. low-alloyed  10 years 

Steel (feeding system) 63 kg Reinforcing steel 20 years 
Steel (feeding system) 27 kg Steel. chromium steel 20 years 

Extrusion system 

Extruder motor 1150 kg Electric motor. vehicle 20 years 
Steel (extrusion system) 817 kg Steel. unalloyed  20 years 
Steel (extrusion system) 2180 kg Cast iron 20 years 
Steel (extrusion system) 2453 kg Reinforcing steel 20 years 

Lubrication pump** 25 kg Pump 10 years 

Vacuum-
degassing system 

Vacuum system – pump** 40 kg Pump 10 years 
Side degassing unit** 24 kg Pump 10 years 
Steel (vacuum system) 80 kg Reinforcing steel 20 years 
Steel (vacuum system) 80 kg Steel. chromium steel 20 years 

Steel (Degassing system) 123 kg Reinforcing steel 20 years 
Steel (Degassing system) 53 kg Steel. low-alloyed 20 years 

Cooling and 
transport line 

Pump (cooling tank)** 20 kg Pump 10 years 
Conveyor belt** 20 kg Conveyor belt 20 years 

Air knife** 30 kg Steel. low-alloyed 10 years  
Steel (cooling tank) 114 kg Reinforcing steel 20 years 
Steel (cooling tank) 266 kg Steel. chromium steel 20 years 

Steel (conveyor belt) 350 kg Reinforcing steel 20 years 

Consumables 

Steel (bushings) 100 kg Steel. chromium steel  8000 hours 
Steel (screws) 120 kg Steel. chromium steel  4000 hours 

Lubricating oil (extrusion system) 120 kg Lubricating oil 4000 hours 
Lubricating oil (degassing system) 3 kg Lubricating oil 4000 hours 

Anti-stick 0.012 kg/FU Zinc Stearate* / 
Activated carbon** 0.06 kg/FU Activated carbon / 

Process phase Output Amount Ecoinvent dataset Lifetime 

Waste treatment Condensed degassing liquid 0.6 kg/FU 
Treatment of spent 

solvent mixture 
/ 

Table 1 Inventory of the materials required to build and use the entire integrated system; *modelled by authors; ** data with 193 
the greater uncertainties for modelling (object of study in the sensitivity analysis). 194 

Since it is rather complex to trace all materials that make up the entire system, some assumptions have 195 

been fixed to simplify the modelling of the process. To model the extruder motor, the dataset, present on 196 

the Ecoinvent database, relating to an electric motor (Electric motor, vehicle {GLO} | market for | Cut-off, 197 

U), suitably scaled according to mass, was used as input. The dataset relating to a pump (Pump, 40W {GLO} 198 

| market for | Cut-off, U) was used to represent: the lubrication pump, the vacuum system - pump, the side 199 

degassing unit, and the pump for the material recirculation in the cooling tank. Also in this case, the input 200 

has been scaled based on the mass of each component. In the process plant, each component 201 

corresponding to a single step not outlined before (feeding system, extrusion system, vacuum-degassing 202 

system, cooling, and transport line) is mainly constituted on steel. So, the inventory was completed by 203 

reporting the specific quantities, broken down by the type of steel. The feeding unit and the air knife were 204 

modelled by introducing a quantity of steel equal to the original weight of this system component. Among 205 

consumables, an anti-stick agent is used in the cooling tank; this material, on a commercial level, can 206 

assume different compositions and in this specific case it consists of zinc stearate. This substance was 207 

modelled using stearic acid and zinc as input, in stoichiometric quantities according to the chemical 208 

composition (for 1 kg of substance: 0.897 kg of stearic acid and 0.103 kg of zinc).  209 

During the modelling phase of the unit processes of the integrated system, it was assumed that, on 210 

average, the system operates 8 hours a day, for 253 days a year. 211 

Table 2 shows the energy consumed by the plant in 1 hour of operation during the devulcanization process 212 

by the various components of the integrated system. The reported energy consumptions are average 213 

values, measured during the devulcanization of different EPDMs. All information reported in Table 2 are 214 
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primary data, i.e. directly measured during the plant operation. It was assumed that the devulcanization 215 

process takes place in Italy, therefore the energy consumption was modelled using electricity data obtained 216 

from the national grid (Ecoinvent dataset: Electricity, medium voltage {IT} | market for | Cut-off, U). 217 

 218 

Process phase Input electricity Amount / kWh 

Feeding system  feeding unit 0.5 

Extrusion system 

 extruder motor 58  

 extruder heaters 28  

 lubrication pump 1.3  

 extruder thermostatic unit 3.5  

Vacuum-degassing 
system 

 vacuum system 2.5  

 side degassing unit 0.9  

Cooling and transport 
line 

 pump cooling tank 1.1 

 cooling tank exchanger 14  

 air knife 0.5  

 conveyor belt 1.0  
Table 2 Inventory of the energy requirements per functional unit. 219 

 220 

2.3 Impact assessment 221 

In the third phase of LCA, the set of resources and emissions, which constitute the inputs and outputs of 222 

the inventory, are converted into a series of environmental impact categories. In this study, the 223 

environmental indicators, evaluated at midpoint level using the EF 3.0 method (Fazio et al., 2018), are: 224 

Climate change, Ozone depletion, Photochemical ozone formation, Acidification, Eutrophication 225 

(freshwater), Ecotoxicity (freshwater), Resource use (fossils), Resource use (minerals and metals). 226 

To determine the relative contribution of the considered categories, the impacts were also assessed on a 227 

global level by a normalization. The used normalization factors of the Environmental Footprint (EF) 3.0 228 

method are reported in Table 3 (Crenna et al., 2019). The normalized results allow to have an indication to 229 

what extent the analyzed product system contributes to the total environmental burdens, compared to the 230 

impacts generated in a year by a person.  231 

 232 

Impact category Unit per year 
Global NF for EF per 

person 

Climate change kg CO2 eq 8.05*10+03 

Ozone depletion kg CFC-11 eq 4.83*10-02 

Photochemical ozone formation kg NMVOC eq 4.06*10+01 

Acidification mol H+ eq 5.55*10+01 

Eutrophication (freshwater) kg P eq 1.61*10+00 

Ecotoxicity (freshwater) CTUe 4.26*10+04 

Resource use (fossils) MJ 6.50*10+04 

Resource use (minerals and metals) kg Sb eq 6.37*10-02 

Table 3 Environmental Footprint (EF) 3.0 normalisation factors (NF): global impact per year per person. 233 

 234 

To facilitate the modelling, as reported in Table 1, data for feeding unit, lubrication pump, vacuum system - 235 

pump, side degassing unit, pump (cooling tank), conveyor belt, air knife and activated carbon have been 236 

defined by assumptions. The uncertainties associated with these inputs were evaluated by means of a 237 

sensitivity analysis, as reported below in Section 3.1: the individual impacts of the inputs have been 238 
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increased and decreased by 50%, in order to assess the relative weight of their contributions on the total 239 

impact for each category. 240 

 241 

2.4 Comparative analysis 242 

In addition to the evaluation of the integrated system, that allows to carry out the devulcanization of the 243 

EPDM, the study was extended by including two comparative analyses. These comparisons were made to 244 

understand the magnitude of the environmental burdens generated by the devulcanization process 245 

modelled in a more realistic context. The goal is to highlight whether the here analyzed large-scale use of 246 

the thermo-mechanical devulcanization process can lead to an effective reduction of the environmental 247 

impacts when compared to a classic linear use (i.e. production, use, dispose) of EPDM materials. This 248 

reduction in impacts could allow a decrease in the use of virgin EPDM, with a consequent reduction of the 249 

quantity of rubbers disposed of in landfills.  250 

 251 

2.4.1 First comparison 252 

For the first case, to highlight the impacts generated by the production step, the analysis compared the 253 

production of 1 kg of virgin EPDM compound (v-EPDM) with 1 kg of EPDM obtained from the thermo-254 

mechanical devulcanization process (r-EPDM). In this case, a "cut-off" approach was used, which involves 255 

the exclusion from the system boundaries of all the impacts attributable to the previous life of the material. 256 

As regards the r-EPDM, only the devulcanization process is considered in the modelling, as if the material 257 

had never previously generated any environmental impact. Thus, we applied a linear proportion of the 258 

previously obtained results. The functional unit for this comparison was the production of 1 kg of EPDM 259 

compound. The choice to focus the attention exclusively on the production of 1 kg of EPDM was aimed to 260 

simplify the system studied. The impacts to produce v-EPDM were estimated by considering the Ecoinvent 261 

dataset “Synthetic rubber {RER} | production | Alloc Rec, U”. This dataset considers the polymerization, 262 

extrusion, and vulcanization phases of EPDM elastomer production; therefore, since the objective is to 263 

evaluate the impact for a generic v-EPDM compound (pre-extrusion and vulcanization), contributions 264 

related to the extrusion and vulcanization phases have been neglected from the values of the Ecoinvent 265 

dataset. Consequently, only contributions from materials (base polymers and additives) and energy to 266 

obtain an EPDM elastomer sheet were considered (Kellenberger et al., 2000). The main objective of this 267 

first comparison is to highlight the different burdens on the different impact categories analyzed, 268 

generated by the production of v-EPDM and r-EPDM. 269 

 270 

2.4.2 Second comparison 271 

In the second case, a more realistic and structured system was examined: it was assumed to compare, 272 

through the “system expansion” approach (Shen et al., 2010), two different system models, each of which 273 

allows to obtain two rubber products. This comparison is necessary due to the different physicochemical 274 

properties of the devulcanized materials compared to the virgin ones. To take this difference into account, 275 

it was assumed to model the production of the second product (Product 2, in Fig. 3) using a combination of 276 

30% r-EPDM with 70% v-EPDM; the product 2 obtained in this way shows the same physicochemical 277 

properties of a product generated using 100% of virgin material. If higher percentages of r-EPDM would be 278 

used, there would be a loss of mechanical properties and, consequently, the final application would be 279 

different. Fig. 3 shows the life cycle diagram of the two compared systems: for System 1, both the two 280 

products are manufactured using v-EPDM compounds, whereas in System 2, v-EPDM is used for Product 1 281 

and both v-EPDM and r-EPDM are used for Product 2.  282 
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 283 
Fig. 3 Comparison, through the “system expansion” approach, of two systems to produce EPDM rubber products. EPDM amount 284 
for each product is indicated. The boxes crossed out in red correspond to the equivalent unit processes between the two 285 
systems. 286 

It can be observed that in System 1 the end-of-life phase occurs by incineration (both for the first and for 287 

the second product), while in System 2 the first product undergoes a devulcanization process that allows its 288 

recycling. The quantities of raw material (EPDM) for product 2 have been assumed to use all the 289 

devulcanized EPDM, and the mixing ratio between v-EPDM and r-EPDM is 70:30. It should be noted that 290 

there is a 5% loss of the material during the devulcanization process and therefore 0.95 kg of recycled 291 

material is obtained following the devulcanization process of 1 kg of EPDM (as obtained from product 1). 292 

As shown in Fig. 3, the analysis of the two systems is greatly simplified if the equivalent processes are 293 

neglected (boxes crossed out in red). For System 1, only impacts associated with the incineration of 1 kg of 294 

rubber and the production of 3.15 kg of virgin EPDM compound need to be considered. Instead, for System 295 

2, it is enough to consider the impacts for the devulcanization process, which allows to obtain 0.95 kg of r-296 

EPDM, and the impacts to produce 2.2 kg of v-EPDM compound. 297 

The incineration process has been modelled using the dataset, present on the Ecoinvent database, “Waste 298 

rubber, unspecified {Europe without Switzerland}| treatment of waste rubber, unspecified, municipal 299 

incineration | Cut-off, U”; the avoided impacts by the production of heat and electricity, obtained from the 300 

incineration process, were also taken into account. As mentioned previously, the impacts to produce v-301 

EPDM compound were estimated by considering the modified dataset “Synthetic rubber {RER} | production 302 

| Alloc Rec, U”.  303 

The results shown in the second comparison were enriched by carrying out an uncertainty analysis of the 304 

data at the inventory level. The  Pedigree matrix was applied to estimate the uncertainty caused by 305 

temporal, geographical and technological gaps (Frischknecht et al., 2007; Guo and Murphy, 2012). Based on 306 

the uncertainty of the inventory data, expressed as a probability distribution, the Monte Carlo function, 307 

created thanks to the SimaPro software, was performed with 1000 iterations at a significance level α=0.05. 308 

 309 

3. Results and discussion 310 

Table 4 shows the environmental impacts for the devulcanization process of 120 kg of EPDM, using the 311 

here investigated thermo-mechanical technology. In detail, the table reports the results of analysed impact 312 

categories grouped per: system (physical components of the devulcanization system), consumables (inputs 313 

subject to wear and consumption), electricity and waste. To facilitate the understanding of the table, a heat 314 

map is introduced, for each impact category (each column), with a color gradient: the greatest impacts are 315 

indicated in red, instead the lowest in green. 316 
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Total 52.63 6.94*10-06 0.11 0.23 0.01 531.93 762.22 1.62*10-04 

Sy
st

e
m

 

Feeding 
system 0.01 3.24*10-10 2.54*10-05 3.22*10-05 2.50*10-06 0.18 0.07 1.17*10-07 

Extrusion 
system 

0.38 1.96*10-08 1.78*10-03 2.08*10-03 2.71*10-04 21.31 4.00 4.03*10-05 

Vacuum-
degassing 

system 
0.03 1.67*10-09 1.44*10-04 2.08*10-04 2.61*10-05 2.33 0.34 5.18*10-06 

Cooling and 
transport line 0.16 9.32*10-09 6.23*10-04 7.50*10-04 7.45*10-05 4.84 1.76 3.42*10-06 

C
o

n
su

m
ab

le
s 

Bushings & 
screws 

0.18 8.67*10-09 6.45*10-04 1.15*10-03 6.17*10-05 6.26 1.99 6.65*10-06 

Lubricating oil 0.04 2.34*10-08 8.16*10-04 2.70*10-04 1.18*10-05 1.12 1.90 6.21*10-07 

Anti-stick 0.01 6.87*10-10 4.13*10-05 6.14*10-05 6.43*10-06 0.88 0.13 2.05*10-06 

Activated 
carbon 0.48 1.30*10-08 1.48*10-03 3.60*10-03 2.81*10-04 15.52 6.58 2.45*10-07 

El
e

ct
ri

ci
ty

 

EPDM feeding 0.20 2.76*10-08 4.33*10-04 8.84*10-04 4.44*10-05 1.90 3.01 4.15*10-07 

Extrusion 
system 40.97 5.58*10-06 8.74*10-02 1.78*10-01 8.95*10-03 383.04 607.28 8.38*10-05 

Vacuum-
degassing 

system 
1.53 2.09*10-07 3.27*10-03 6.68*10-03 3.35*10-04 14.34 22.74 3.14*10-06 

Cooling and 
transport line 7.47 1.02*10-06 1.59*10-02 3.25*10-02 1.63*10-03 69.82 110.69 1.53*10-05 

W
as

te
 

Spent solvent 
treatment 

1.19 3.99*10-08 5.45*10-04 7.14*10-04 1.69*10-04 10.39 1.74 7.28*10-07 

Table 4 Environmental impacts for the EPDM devulcanization process. 318 

The table illustrates that main impacts are associated to the electricity consumption. In detail, the energy 319 

required by the extrusion system, to heat (extruder heaters) and rotate (extruder motor) the screw 320 

extruder, causes the highest impacts for all the categories. In fact, as shown by the inventory analysis, the 321 

technology underlying the devulcanization process is quite simple and the contributions of the units for the 322 

construction of the integrated system are spread over a considerable time span. On the contrary, the 323 

energy demand to make the process running is particularly marked, thus determining the highest impacts. 324 

The cooling and transport system can be considered as the second main cause of impacts for almost all 325 

categories; these impacts are again due to the consumption of electricity. The Resources use (minerals and 326 

metals) category differs from this trend; in fact the second major cause of impact is due to the extrusion 327 

system (mainly made up of steel). 328 

In general terms, it can be said that the consumption of electricity is the main responsible for the 329 

environmental impacts of the thermo-mechanical devulcanization process for the EPDM recycling.  330 

Fig. 4 reports the LCA results of the whole system normalized with respect the impact generated in a year 331 

by a person. 332 

 333 
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 334 
Fig. 4 Normalized results for the EPDM devulcanization process. 335 

It can be observed that the category that shows the greatest relevance is that of Ecotoxicity (freshwater), 336 

followed by the impact on Resource use (fossils), Eutrophication (freshwater), Climate change, 337 

Acidification, Photochemical ozone formation, Resource use (minerals and metals), and Ozone depletion. 338 

The impact on the latter category seems negligible compared to all the others. The burdens of the 339 

Ecotoxicity (freshwater) category are mainly associated with the use of hard coal, that represents one of 340 

the energy sources for Italian electricity production (the input data used in the Ecoinvent database referred 341 

to the year 2017, when around 13% of Italian electricity production was made using hard coal). The use of 342 

fossil resources for energy production is obviously also highlighted by the impact of the category Resource 343 

use (fossils). It worth noting that the impact of the category Resource use (minerals and metals), partly 344 

caused using steel in the extrusion system, shows little relevance compared to the other impact categories. 345 

 346 

3.1 Sensitivity analysis 347 

Fig. 5 shows the percentage change of the burdens for each category, obtained by varying the impacts of 348 

individual inputs, modelled with the greatest uncertainties. The inputs in question are feeding unit, 349 

lubrication pump, vacuum system - pump, side degassing unit, pump (cooling tank), conveyor belt, air knife 350 

and activated carbon. As previously described, the individual impacts of these inputs have been increased 351 

and decreased by 50% with respect to the reference values (i.e with no variation) reported in Table 4, 352 

associated with the devulcanization process of 120 kg of EPDM. 353 

 354 
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 355 
Fig. 5 Sensitivity analysis: percentage change in impacts for each category. 356 

In Fig. 5 it can be seen how the percentage variation of the impacts for the individual inputs, modelled with 357 

high uncertainty, affects the final burdens very slightly. The major variations were obtained for the 358 

categories: Resource use (minerals and metals) (±2.9%), Ecotoxicity (freshwater) (±2.0%) and 359 

Eutrophication (freshwater) (±1.5%). All the other categories show changes in impact less than 1%. The 360 

lowest absolute variation was reported for the category Ozone depletion (±0.1%), which, as already shown 361 

in Fig. 4, shows very minimal impacts. In general, since the variations for all the categories are less than 3%, 362 

they can easily be considered negligible, confirming the validity of the original modelling. 363 

 364 

3.2 Comparative analysis 365 

3.2.1 LCA results - first comparison 366 

To assess the relative environmental burdens of the recycled EPDM, obtained through the devulcanization 367 

process, the production of 1 kg of v-EPDM, before the extrusion and vulcanization, was compared with 1 kg 368 

of r-EPDM, as obtained from the devulcanization process. The results are reported in Table 5, which shows 369 

the environmental impacts calculated at the step of characterization.  370 

 371 

Impact category Unit v-EPDM r-EPDM 

Climate change kg CO2 eq 2.12*10+00 4.39*10-01 

Ozone depletion kg CFC11 eq 6.17*10-07 5.79*10-08 

Photochemical ozone formation kg NMVOC eq 1.04*10-02 9.43*10-04 

Acidification mol H+ eq 1.14*10-02 1.90*10-03 

Eutrophication (freshwater) kg P eq 6.40*10-04 9.89*10-05 

Ecotoxicity (freshwater) CTUe 4.34*10+01 4.43*10+00 

Resource use (fossils) MJ 7.14*10+01 6.35*10+00 

Resource use (minerals and metals) kg Sb eq 4.91*10-05 1.35*10-06 
Table 5 Environmental impacts for 1 kg of virgin EPDM compound (v-EPDM) compared with 1 kg of devulcanized EPDM (r-372 
EPDM). 373 

Looking at the results reported in Table 5, it is possible to note that the devulcanization process allows to 374 

obtain EPDM with considerably lower impacts compared to the virgin one. In fact, the value for the r-EPDM 375 

is on average one order of magnitude smaller than those calculated for v-EPDM.  376 
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Fig. 6 shows the comparison between the normalized environmental impacts of 1 kg of v-EPDM and r-377 

EPDM, with respect to the factors of the EF 3.0 method. 378 

 379 

 380 
Fig. 6 Normalized environmental impacts for the comparison of 1 kg of v-EPDM (blue bars) and 1 kf of r-EPDM (red bars). 381 

 382 

The normalized results were reported to show the relative contributions of the impacts among the 383 

considered categories, when switching from v-EPDM to r-EPDM. As regards the v-EPDM, the most relevant 384 

impact is related with the categories: Resource use (fossils), Ecotoxicity (freshwater) and Resource use 385 

(minerals and metals). The impacts on these categories are mainly caused using carbon black, respectively 386 

Ecotoxicity (freshwater) and Resource use (fossils) and of the catalyst to activate the polymerization 387 

reaction for the category Resource use (minerals and metals). Instead, as already seen in Fig. 4, the 388 

devulcanization process, that allows to produce r-EPDM, shows the major impact among the categories 389 

Ecotoxicity (freshwater) and Resource use (fossils). As already pointed out, these impacts are mainly related 390 

to the energy consumption, from the Italian national mix, during the phases of the devulcanization process. 391 

3.2.2 LCA results - second comparison 392 

The results, with the associated uncertainties, of a comparison based on the “system expansion” approach, 393 

as previously described, are reported in Fig. 7. To facilitate the comparison between the two systems and 394 

the impact categories considered, results have been normalized, according to the factors reported in Table 395 

3. Results for System 1 consider the reduction of the impact due to the recovery of energy and heat, 396 

following the EPDM incineration process. 397 

 398 
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 399 
Fig. 7 Normalised results, with associated uncertainties, for the comparison between the two systems using the “system 400 
expansion” approach. 401 

Fig. 7 shows that impacts generated in System 2, modelled assuming one recycling phase of the EPDM, are 402 

lower than impacts in System 1 (modelled using always virgin EPDM); this trend is common for all impact 403 

categories. The impact for the category Ozone depletion is difficult to be distinguished, because it is one 404 

order of magnitude lower than all other values (i.e. System 1: 3.51*10-05; System 2: 2.63*10-05).  405 

For both compared systems, the main impacts are obtained for the categories: Resource use (fossils), 406 

Ecotoxicity (freshwater) and Resource use (mineral and metals). This result is mainly attributable to the use 407 

of virgin EPDM, which, as shown in Table 5, shows the greatest relative impacts for these categories. The 408 

most marked reduction in impact linked to the use of r-EPDM is obtained for the category Climate change 409 

(approximately 43% of impact reduction); this result is obtained because the EPDM incineration phase, 410 

despite allowing the recovery of energy and heat, generates CO2 eq emissions higher than those avoided. 411 

On the other hand, the category Eutrophication (freshwater) shows only a 8% reduction of impact, moving 412 

from System 1 to System 2. The results obtained by modelling System 2 show an impact reduction between 413 

20% and 29% for all the other categories (Ozone depletion 25%; Photochemical ozone formation 26%; 414 

Acidification 21%; Ecotoxicity (freshwater) 26%; Resource use (fossils) 23%; Resource use (minerals and 415 

metals) 29%). 416 

Figure 7 also shows the uncertainty ranges for the normalized LCA profiles of the two systems analyzed. 417 

The error bars, calculated individually for each system, suggest how great uncertainty is introduced for 418 

different impact categories, in both systems. The most affected category is Eutrophication (freshwater), 419 

followed by Ecotoxicity (freshwater) and Resource use (mineral s and metals). Contrary all the other 420 

categories show low variance. The higher confidence associated with the results on Climate change, Ozone 421 

depletion, Acidification, Resource use (fossils) indicates that the environmental profiles of the systems 422 

analyzed represent reality with respect to these impact categories and also provides a better basis for 423 

comparisons between the two systems. To avoid misinterpretation relating to correlations, a Monte Carlo 424 

simulation was performed to estimate the uncertainties generated by comparisons between the two 425 

systems. The results, shown in Figure A.1 (see Appendix A) show the graphical distribution of the difference 426 

between System 1 (A) and System 2 (B). It is possible to observe that there is over 94% probability that the 427 

impacts generated in System 2 are lower than those associated with System 1, for almost all the categories 428 

considered. The only exception is represented by the category Eutrophication (freshwater); for this 429 
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category the analysis shows a lower probability, equal to 72%, that the environmental impact generated by 430 

System 2 is actually lower than that obtained by System 1. In this case the certainty with which to state 431 

which system represents the most environment friendly solution, is therefore slightly lower. 432 

 433 

Both comparisons made in this study underline how recycled EPDM, obtained through a thermo-434 

mechanical devulcanization process, allows to limit the environmental impacts compared to the production 435 

of virgin material. It should be noted that, although the second comparison already represents a more 436 

realistic situation, for an even more extensive and more reliable modeling it would be better to also 437 

evaluate the environmental burdens of the entire end-of-life phase of the EPDM waste: i.e. collection, 438 

sorting and transport towards the treatment plant.  However, the contributions of these phases are 439 

expected to generate limited environmental impacts over the entire life cycle of the material. This reason, 440 

associated with the lack of information and / or specific technologies, to be used on a large scale, are the 441 

main motivation behind the choice to neglect these aspects in the analysis. 442 

At the same time, in order to obtain a better and more comprehensive evaluation of all the EPDM recycling 443 

solutions, a comparison with other technologies applied for the treatment of EPDM waste materials should 444 

be addressed in future works. 445 

 446 

4. Conclusions 447 

This work investigated the environmental impacts associated with a thermo-mechanical devulcanization 448 

process at industrial level, which allows the recycling of EPDM waste from automotive gasket. Main 449 

conclusions can be summarized as follow: 450 

 The analysis focused on the identification of the main environmental hotspots of the process and 451 

then the focus of the study was expanded by carrying out comparative analyses of devulcanized 452 

EPDM with the alternative represented by virgin EPDM compound. Eight impact categories have 453 

been evaluated: Climate change, Ozone depletion, Photochemical ozone formation, Acidification, 454 

Eutrophication (freshwater), Ecotoxicity (freshwater), Resource use (fossils) and Resource use 455 

(minerals and metals). The results were estimated both at the characterization phase and after 456 

normalization with respect to the average impact generated by a person in a year.  457 

 The analysis of hotspots highlighted that, at the characterization level, the main contribution of the 458 

devulcanization process to the environmental impacts, for all categories, is due to energy 459 

consumption.  460 

 The normalized results showed that the categories most affected by the devulcanization process 461 

are Ecotoxicity (freshwater) and Resource use (fossils). The burdens of the components of the 462 

process, modeled with high uncertainty, were tested by varying the relative impacts (range ±50%) 463 

and subsequently the contribution of this variation on the final impact was assessed. The analysis 464 

showed that energy consumption is responsible for most of the impacts and this is minimally 465 

influenced by the possible variations of the elements, with the greatest modeling uncertainty.  466 

 The comparative analysis was initially conducted using a simple “cut-off” approach, comparing 1 kg 467 

of virgin EPDM compound with 1 kg of recycled EPDM. The results showed that the devulcanized 468 

product offers a constantly better environmental profile than the virgin alternative. Subsequently, 469 

the comparison was conducted by a "system expansion" approach, where two different systems 470 

were compared, considering the entire life cycle (from cradle to grave) of two products made of 471 

EPDM. This analysis made it possible to model a situation close to reality and, therefore, to obtain 472 

more reliable results. What emerged from this comparison is how the devulcanization process, 473 
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which allows the recycling of EPDM waste, reduces the environmental impact associated with the 474 

life cycle of the rubber products.  475 

As a conclusion, the thermo-mechanical devulcanization of EPDM has proved to be a process that allows 476 

both to recycle waste and to limit the environmental burdens of this material. The results presented in this 477 

work have made it possible not only to evaluate a specific process, but in the perspective of a sustainable 478 

development and a transition to the circular economy, they can be used as a motivation to push companies 479 

and policy makers to incentivize the collection and recycling of EPDM based materials. Since the impacts of 480 

this process are mainly related to the type of energy source used, it can be assumed that they can be 481 

further reduced by relying on renewable sources and optimizing the system to avoid any possible energy 482 

dissipation. 483 
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Appendix A 487 

Figure A.1 Monte-Carlo simulation results of normalized impact assessment comparison between System 1 and System 2 (unit: A 488 
=System 1; B =System 2).  489 

 490 

 491 

References 492 

Aoudia, K., Azem, S., Aït Hocine, N., Gratton, M., Pettarin, V., Seghar, S., 2017. Recycling of waste tire 493 
rubber: Microwave devulcanization and incorporation in a thermoset resin. Waste Manag. 60, 471–494 
481. https://doi.org/10.1016/j.wasman.2016.10.051 495 

Baumann, H., Tillman, A.-M., 2004. The Hitch Hiker’s Guide to LCA, Studentlitteratur Lund. 496 

Crenna, E., Secchi, M., Benini, L., Sala, S., 2019. Global environmental impacts: data sources and 497 
methodological choices for calculating normalization factors for LCA. Int. J. Life Cycle Assess. 24, 498 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



1851–1877. https://doi.org/10.1007/s11367-019-01604-y 499 

Curran M.A. (2017) Overview of Goal and Scope Definition in Life Cycle Assessment. In: Curran M. (eds) 500 
Goal and Scope Definition in Life Cycle Assessment. LCA Compendium – The Complete World of Life 501 
Cycle Assessment. Springer, Dordrecht. https://doi.org/10.1007/978-94-024-0855-3_1 502 

Diaz, R., Colomines, G., Peuvrel-Disdier, E., Deterre, R., 2018. Thermo-mechanical recycling of rubber: 503 
Relationship between material properties and specific mechanical energy. J. Mater. Process. Technol. 504 
252. https://doi.org/10.1016/j.jmatprotec.2017.10.014 505 

Dunuwila, P., Rodrigo, V.H.L., Goto, N., 2018. Sustainability of natural rubber processing can be improved: A 506 
case study with crepe rubber manufacturing in Sri Lanka. Resour. Conserv. Recycl. 133, 417–427. 507 
https://doi.org/10.1016/j.resconrec.2018.01.029 508 

European Commission, 2020. Circular Economy Action Plan for a cleaner and more competitive Europe. Eur. 509 
Comm. 510 

European Commission, 2015. Closing the Loop - An EU action plan for the Circular Economy - (ANNEX 1). 511 
Commun. from Comm. to Eur. Parliam. Counc. Eur. Econ. Soc. Comm. Comm. Reg. 512 

European Commission - Joint Research Centre - Institute for Environment and Sustainability, 2010. General 513 
guide for Life Cycle Assessment - Detailed guidance, International Reference Life Cycle Data System 514 
(ILCD) Handbook. 515 

Fan, Y. Van, Jiang, P., Klemeš, J.J., Liew, P.Y., Lee, C.T., 2021. Integrated regional waste management to 516 
minimise the environmental footprints in circular economy transition. Resour. Conserv. Recycl. 168. 517 
https://doi.org/10.1016/j.resconrec.2020.105292 518 

Farina, A., Zanetti, M.C., Santagata, E., Blengini, G.A., 2017. Life cycle assessment applied to bituminous 519 
mixtures containing recycled materials: Crumb rubber and reclaimed asphalt pavement. Resour. 520 
Conserv. Recycl. 117, 204–212. https://doi.org/10.1016/j.resconrec.2016.10.015 521 

Fazio, S., Biganzioli, F., De Laurentiis, V., Zampori, L., Sala, S., Diaconu, E., 2018. Supporting information to 522 
the characterisation factors of recommended EF Life Cycle Impact Assessment methods, version 2, 523 
from ILCD to EF 3.0, EUR 29600 EN, European Commission, Ispra, 2018, ISBN 978-92-79-98584-3, 524 
doi:10.2760/002447, PUBSY No. JRC114822., New Models and Differences with ILCD, EUR. 525 

Fazli, A., Rodrigue, D., 2020. Waste rubber recycling: A review on the evolution and properties of 526 
thermoplastic elastomers. Materials (Basel). https://doi.org/10.3390/ma13030782 527 

Fukumori, K., Matsushita, M., Okamoto, H., Sato, N., Takeuchi, K., Suzuki, Y., 2003. A new material recycling 528 
technology for automobile rubber waste, in: SAE Technical Papers. 10, 631-636. 529 
https://doi.org/10.4271/2003-01-2775 530 

Fukumori, K., Matsushlta, M., Mouri, M., Okamoto, H., Sato, N., Takeuchi, K., Suzuki, Y., 2006. Dynamic 531 
devulcanization and dynamic vulcanization for recycling of crosslinked rubber. KGK Kautschuk Gummi 532 
Kunststoffe. 59 (7), 405-411. 533 

Frischknecht, R., Jungbluth, N., Althaus, H., Doka, G., Dones, R., Heck, T., Hellweg, S., Hischier, R., Nemecek, 534 
T., Rebitzer, G., Spielmann, M., Wernet, G., 2007. Ecoinvent Centre. Swiss Centre for Life Cycle 535 
Inventories. Overview and Methodology. Ecoinvent Rep. No. 1 1–77. 536 

Garcia, P.S., de Sousa, F.D.B., de Lima, J.A., Cruz, S.A., Scuracchio, C.H., 2015. Devulcanization of ground tire 537 
rubber: Physical and chemical changes after different microwave exposure times. Express Polym. Lett. 538 
9, 1015–1026. https://doi.org/10.3144/expresspolymlett.2015.91 539 

Guo, M., Murphy, R.J., 2012. LCA data quality: Sensitivity and uncertainty analysis. Sci. Total Environ. 435–540 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



436. https://doi.org/10.1016/j.scitotenv.2012.07.006 541 

Hanumante, N.C., Shastri, Y., Hoadley, A., 2019. Assessment of circular economy for global sustainability 542 
using an integrated model. Resour. Conserv. Recycl. 151, 104460. 543 
https://doi.org/10.1016/j.resconrec.2019.104460 544 

Isayev, A.I., 2013. Recycling of Rubbers. The Science and Technology of Rubber (Fourth Edition). 697–764. 545 
https://doi.org/10.1016/B978-0-12-394584-6.00020-0 546 

ISO, 2006a. 14040: Environmental management–life cycle assessment—Principles and framework. Int. 547 
Organ. Stand. 548 

ISO, 2006b. ISO 14044: Environmental Management – Life Cycle Assessment – Requirements and 549 
Guidelines. International Organization for Standardization, Geneva, Switzerland. Int. J. Life Cycle 550 
Assess. 551 

Jana, G.K., Das, C.K., 2005. Recycling natural rubber vulcanizates through mechanochemical 552 
devulcanization. Macromol. Res. 13. https://doi.org/10.1007/BF03219012 553 

Jana, G.K., Mahaling, R.N., Das, C.K., 2006. A novel devulcanization technology for vulcanized natural 554 
rubber. J. Appl. Polym. Sci. 99, 2831–2840. https://doi.org/10.1002/app.22984 555 

Joseph, A., George, B., Madhusoodanan, K., Alex, R., 2015. Current status of sulphur vulcanization and 556 
devulcanization chemistry: process of vulcanization. Rubber Sci. 28, 82–121. 557 

Kellenberger, D., Althaus, H.J., Jungbluth, N., Künniger, T., Lehmann, M., Thalmann, P., 2000. Life cycle 558 
inventories of building products - Final Report Ecoinvent No. 7, ecoinvent report No. 7. 559 

Kojima, M., Tosaka, M., Ikeda, Y., Kohjiya, S., 2005. Devulcanization of carbon black filled natural rubber 560 
using supercritical carbon dioxide, in: Journal of Applied Polymer Science. 137–143. 561 
https://doi.org/10.1002/app.20806 562 

Li, W., Wang, Q., Jin, J., Li, S., 2014. A life cycle assessment case study of ground rubber production from 563 
scrap tires. Int. J. Life Cycle Assess. 19, 1833–1842. https://doi.org/10.1007/s11367-014-0793-3 564 

Li, X., Xu, H., Gao, Y., Tao, Y., 2010. Comparison of end-of-life tire treatment technologies: A Chinese case 565 
study. Waste Manag. 30, 2235–2246. https://doi.org/10.1016/j.wasman.2010.06.006 566 

Mangili, I., Lasagni, M., Huang, K., Isayev, A.I., 2015. Modeling and optimization of ultrasonic 567 
devulcanization using the response surface methodology based on central composite face-centered 568 
design. Chemom. Intell. Lab. Syst. 144, 1–10. https://doi.org/10.1016/j.chemolab.2015.03.003 569 

Meysami, M., Tzoganakis, C., Mutyala, P., Zhu, S.H., Bulsari, M., 2017. Devulcanization of scrap tire rubber 570 
with supercritical CO2: A study of the effects of process parameters on the properties of devulcanized 571 
rubber. Int. Polym. Process. 32, 183-193. https://doi.org/10.3139/217.3290 572 

Molino, A., Donatelli, A., Marino, T., Aloise, A., Rimauro, J., Iovane, P., 2018. Waste tire recycling process for 573 
production of steam activated carbon in a pilot plant. Resour. Conserv. Recycl. 129, 102–111. 574 
https://doi.org/10.1016/j.resconrec.2017.10.023 575 

Pirityi, D.Z., Pölöskei, K., 2021. Thermomechanical devulcanization of ethylene propylene diene monomer 576 
rubber and its application in blends with high-density polyethylene. J. Appl. Polym. Sci. 138. 577 
https://doi.org/10.1002/app.50090 578 

Ramarad, S., Khalid, M., Ratnam, C.T., Chuah, A.L., Rashmi, W., 2015. Waste tire rubber in polymer blends: 579 
A review on the evolution, properties and future. Prog. Mater. Sci. 580 
https://doi.org/10.1016/j.pmatsci.2015.02.004 581 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Rebitzer, G., Ekvall, T., Frischknecht, R., Hunkeler, D., Norris, G., Rydberg, T., Schmidt, W.P., Suh, S., 582 
Weidema, B.P., Pennington, D.W., 2004. Life cycle assessment Part 1: Framework, goal and scope 583 
definition, inventory analysis, and applications. Environ. Int. 584 
https://doi.org/10.1016/j.envint.2003.11.005 585 

Restrepo-Zapata, N.C., Ortiz, J.P.H., Osswald, T.A., 2013. Methodology for generation of time-temperature-586 
transformation (TTT) diagram: Solid and celluar epdm, in: Annual Technical Conference - ANTEC, 587 
Conference Proceedings. 588 

Sabzekar, M., Chenar, M.P., Mortazavi, S.M., Kariminejad, M., Asadi, S., Zohuri, G., 2015. Influence of 589 
process variables on chemical devulcanization of sulfur-cured natural rubber. Polym. Degrad. Stab. 590 
118. https://doi.org/10.1016/j.polymdegradstab.2015.04.013 591 

Seghar, S., Aït Hocine, N., Mittal, V., Azem, S., Al-Zohbi, F., Schmaltz, B., Poirot, N., 2015. Devulcanization of 592 
styrene butadiene rubber by microwave energy: Effect of the presence of ionic liquid. Express Polym. 593 
Lett. 9, 1076–1086. https://doi.org/10.3144/expresspolymlett.2015.97 594 

Seghar, S., Asaro, L., Rolland-Monnet, M., Aït Hocine, N., 2019. Thermo-mechanical devulcanization and 595 
recycling of rubber industry waste. Resour. Conserv. Recycl. 144, 180–186. 596 
https://doi.org/10.1016/j.resconrec.2019.01.047 597 

Shen, L., Worrell, E., Patel, M.K., 2010. Open-loop recycling: A LCA case study of PET bottle-to-fibre 598 
recycling. Resour. Conserv. Recycl. 55, 34–52. https://doi.org/10.1016/j.resconrec.2010.06.014 599 

Si, R., Wang, J., Guo, S., Dai, Q., Han, S., 2018. Evaluation of laboratory performance of self-consolidating 600 
concrete with recycled tire rubber. J. Clean. Prod. 180, 823–831. 601 
https://doi.org/10.1016/j.jclepro.2018.01.180 602 

Sienkiewicz, M., Janik, H., Borzędowska-Labuda, K., Kucińska-Lipka, J., 2017. Environmentally friendly 603 
polymer-rubber composites obtained from waste tyres: A review. J. Clean. Prod. 604 
https://doi.org/10.1016/j.jclepro.2017.01.121 605 

Sonnemann, G., Vigon, B., Broadbent, C., Curran, M.A., Finkbeiner, M., Frischknecht, R., Inaba, A., 606 
Schanssema, A., Stevenson, M., Ugaya, C.M.L., Wang, H., Wolf, M.-A., Valdivia, S., 2010. Global 607 
Guidance Principles for Life Cycle Assessment Databases: A Basis for Greener Processes and Products, 608 
The International Journal of Life Cycle Assessment. 609 

Yazdani, H., Karrabi, M., Ghasmi, I., Azizi, H., Bakhshandeh, G.R., 2011. Devulcanization of waste tires using 610 
a twin-screw extruder: The effects of processing conditions. J. Vinyl Addit. Technol. 17, 64–69. 611 
https://doi.org/10.1002/vnl.20257 612 

Zanetti, M.C., Fiore, S., Ruffino, B., Santagata, E., Dalmazzo, D., Lanotte, M., 2015. Characterization of 613 
crumb rubber from end-of-life tyres for paving applications. Waste Manag. 45, 161–170. 614 
https://doi.org/10.1016/j.wasman.2015.05.003 615 

 616 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



CRediT author statement 

Mattia Costamagna: Conceptualization, Methodology, Formal analysis, Investigation, Writing – 

original draft, Writing – review & editing. Valentina Brunella: Writing – original draft, Writing – 

review & editing. Maria Paola Luda: Writing – original draft, Writing – review & editing. Umberto 

Romagnolli: Validation, Writing – original draft, Supervision. Bruno Muscato: Investigation, 

Writing – original draft, Writing – review & editing. Marco Girotto: Investigation, Writing – original 

draft, Writing – review & editing. Marcello Baricco: Writing – review & editing, Validation, 

Supervision, Funding acquisition. Paola Rizzi: Conceptualization, Writing – original draft, Writing – 

review & editing, Supervision. 

 

Credit Author Statement



Click here to access/download;Figure;Fig. 1.tif

https://www.editorialmanager.com/jclepro/download.aspx?id=3679929&guid=421abefc-d6c9-4774-8846-25dfa4a9b488&scheme=1
https://www.editorialmanager.com/jclepro/download.aspx?id=3679929&guid=421abefc-d6c9-4774-8846-25dfa4a9b488&scheme=1


Click here to access/download;Figure;Fig. 2.tif

https://www.editorialmanager.com/jclepro/download.aspx?id=3679930&guid=f0d3424c-58a3-46cc-bfef-9e0a346c2a8c&scheme=1
https://www.editorialmanager.com/jclepro/download.aspx?id=3679930&guid=f0d3424c-58a3-46cc-bfef-9e0a346c2a8c&scheme=1


Click here to access/download;Figure;Fig. 3.tif

https://www.editorialmanager.com/jclepro/download.aspx?id=3679931&guid=6611815d-1045-46ee-930c-74367a686eac&scheme=1
https://www.editorialmanager.com/jclepro/download.aspx?id=3679931&guid=6611815d-1045-46ee-930c-74367a686eac&scheme=1


Click here to access/download;Figure;Fig. 4.tif

https://www.editorialmanager.com/jclepro/download.aspx?id=3679932&guid=593c3aa5-494c-4d0c-93cc-d104fdd0560b&scheme=1
https://www.editorialmanager.com/jclepro/download.aspx?id=3679932&guid=593c3aa5-494c-4d0c-93cc-d104fdd0560b&scheme=1


Click here to access/download;Figure;Fig. 5.tif

https://www.editorialmanager.com/jclepro/download.aspx?id=3679933&guid=9cf235f6-5635-487f-ae47-80dabf2f32c5&scheme=1
https://www.editorialmanager.com/jclepro/download.aspx?id=3679933&guid=9cf235f6-5635-487f-ae47-80dabf2f32c5&scheme=1


Click here to access/download;Figure;Fig. 6.tif

https://www.editorialmanager.com/jclepro/download.aspx?id=3679934&guid=c83dff40-fb5d-4779-84d8-df1ad7b94c89&scheme=1
https://www.editorialmanager.com/jclepro/download.aspx?id=3679934&guid=c83dff40-fb5d-4779-84d8-df1ad7b94c89&scheme=1


Click here to access/download;Figure;Fig. 7.tif

https://www.editorialmanager.com/jclepro/download.aspx?id=3679935&guid=a7b1acca-511c-4987-b3c0-d761342008d3&scheme=1
https://www.editorialmanager.com/jclepro/download.aspx?id=3679935&guid=a7b1acca-511c-4987-b3c0-d761342008d3&scheme=1


Click here to access/download;Figure;Fig. A.1.tif

https://www.editorialmanager.com/jclepro/download.aspx?id=3679936&guid=934c2dfe-f842-48a0-a691-915d7e70c34c&scheme=1
https://www.editorialmanager.com/jclepro/download.aspx?id=3679936&guid=934c2dfe-f842-48a0-a691-915d7e70c34c&scheme=1

