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ABSTRACT: Applications of end-of-life tires (ELT) for energy recovery and new products
can contribute to a circular economy. This paper reviews the environmental, health, and
economic aspects of various applications of ELT, focusing specifically on the use of ELT in
fuel, energy, and construction. Impediments to a more widespread application of repurposed
ELT include a lack of streamlined handling and recycling processes; a poor understanding of
the long-term ecological, human health, and safety consequences; and very few application-
specific techno-economic assessments and life-cycle analyses. The prospects for rubberized
asphalt as an economical and environmentally benign application of ELT are reviewed in four
areas: (1) rubber pretreatment—the most effective techniques are chemical or microwave
radiation, and the most sustainable technique is microbial devulcanization; (2) aging
behavior—rubber particles delay aging in asphalt through several mechanisms; (3) techno-
economic benefits—rubberized asphalt improves the cost-efficiency and energy-efficiency of
asphalt; and (4) environmental emissions and leakage concerns—the risk of heavy metals and
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hazardous pollutants such as polycyclic aromatic hydrocarbons and volatile organic compounds contaminating the ecosystem or
causing occupational diseases in workers. There are four priority directions for future research on rubberized asphalt: (1) determine
the critical aging point; (2) describe the self-rejuvenating behavior; (3) quantify the long-term leachate under extensive weathering;
and (4) compare the ecological aspects of pretreatment techniques in terms of potential greenhouse gas emissions and human

health.

1. INTRODUCTION

Transforming waste into a commodity such as chemical
feedstock and repurposing it for new applications such as
energy production closes the loop on zero waste, promoting a
circular economy. A prime example of waste with such
potential is end-of-life tires (ELT). Every year, approximately
1—1.8 billion tires reach the end of their lives globally, and the
number is projected to increase with the rapid expansion of the
automobile industry."

Discarding, stockpiling, and disposing of ELT in landfills
would take up valuable space and could trigger spontaneous
fires, mar the landscape, and create breeding grounds for
mosquitoes and rodents.” On the other hand, recycling and
reclaiming ELT can yield significant economic, social, health,
and environmental benefits. Examples of economic and social
benefits include increased industrial activity and employment
opportunities and improved allocation of funds for ELT
management.”’ In addition, recycling ELT prevents them from
becoming homes to rodents and mosquitoes that would
otherwise bear and spread various diseases.” Furthermore,
recycling ELT reduces greenhouse gas emissions, and
fabricated products from ELT have a considerably smaller
carbon footprint than those made of virgin resins.”

The primary recovery routes for ELT can be put into three
categories. The first category is material recovery or tire-
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derived products (TDP), including but not limited to rubber
itself. For instance, each passenger car tire contains 1.1 kg of
steel wire. Recovering these wries will lead to more than 1
million tons of recycled steel each year globally,” helping to
conserve 1.1 million tons of iron ore, 0.6 million tons of coking
coal, and 0.05 million tons of limestone.” More examples of
TDP include new tires, rubber walkways, playground mulch,
synthetic turf, and sports surfaces.”'" The second category is
energy recovery or tire-derived fuels (TDF), where ELT are
used as an alternative fuel source.'” The third category of ELT
recovery is civil engineering, where ELT are repurposed for
applications such as breakwaters and coastal protection,"
erosion barriers,"* ground improvement,15 landfill construction
(as a lightweight backfill in gas venting systems, in leachate
collection systems and operational liners, and for capping and
daily cover),'® slope stabilization and retaining walls,'”"®
sound barriers and insulation applications,'” stormwater
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Civil engineering applications

Figure 1. Life-cycle of tires.
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Table 1. Comparison of Typical Constituents (wt. %) and Heating Value of TDF and Coal **

fuel carbon hydrogen oxygen nitrogen
TDF 90 8 0 0.3
coal 76 S 8 LS

sulfur ash moisture heating value (M]/kg)
2 S.0 0.6 39—-44
2 7.8 5.0 31

Shredded tire ég E,i

Wood

Tire shredder

Figure 2. ELT mixed with coal and wood as a fuel.

Industrial boiler

infiltration galleries,20 railroad ties,”’ and roads.”? Figure 1
shows the schematic of the three categories mentioned above.

Tire-derived fuels (TDF) are usually produced via the
pyrolysis or incineration of ELT. (1) ELT pyrolysis usually
involves thermally depolymerizing scrap tires in an oxygen-free
environment (no combustion). This process decomposes scrap
tires into smaller molecules, leaving fuel oil, carbon black, char,
steel wire, and gas behind. The oil derived from ELT pyrolysis
has a high energy density of about 39—44 M]/kg and is easily
transportable and storable under normal conditions.'”** A
comparison of the constituents and heating value of TDF and
coal is presented in Table 1. Pyrolysis oil can be fractionated
into kerosene (33%), diesel (34%), heavy vacuum oil (15%),
gasoline (12%), and fuel oil (6%), with the concentrations
varying by the boiling temperature.”* Because tire pyrolysis oil
is miscible with petroleum diesel, it is a suitable alternative to
petroleum-based diesel fuel.”” The characteristics and struc-
tural properties of recovered fuel are sensitive to processing
parameters such as temperature, atmosphere, and pressure, so
minor changes in these parameters could considerably alter the
fuel’s combustion properties and emission profile.” Despite the

heating value of tire oil, its high sulfur concentration (>0.6 wt.
%) and the presence of aromatics and heavy molecules with
boiling points above 350 °C in it limits its direct application,
necessitating additional treatment*>*” and making its produc-
tion expensive and energy—intensive.zg’29 For instance, the
optimum temperature for producing pyrolytic oil from waste
tires is about 550 °C, which in turn reduces the overall energy
recovery ratio.'” In addition to the liquid form, pyrolytic
products have a recovered gas phase that can be used as a clean
fuel. However, this gas phase contains paraffin, olefins (other
hydrocarbons could also appear), carbon oxides, hydrogen, and
trace amounts of sulfur and nitrogen compounds.’’ In
addition, despite its high heating value (up to 42 MJ/kg),
tire-recovered gas fuel has a meager energy recovery ratio of
0.1-0.4.7"

(2) Incineration of ELT involves burning a mix of ELT with
wood and coal to fuel energy-intensive industries such as
cement kilns, lime kilns, paper and pulp mills, power plants,
industrial boilers, foundries, and smelters (Figure 2). This
process utilizes the high calorific value of ELT and coal and the
efficient, controllable combustion of wood waste. Every ton of
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ELT in kilns replaces 1.25 tons of coal.”> Regarding emissions,
tires generate 85 kg of CO, for every gigajoule of energy, while
coal, pet coke, and wood generate 90, 100, and 110 kg of CO,,
respectively.”* In addition, burning ELT releases three to five
times less NO,, similar levels of SO,, and more polycyclic
aromatic hydrocarbons (PAHs) compared with burning
coal.””*> TDF has also been found to produce almost no ash
after combustion and to be mercury-free, which would reduce
its leachate potential.** However, the concentration of ELT in
the coincineration mix used in cement plants should be
controlled.>® Due to its high zinc content, ELT should not
exceed 30% of kiln fuel to avoid the generation of a protective
coating of zinc compounds on cement grains that would in
turn severely influence the cement’s hardening process.””*”**
As for the economic aspect, the global TDF market was valued
at 406 million US dollars in 2022 and is projected to grow to
554 US million dollars by 2028.”

Statistics show that only 59% of ELT is recycled globally,
with 42% for material recovery, 15% as TDF for energy
generation in heavy industries, and 2% for civil engineering
applications. The rest ends up in landfills.*’ Figure 3 compares

Reuse
(Construction)

Recycle (TDP)

Energy recovery
(TDF)

Figure 3. ELT management routes. Reproduced with permission
from ref 41. Copyright 2022 American Chemical Society.

the environmental and economic hierarchy of these manage-
41 . .. .
ment routes,” and Figure 4 compares the emission of primary

pollutants such as CO,, CO, NO,, SO,, and particulate matter
(PM) associated with them. Fuel production via pyrolysis leads
to 54.5 kg of CO, per ton of waste tire used, an emission
mounting to 220 kg via incineration. In addition, recycling one
ton of waste tires through devulcanization requires a great deal
of energy and produces 170 kg of CO,. In contrast to the other
routes, the construction route causes no signiﬁcant environ-
mental impact beyond emittin% negligible traces of dust into
the air during ELT grinding.”** This route also leads to
significant carbon sequestration of about 838 kg of every ton of
waste tire.*° Regarding profit margin, using rubber as waste
material in asphalt pavement is more advantageous than
material recovery.*' A pyrolysis plant of medium size, capable
of recycling 30—40 tons per day, generates $222 per ton.
However, the recycling process costs $200 per ton, leavin
only a profit of $22 per ton from material recycling.*
Therefore, given the high cost of producing TDFs, their
environmental impacts, and their limited industrial applica-
tions, reusing ELT in civil engineering projects and materials
may be a more energy-efficient and environmentally friendly
option for humans and the environment.

As previously noted, one destination of ELT in the
construction route is rubberized (rubber-modified) asphalt,
in which ground/granulated rubber particles are introduced to
the paving mixture via addition to the binder (wet process) or
aggregates (dry process). An Arizona Department of Trans-
portation report found that rubber-modified asphalt can reduce
tire wear by up to 50%.** Rubberized asphalt results in higher
carbon sequestration than conventional asphalt pavements
using 1,600—2,000 tires per lane-mile.* Today, almost 12
million discarded tires are repurposed annually for rubberized
asphalt,*® a number that could substantially increase given the
growing network of asphalt paved roads worldwide.”” It has
also been reported that rubberized asphalt enhances durability
and performance while reducing noise, thus augmenting
economic and social benefits.

Most existing reviews on rubberized asphalt pavements
focused on performance indicators such as permanent
deformations, fatigue life, noise, and wear.*® 5! However,
various applications of ELT have not been compared and
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. . evulcanization . . .
Incineration for recycling Pyrolysis Ambient grinding
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Figure 4. Amount of pollutants emitted by various ELT management methods.
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Table 2. Comparison of Dry and Wet Modifications of Rubber and Asphalt

Dry modification Wet modification
e Crumb rubber is added to hot aggregates [ Crumb rubber and asphalt are mixed directly
and then mixed with binder. at 176-226 °C.
e Rubber content ranges from 5 to 20 e An extended period of agitation and cooking
2 wt.% of asphalt content. is required.
8 |e Key design factors are aggregate e Rubber content should be > 15 wt.% of
& gradation, rubber gradation, binder asphalt.
.g content, and air voids. e Constant mixing is required to avoid phase
§ separation.
8 e Crumb rubber particles are generally smaller
~ than 2 mm.
¢ Binder type, blending time and temperature,
content and size of rubber, and grinding
method affect properties.
e No special equipment or change in the e Special equipment and handling are needed
:d) = asphalt plant is needed. to avoid phase separation.
g -‘jé e Only a steel-drum roller should be used |e Grinding rubber to fine particles requires
g g | for compaction. special tools and procedures.
8 e Only a steel-drum roller should be used for
compaction.
e Improves resistance to permanent e Increases viscosity of binder due to
2 deformation and rutting. absorbing lighter asphalt compounds.
"a:‘j e The flexibility of rubber improves low-  |e Improves moisture resistance of asphalt
& | temperature crack resistance. mixture due to enhanced adhesion.
;C} e Lower oxidative aging due to the e Improves flexibility of asphalt matrix due to
= presence of fine rubber particles. swelled rubber.
e Mixture has greater noise reduction. e Mixture has greater fatigue resistance.
e + Costs are 15%—50% lower than wet e + Mixture has the improved properties listed
» | process and polymer-modified asphalt. above.
§ e + Higher compaction energy is required. |e - Phase separation causes poor workability.
=E L Polymer-modified binders can be used. |e - Process is more energy intensive.
© |e - Mixture has higher moisture sensitivity. |e - Overheating transforms rubber’s pore
E e - Higher asphalt binder content of 0.2%— | structure and disrupts its dynamic viscosity.
0.4% is required. e - Mixture adheres to rubber-tired rollers.
e - Mixture adheres to rubber-tired rollers.

contrasted, nor have the ecological, health, and emission
aspects been thoroughly examined. Accordingly, this paper
reviews major studies relevant to rubber treatment technolo-
gies and the rejuvenation, health, economic, and environmental
aspects of ELT in different applications, including but not
limited to pavements. Some mainstream online databases such
as Scopus, Web of Science, ACS, and ScienceDirect are
surveyed, and only articles published in English peer-reviewed
journals, mainly over the past decade, are framed.

It should be noted that there are other recovery routes for
scrap tires that are out of the scope of this survey. One of these
routes, for instance, is retreading (recapping or remolding), a
remanufacturing process that replaces the tread on worn tires
and reintroduces them into the distribution circuit. Compared
with one-and-done tires, retreaded tires are environmentally
and economically more advantageous. For example, a 2016 life-
cycle assessment of retreaded tires found them associated with
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70% less natural resource extraction, 29% less land use, 24%
less carbon emissions, 21% less air pollution, and 19% lower
water consumption. In addition, the rubber buffed off old tires’
tread surfaces is easier to recycle and repurpose.’” Retreading,
however, is limited mainly to tires made of thicker materials,
such as heavy-duty commercial truck tires.

2. CRUMB RUBBER AS A MODIFIER IN ASPHALT

Crumb rubber is the result of grinding waste rubbers into small
particles. Crumb rubber has been used in asphalt mix in two
ways: (1) dry mixing, where crumb rubber particles partially
replace mineral fillers or aggregates,53 and (2) wet mix, where
crumb rubber is dispersed in powder form in asphalt binder to
modify its properties.”* Several aspects of these modifications
are shown in Table 2.

https://doi.org/10.1021/acs.energyfuels.3c00459
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3. RUBBER TREATMENT TECHNOLOGIES

Pretreatment is usually required to enhance rubber compat-
ibility with the asphalt binder. Various pretreatment techniques
and combinations thereof are in use. Here, some of the primary
techniques are reviewed.

3.1. Thermomechanical Treatment. Pretreating waste
rubbers with thermomechanical techniques involves devulcan-
izing them using high shear at elevated temperatures.’
Depending on the rubber’s particle size, the rotational speed of
blades and the temperature in these machines can be adjusted
to disrupt sulfoxide bonds.””~**

Wu et al.® investigated the influence of the degree of
devulcanization and the content of pyrolyzed crumb rubber
extruded with a twin-screw extruder on the rheological
properties of asphalt binder. They reported that extrusion
temperatures exceeding 300 °C severely damaged rubber’s
cross-linked structure and reduced its molecular weight,
increasing sol content in the rubber. (A sol is a colloidal
suspension of solid particles in a liquid phase.) In contrast,
asphalt containing rubber extruded at low temperatures (e.g.,
< 260 °C) exhibited improved rheological properties at both
low and high temperatures. The study mentioned the potential
of using modified rubber with a high sol content (extruded at
300 °C or higher) as a proper partial substitute for asphalt
binder. Besides improving the rheological properties of
modified asphalt binder, it was found that the extruded rubber
had improved compatibility with asphalt because of the larger
contact area between the extruded rubber and asphalt binder.
Modifying asphalt binder with extruded rubber also reduced
the temperature sensitivity of the binder. This approach can
use up to 30 wt. % rubber without compromising the
performance of the asphalt.”® Low-temperature devulcanized
crumb rubber also reduces the moisture susceptibility of hot-
mix asphalt and enhances its resistance to rutting, cracking, and
fatigue, showing promise to rival styrene—butadiene—styrene
as the most common polymer for asphalt modification.®”

3.2. Chemical Activation Treatment. Digestion by
chemicals is another approach to desulfurizing vulcanized
rubbers. In this approach, vulcanized rubber is submerged in
solvents and stirred for a particular duration. The degree of
desulfurization depends heavily on the solvent type and
concentration, reaction time and temperature, and rubber
particle size.%®

Various solvents have been used for crumb rubber
desulfurization and asphalt modification. A commonly used
solvent is hydrogen peroxide (H,0,); this has been shown to
oxidize, changing the morphology of the rubber surface and
decreasing the average pore size of crumb rubber.””’" In
addition, high concentrations of hydrogen peroxide influence
flocks on the crumb rubber surface, making them “flufier” and
increasing the surface porosity. These changes in the
morphology of rubber have led to increased adoption of
rubber particles with nonpolar components in asphalt.
However, H,0, activation of rubber increases the release
and dispersion of rubber carbon black in the asphalt matrix,
leading to a reduction in the elasticity, viscosity, and rutting
resistance of asphalt modified by crumb rubber.”” Another
treatment for crumb rubber desulfurization is to treat rubber in
supercritical carbon dioxide (ScCO,) at high pressure (12
MPa) and high temperature (180 °C) for 1 h; this has been
reported to extend the degree of devulcanization.”'

The grinding technique can also influence rubber’s chemical
activation. Cryogenic grinding involves freezing rubber with
liquid nitrogen, then shattering the frozen rubber as it passes
through a hammer mill. Binders modified with crumb rubber
produced by cryogenic grinding have outperformed those
modified with crumb rubber produced by ambient-temperature
grinding in terms of creep recovery and elastic-related
properties.”” However, cryogenic-ground rubber has a marginal
influence on rheological parameters.

The use of catalysts during the activation process is another
factor that influences the efficacy of rubber in improving the
properties of asphalt binder. For example, Fenton’s reagent
(FeSO,) gives rise to the formation of carboxylic sites on the
rubber surface, enhancing its compatibility with asphalt binder.
Also, cryogenic-ground rubber with furfural sprayed on it
significantly improves some properties of the binder, such as
storage stability and resistance to rutting and creep.”” In
addition, bitumen modified with crumb rubber activated with
sodium hypochlorite (NaClO) exhibits lower rutting suscept-
ibility and higher workability (lower viscosity).”' These
improvements have been attributed to increased energy,
polarity, and roughness on the rubber surface.”* Tetraethyl
orthosilicate (TEOS) has also been shown to facilitate the
entanglement of molecular chains between asphalt and
modified rubber, increasing the storage stability of asphalt.”

3.3. Chemical Grafting Treatment. Chemical grafting
involves functionalizing the rubber surface to increase its
compatibility and bonding with asphalt.”® Various chemicals
and monomers, such as acrylamide, maleic anhydride,
octadecyl amine, polystyrene, and acrylic acid, have been
used for rubber functionalization. Xie et al.””’® comprehen-
sively examined the grafting potential of acrylamide to the
waste rubber surface and the effects of using up to 20 wt. % of
functionalized rubber on asphalt properties. The process
involved mixing 100 g of purified rubber with 40 g of
acrylamide and 2.5 g of potassium persulfate in 1000 mL of
water and stirring the mix for four hours at 80 °C. The treated
rubber showed improved compatibility with asphalt, as
evidenced by a 60% lower segregation index after 72 h of
storage at high temperatures (over 160 °C). This improvement
was attributed to the copolymerization of amide groups with
rubber macromolecules and their reaction with acid groups in
the asphalt. Also, the functionalized rubber had a rougher
surface and exhibited a more uniform dispersion in asphalt
than the untreated rubber. Overall, at an optimum
concentration of 20 wt. %, the functionalized rubber
outperformed regular crumb rubbers in improving the high-
and low-temperature properties of asphalt. The group also
evaluated the compatibility of asphalt binder with rubber
surfaces activated by grafting polyamide 6 and showed its
potential in improving the softening point, viscosity, and high-
temperature and low-temperature properties of asphalt.”’
According to Hanet al,”’ the high compatibility between
asphalt and rubber grafted with octadecyl amine can be due to
chemical bonds formed between the amino group (—NH,) on
the octadecyl amine and the interfacial carboxyl group
(—COOH) of waste rubber. Two additional examples of
materials that have been used for rubber functionalization are
polystyrene and acrylic acid. Polystyrene improved the rutting
resistance and fatigue life of asphalt by 97% and 85%,
respectively.®" Acrylic acid increased the viscosity and reduced
the temperature sensitivity of modified asphalt.”

https://doi.org/10.1021/acs.energyfuels.3c00459
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Table 3. Summary of Oil-Treated Rubber in Asphalt®’

Oil Asphalt/rubber Treatment Major observations Ref.
waste #70 asphalt / rubber mixed with |° LBP-act?vated rubber !1ad improved dispersion iﬁ.asphalt with no signs of rubber agglomeration.
lubricating mesh #40 oil for 1 h at e LBP-activated rubber improved the storage stability in modified asphalt binder. 85
by-products rubber 150 °C e LBP-activated rubber had lower susceptibility to aging, improved low-temperature performance,
(LBP) and reduced rotational viscosity in asphalt.

bm»?;l and ;ublaedr o Pretreatment of rubber with swine manure bio-oil before adding it to asphalt binder is a more
swine #70 asphalt / Pto;vo Sép‘rf e?i?t efficient method for producing rubber-modified bio-binder than adding untreated rubber to
manure bio- | mesh #40 fi acti stirred a bio-binder. 8
oil rubber ?reac 1on e Rubber treated with swine manure oil improved the high-temperature performance of modified
emperature of
120 °C for 1 h asphalt.
e Bio-modification of rubber reduced the preparation temperature of rubberized asphalt and
heavy bio- #70 asphalt rubber submerged rubberized asphalt mixture.
eavy mesh #40 . & P 87
oil (HBO) rubber in HBO for45h  |e Bio-modified rubberized asphalt showed improved rutting and fatigue resistance, workability, and
= storage stability and showed slightly poorer low-temperature performance.
2 e Swelling rubber in WEO enhanced partial degradation of ground tire rubber, enhancing rubber
g‘ #50 asphalt / rubber swelled in devulcanization in extrusion, per sol fraction and thermogravimetric analyses.
-2 waste engine mesh #560 oil at 100 °C for e Higher concentrations of WEO for rubber modification decreased the stiffness of modified asphalt | gg
E oil (WEO) rubber 1 h, then extruded but reduced its storage stability and anti-rutting properties.
at 150-280 °C o Higher extrusion temperature led to better dispersion, leading to reduced rubber particle size,
higher workability, and improved storage stability and rheological properties.
waste . .
cooking oil PG 64-22 rqbbcr m])iCd with e Penetration of WCOR molecules increased swelling level of rubber and improved its compatibility. | g9
. asphalt/ mesh oil at 190 °C for . . . . o
residues #40 rubber 4h e Bio-modified rubber reduced separation tendency and improved compatibility.
(WCOR)
one part rubber e Oil-treated rubber rejuvenated aged asphalt.
waste PG 82-16 mixed with four e Oil-treated rubber significantly improved the low-temperature properties of aged binder, but | o,
cooking oil asphalt/ - parts oil at 260 °C improvement of high-temperature properties was marginal.
for2h e Oil-treated rubber outperformed waste cooking oil in improving aging resistance of asphalt binder.
bio-binder mixed |* There was stronger non-covalent interaction between the bio-modifier’s -NH2 site and the rubber’s
amide-based | PG 64-22 with rubber at 135 S-S crosslink than with the rubber’s C-S part, potentially leading to partial devulcanization. 91
bio-binder asphalt/ - °C for 30 min e Amide-rich bio-binder significantly improved the workability and durability of vulcanized rubber
when mixed with bitumen.
bio-oil bio-oil mixed with
derived from rubber at a mass
wood #80 asphalt/ ratio of 1.5:1, then |e Regardless of oil treatment, the size of rubber particles significantly influenced asphalt’s properties.
sawdust, mesh #20 to heated in a o Longer fatigue life was associated with larger crumb rubber, but rubber between 40 mesh and 80 | *'
corn straw, #100 rubber microwave oven mesh was recommended for storage stability.
and rice with 600 W power
husk for 2 min
heated in a 600W [¢ Asphalt modified with oil-treated rubber had improved high-temperature storage stability and |
microwave oven ductility.
epoxidized #70 asphalt/ for 2.5 min, then
soybean oil | mesh #80 submerged in
(ESO) rubber epoxidized
soybean oil for
24h
rubber mixed with
waste oil 1:1 at . . . o ictanc asnhalt bi 0 o, -
. e Oil-treated rubber improved the aging resistance of asphalt binder (35% and 34% lower carbonyl
135°C for 30 min S . . :
waste #90 asphalt/ and swelled for an.d sulfoxide mdlc.es compared to .bmder with conventlo.nal rubber). 0
cooking oil mesh #60 12 h. then e Oil-treated rubber improved softening and deagglomeration.
rubber irra cfiatc d with e Oil-treated rubber showed 84% and 106% higher asphalt healing capacity after thermal and UV
400W microwave aging, respectively, than regular rubber.
for 4 min
rubber and waste
oil mixed 1:1at  |® FTIR analyses confirmed dissociation of rubber polymer chains by irradiation and subsequent
= swine PG 64-22 135°C for 30 min crosslinking to bio-oil molecules.
2 manure bio- | asphalt/ mesh and swelled for o Higher workability (60% reduction in asphalt viscosity) was achieved by bio-modifying rubber. o4
g‘ oil #80 rubber 12 h before 4 min  |e Oil-treated rubber caused 86% less segregation phase in asphalt than regular rubber.
é’ irradiation at e Oil-treated rubber enhanced asphalt’s fracture energy by 62% compared to regular rubber.
8 400W microwave
© e Irradiation of chain backbones of rubber polymer led to the formation of carbon-centered and sulfur-
bber sub d centered radicals. Irradiated molecules of bio-modifier led to the formation of amidyl radicals.
PG 64-22 f‘l: oifrl 5{’ f::e{geh e Reaction pathways of amidyl radicals with carbon-centered radicals were energetically more
amide-rich asphalt/ mesh before 4 min favorable and stable than those with sulfur-centered radicals. 95
bio modifier 480 rubber irradiation with e Bio-oil functional groups appearing in treated rubber indicated successful grafting of highly polar
400W microwave molecules of bio-modifier such as hexadecanamide onto the surface of the rubber.
e Bio-modification of rubber increased the acid-base component of rubber’s surface energy from 2.9
mJ/m? to 14.6 mJ/m?, reducing phase separation.
bio-oil
residue of Fubber .submerged e Adsorption of ester biomolecules increased interactions between rubber and asphalt binder,
refining gs(}}?:l;/zrznesh Lnegielé"lr::; 12h significantly reducing the segregation of rubber and asphalt. 84
fatty acids #2% rubber irradiation with e Oil-treated rubber increased bitumen’s elastic recovery by over 2.5 times and improved asphalt’s
fl’_<13m castor 400W microwave crack resistance better than asphalt containing regular rubber.
oi
g:;;s:)l; from e Treating rubber v?/ith wood-based and waste vegetable oils reduced the segregation index by 82%
waste and 70%, respectively.
vegetable rubber submerged [* Among surface-activated rubbers, corn stover had the highest percent recovery of 40%, followed
oil, wood PG 64-22 inoil 1:1 for 12h | by miscanthus (25%) and wood pellet (24%).
pellet oil, asphalt/ mesh before 4 min e Wood pellets and waste vegetable oil both showed the highest adsorption onto the rubber surface. | *°
corn stover #60 rubber irradiation with However, waste vegetable oil, which showed good adsorption to rubber, did not interact strongly
oi!, 400W microwave with the bitumen matrix, leading to a very low percent recovery.
miscanthus o All asphalt binders containing surface-activated rubber except the one with miscanthus oil showed
oil, and_ low susceptibility to moisture.
castor oil

3.4. Treatment by Oil. Waste oils and bio-oils have been
extensively used to produce biobinders or rejuvenating agents
in asphalt recycling.83 In addition, oils have been used to
improve the compatibility of rubber particles with asphalt
binder. Pretreating the rubber in oil at elevated temperatures is

a physisorption process that involves the diffusion of bio-oil
into the rubber particles, making them preswell. This treatment
reduces the density of rubber and prevents the rubber from
adsorbing asphalt’s light components, such as resins, after
mixing the rubber and asphalt.84 Recently, chemisorption has
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Table 4. Studies on Microbial Desulfurization of Waste Ground Tire Rubber (GTR)

30 °C, 30 days

compared to chemical
devulcanization with
di-(cobenzanidopheny)-disulfide
solvent

Microorganism Rubber | Amount of Medium Major observations Ref.
type rubber/size
Gordonia GTR 150 g 1.5 L mineral salt e G. desulfuricans showed further 108
desulfuricans medium, with 20 devulcanization than
Rhodococcus sp. g/L glucose, Rhodococcus sp. according to its
AF21875 30 °C, and pH 7 greater change in sol fraction
(from 2.3 to 3.3).
Thiobacillus GTR 0.5and 5% | DSMZ medium |e Rubber content and size were the | '
(Whv), (70ml) without most important factors in rubber
<0.354 mm | ferrous sulfate, devulcanization; larger rubber
and 0.18— | pH 1.4,30°C, particles showed more
0.25 mm 10 and 20 days devulcanization.
incubation e Within 0.5% w/v, all bacteria
Gordonia Mineral salt could desulfurize rubber (by 6%
Nocardia medium, pH 1.4, to 21%).
Amycolaptopsis 30 °C, 20 days e Only Thiobacillus ferroxidans
Pseudomonas incubation (DSMZ 583) and
Acidothiobacillus Acidothiobacillus ferrooxidans
ferrooxidans kept their efficiency in higher
rubber content.
Thiobacillus GTR 5% (w/v) | Mineral salt e Increase in sol fraction was from | ''°
ferrooxidans medium (200 4.69% to 7.43% (only superficial
ml), pH 2.5, devulcanization).
30 °C, 30 days e Better mechanical performance of
devulcanization NR filled with devulcanized GTR
(DGTR) due to better bonding
between two rubbers caused by
rupture of interfacial crosslink
bonds of DGTR.
Candida Ozone- | 1g,130 um | Mineral salt e Although C. methanosorbosa BP- | '!!
methanosorbosa BP-6 | treated medium (40 ml), 6 yeast strain metabolic
GTR pH 6.9, conditions were higher in ozonide
30 °C, 21 days rubber (20% more
devulcanization devulcanization), the ozone
pretreatment hindered proper
bacteria growth.
Sphingomonas sp. GTR 117 pm | Mineral salt e Compared to GTR, this had 12
medium, pH 7, 24.7% lower sulfur and 19.4%
30 °C, 10 days lower oxygen content.
Gordonia sp. devulcanization  |e Compared to GTR, this had
19.4% lower sulfur and 20.2%
lower oxygen content.
Mixture of both e This had a 6.7% increase in
swelling value and a 9.5%
reduction in crosslink density
(3.3% and 2.8% more than
Sphingomonas sp and Gordonia
sp.).
T. perometabolis GTR 10g,0.1 Mineral salt e This had a 20% higher reduction | '
mm medium (20 ml), of sulfur bonds in 30 days

been presented as a more efficient approach to improve
rubber’s compatibility with oils. This method involves grafting

oils’

irradiation to create surface-modified rubber.®** Table 3
summarizes recent studies on the application of physisorption

biomolecules onto rubber surfaces with microwave
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rubber in asphalt.
3.5. Microwave Treatment. Microwave radiation has

proved more energy-efficient than conventional thermome-

and chemisorption in improving the performance of waste

chanical approaches in decomposing C—S and S—S bonds in
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Table 5. Summary of Advantages and Disadvantages of Methods for Rubber Treatment

e low-cost solvents

Method Advantages Disadvantages
Thermomechanical [® convenient equipment e high energy consumption
treatment e scalable for industrial use e emission of volatile degradation products
e high-degree devulcanization
e use of environmentally harmful solvents and
catalyzers
Ch§m1f:al o unsophisticated equipment e low controllability and low efficiency
activation e need for elevated temperatures to accelerate

devulcanization by some solvents
e superficial treatment

e more effective than
Grafting treatment |, ability to tailor properties by
grafting various functional

groups

devulcanization by chemicals

e need for sophisticated operators
® expensive
e long processing time

material for treatment
® low-cost
e unsophisticated equipment

Oil treatment

e application of waste or green

e Comparatively time-consuming

e short treatment process
e solvent-free and
environmentally friendly

e needs expensive microwave ovens
e inability to efficiently mix rubbers during
irradiation

e simplicity of approach

equipment

Microwave o . . . .
e devulcanization controllability |e emission of volatile degradation products
treatment .
(by controlling output power e unfit for non-polar rubbers
and irradiation time) e needs initial processing to remove metal
e applicable even to thick particles (especially in waste rubbers)
rubbers
e low cost e low devulcanization efficiency
. e energy efficient e time-consuming
Biological . Iy friendl . .
treatment e cnvironmentally triendly e need for purification of waste rubber to

e low requirement for high-tech

remove zinc oxide and zinc salts that harm
microorganisms and prohibit their cultivation

rubber and creating active sites on the surface.”>”” This
technique uses electromagnetic waves ranging from 300 MHz
to 300 GHz that directly interact with polar molecules or ions,
heating the rubber from the inside.”’ ™" The formation of free
radicals on the rubber surface increases its interactions with the
surrounding matrix, such as asphalt. For instance, rubbers
irradiated in an 800 W microwave oven for 90 s showed
increased surface activity, increased specific surface area, and
partial swelling, all of which improved the compatibility with
asphalt binder. Also, asphalt modified with microwave-treated
rubber exhibited lower stress sensitivity, higher aging
resistance, and marginal improvement in high-temperature
performance. However, compared with untreated crumb
rubber, microwaved crumb rubber increases the risk of fatigue
cracking caused by age-hardening and degrades the viscoelastic
performance at intermediate temperatures.mo In terms of the
environmental impact, compared with conventional rubber, the
application of microwave-treated rubber in asphalt is associated
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with lower emission of toxic gases and lower mixing and
compaction temperatures due to its lower viscosity.lm_m3
Like bio-oil chemisorption onto the rubber surface,
polymers or coupling agents have been grafted to micro-
wave-activated rubber to further improve its compatibility with
the asphalt binder. Adding 4.5% of trans-polyoctenamer
(TOR) by weight of rubber to microwave-activated rubber
has been found to improve viscoelastic functions (G’, G”, and
G*/sin §) and nonlinear viscoelastic functions such as steady-
state flow and strain recovery rate. It also decreases asphalt’s
susceptibility to heat, increasing its elasticity and making it
more resistant to permanent deformation.'®* In addition, TOR
grafting alleviates the adverse effects of aging on asphalt
binders modified with microwave-activated rubber.'’"'*?
Grafting microwave-activated large rubber particles (150
mesh) with silane coupling agent KHSS0 improves the hot-
storage stability of the rubberized binder with a 1.8 °C
difference in softening point in the tube test. This improve-
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Figure S. Carbonyl index (left) and sulfoxide index (right) of neat and rubberized binders subjected to long-term aging. CRMB is short for crumb
rubber-modified bitumen, and the numbers in the abscissa refer to rubber weight concentration.'*’

ment in compatibilization is due to a large number of active
groups such as —OH and —NH on rubber surfaces, resulting in
higher resistances to crack and fatigue damage, improved
elastic recovery, and higher failure temperature compared with
conventional rubberized asphalt and neat asphalt binder.'%®

3.6. Biological Treatment. Biological treatment is a more
recent technique for devulcanizing and recycling rubbers. In
this technique, microorganisms such as bacteria, fungi, and
algae isolated from soil or oceans are cultivated to decompose
polymeric wastes such as waste rubber.'’”'”” The micro-
organisms’ growth and reproduction require sulfur, which
causes the rubber to devulcanize. Table 4 summarizes recent
studies on the microbial desulfurization of waste ground tire
rubber (GTR).

Table 4 shows various microorganisms used to decompose
rubber more efficiently. However, the application of bio-
logically treated rubbers in asphalt is limited to an investigation
by Kabir et al."'* They first devulcanized rubber using waste-
activated sludge microbes, which effectively desulfurized
almost 34% of crumb rubber. As a result of this
devulcanization, the acid—base component of the rubber’s
surface energy increased by 3.7 mJ/m”. Then, they introduced
1S wt. % of the treated rubber into asphalt, which promoted
interactions between rubber particles and bitumen and reduced
their segregation by 68%. As a result, the bitumen containing
devulcanized rubber exhibited 10% higher stiffness and 5%
greater stress—relaxation capacity than asphalt containing
untreated rubber. In addition, there were increases of 6% in
elastic recovery, 27% in moisture resistance, and 12.5% in
workability.

In general, treated rubber has proved effective at increasing
the durability of asphalt pavements. Table 5 summarizes the
advantages and disadvantages of the technologies for rubber
treatment reviewed above.

4. AGING AND REJUVENATION OF RUBBERIZED
ASPHALT

Like any other organic material, asphalt ages as it undergoes
volatilization, oxidation, and condensation due to exposure to
oxygen, moisture, sunlight, and other environmental con-
ditions. Aging hardens asphalt, acceleratin%_ pavement dis-
tresses like raveling, potholes, and cracking.1 > Crumb rubber
improves the rheology of asphalt binder and retards its aging.
Aging retardation by crumb rubber is due to the release of
rubber components such as carbon black and silica;'' carbon

black absorbs the light components in asphalt and prevents the
light components’ volatilization throughout the aging process
and reduce oxygen diffusion.”"'® In addition, the light
fractions of asphalt (maltenes) can be absorbed by crumb
rubber to protect it from aging.''”"*’ Silica’s significant steric
hindrance effect on asphaltene weakens the asphalt binder’s
intermolecular interaction and disrupts asphaltene agglomer-
ation, and its release into asphalt prevents asphalt from long-
term aging.m_123 Moreover, stronger interactions between
crumb rubber and asphalt are associated with improved
rubberized asphalt aging resistance.'””'** This improvement is
due to delays in the volatilization and transformation of
asphalt’s lightweight components and the hindrance the rubber
network places to the intrusion of oxygen molecules, delaying
the oxidation of polar groups in asphalt modified by crumb
rubber.'**"?° Figure 5 shows the influence of crumb rubber on
two 10n$-term aging metrics of asphalt; carbonyl and sulfoxide
indexes. ”” The optimum aging resistance, as evidenced by the
lowest carbonyl and sulfoxide indices, is associated with 15 wt.
% rubber particles.

The aging behavior of rubberized asphalt is affected by
variables such as mixing parameters and crumb rubber
content."'”'*® For instance, terminal-blended crumb rubber
further retards weather aging in asghalt by releasing more
carbon black to the asphalt matrix."*”"** In addition, analysis
of thermo-oxidative aging of rubber-modified binders has
shown that as crumb rubber ages, its cross-linking network
breaks apart, leading to a lower cross-linking density and
accelerated dissolution of crumb rubber in asphalt binder."’
As a result, the breakdown of crumb rubber by aging improves
the aging resistance of rubberized asphalt binder, giving rise to
a more flexible rubberized asphalt with greater penetration. In
addition, a morphological analysis of asphalt modified by
crumb rubber and exposed to UV aging indicated that blends
with higher rubber content experienced finer cracks, suggesting
rubber held the cracked asphalt together.'*”

Combining crumb rubber with polymers, oils, and nanoma-
terials has proved synergistic in improving rubberized asphalt
binders” aging resistance. For instance, waste rubber pyrolyzed
with 5.5 wt. % of poly(styrene-butadiene-styrene), or SBS, has
improved the rheological characteristics and a§ing resistance of
asphalt binder better than neat waste rubber.'”” Also, a rubber-
regenerating agent composed of SBR powder, light oil, and
liquid rubber has been found to improve the aging resistance of
rubberized asphalt.134 However, excessive amounts of the
rubber regenerating agent (e.g., > 8 wt. %) could adversely
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Figure 6. Aging deceleration mechanisms in rubberized asphalt binder
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influence the mechanical and aging performance of rubberized
asphalt. An example of the oils used with crumb rubber to
modify asphalt is amorphous polyalphaolefin (APAO). Adding
4 wt. % APAO in rubberized asphalt improves the rheological
properties and the high-temperature and fatigue performance
of asphalt without significant sacrifice in low-temperature
performance.l‘u"135 Furthermore, with crumb rubber, APAO
reduces the generation of carbonyl groups in the long term,
enhancing the aging resistance of asphalt binder. Other
materials used in conjunction with crumb rubber to delay
aging in asphalt are layered double hydroxides, which are UV-
resistant, layered nanomaterials belonging to the anionic clay
family."*

Besides the mechanisms and factors mentioned above,
rubber decelerates aging in asphalt in another way by acting as
a rejuvenator (Figure 6). The continuous action of traffic loads
on crumb-rubberized pavement causes the crumb rubber
particles to exude some of their maltenes (oils and resins)
compounds, rejuvenating the mastic in the asphalt mixture.'””
This phenomenon partly explains the formation of less severe
and less extensive cracks in driving lanes than road shoulders.
However, the rejuvenation of rubberized asphalt has barely
been investigated. To the best of our knowledge, the work by
Guo et al."*" is the only work in this area. They analyzed the
compositional changes of asphalt fractions and the derived
colloidal stability index to investigate the changes in neat
asphalt, asphalt modified by crumb rubber, and SBS-modified
asphalt after aging and rejuvenation. The authors observed that
adding crumb rubber to asphalt did not affect the diminishing
stability of its colloidal structure as it aged, indicating that
crumb rubber did not prevent asphalt from aging. However,
after rejuvenation, the recovery of the stability of the colloidal
structure of asphalt modified by crumb rubber was 0.39; this
was much greater than the values for neat asphalt and SBS-
modified asphalt, which had relative colloidal structural
stability recovery values of —0.29 and —5.18, respectively.
Also, there appears to be a lack of research on the critical aging
point of rubberized asphalt pavement beyond which
restoration and rejuvenation are ineffective.
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5. ECONOMIC, ENVIRONMENTAL, AND HEALTH
IMPACTS

While some benefits of rubber as either a modifier (wet
modification) or aggregate (dry modification) in asphalt (e.g.,
reduced energy consumption, pollution, and cost) have been
well established, there is still controversy surrounding rubber’s
economic, environmental, and health impacts.
Techno-economic advantages are among the top motives for
agencies and clients interested in rubberized asphalt
mixtures.”” Zarei et al.'*’ analyzed the economic and
environmental considerations related to modifying asphalt
with up to 20 wt. % crumb rubber to weigh its cost-benefit
ratio. Such analyses involve estimating the production and
maintenance cost of rubberized asphalt mix and dividing it by
the economic gain associated with reduced pollution (e.g.,
carbon monoxide, carbon dioxide, nitrogen oxides, sulfur
dioxide, methane gas, volatile organic compounds [VOCs],
and PM10). Cost-benefit ratios of 1.1S and 1.02 were
calculated for mixes containing 5 and 15 wt. % crumb rubber,
respectively, while mixes with 10 and 20 wt. % were deemed
economically unfeasible. The same authors evaluated the
influence of adding carbon nanofibers as mechanical reinforce-
ment on the cost-benefit ratio of rubberized mixtures.'*'
Results showed that adding 0.5% nanofibers to asphalt
modified with 15% rubber powders improved the Marshall
stability by 42% and was considered the most cost-effective
mixture among the mixtures with 0.5 wt. % to 3 wt. %
nanofibers and S wt. % to 20 wt. % rubber powder. According
to life-cycle assessments and cost analyses, producing one
metric ton of aggregate makes 28.8 kg of CO, while consuming
9 L of fuel and 8 kWh of electrical energy. In contrast, adding
granulated tire rubber to asphalt pavement results in a net
energy gain between 310,267 and 566,109 kJ/kg, with 109,314
kJ/kg of it being due to lowering the production of
aggregate;142 this indicates the significant energy-saving
potential of rubberized asphalt mixtures. It has also been
estimated that using crumb rubber as an alternative polymer to
SBS would save 19.95 million tons of coal equivalent (=644.04
x 10° GJ = 178,900 X 10° kWh) per year, reduce CO,
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emissions by 30.33 million tons, and cut costs by 8.6%—
9.4%.'"

Apart from environmental benefits such as lower energy
consumption and less pollution during material preparation,
the application of rubber in asphalt can also save valuable space
in landfills, reduce the asphalt layer’s thickness, and decrease
the energy and pollution associated with multiple maintenance
and rehabilitation interventions over the asphalt’s service
life."*” This section offers a more granular look at some points
neglected in the application of waste rubbers, reviews the
leachate potential of hazardous components in waste rubber,
and compares the emission of toxic gases in rubber-modified
and conventional asphalt mixtures.

About 41% of waste rubber is not recycled and usually
accumulates in landfills."** Hazardous and toxic chemicals such
as zinc (used as a vulcanization activator by manufac-
turers), #7114 manganese, iron,"** cadmium,"*’ dissolved
organic carbon, dissolved nitrogen, inorganic compounds,148
and tire rubber antioxidants'*’ are known to leach from ELT
into the environment. Excessive concentrations of these
compounds in soil and water resources are a risk to human
and aquatic life by causing various diseases (e.g, gastro-
intestinal and cardiovascular diseases). These compounds can
also cause animal death or damage plants’ DNA."""*" Some
factors that affect the leachate potential of ELT toxic chemicals
include the ambient pH and temperature,"**'** the size of
rubber particles,"** and weathering of rubber.'**

Containing waste rubber in construction materials limits its
direct contact with atmospheric conditions such as heat, air,
and water, reducing its leachate potential below what would
otherwise occur in the landfill. However, the leachate potential
of some chemicals in waste rubber could be significant. Azizian
et al.">” investigated the detection of 20 metals in short-term
and long-term leachates of asphalt modified by crumb rubber
in highway environments. Of these, seven elements (Al, Ca, K,
Mg, Sr, P, and Hg) were detected, and the remaining (V, Zn,
As, Ba, Ni, Co, Fe, Cr, Cu, Sb, Pb, Cd, and Se) were below
detection limits. The highest long-term concentrations of Hg
(mercury) and Al (aluminum) were 0.116 mg/L and 1.81 mg/
L, respectively. To put these concentrations into perspective,
the maximum levels of mercury and aluminum in drinking
water are 0.002 mg/L and 0.05—0.2 mg/L, respectively, per the
US Environmental Protection Agency (EPA) recommenda-
tion.">® Furthermore, benzothiazole, a highly toxic compound,
leached 0.45 and 0.54 m%/L at short-term (24 h) and long-
term (7 days). Liu et al.”* found that containing rubber in
asphalt decreased the leakage of Zn (zinc) and other toxic
elements (Be, Cr, Cu, As, Se, Cd, Sb, Ba, Pb, and T1). With
50% asphalt coverage on rubber surfaces, zinc leaching was
reduced by 67%; doubling coverage to 100% marginally
improved it to 82%. Additionally, a significant reduction in zinc
leaching from tires was demonstrated by increasing pH,
especially in the pH range between 5 and 8. In this pH range,
more free negatively charged surface sites are available to
adsorb positively charged zinc species. Moreover, zinc leaching
increased with decreasing size of rubber particles since smaller
particles have a greater surface area. Fathollahi et al.'>’
investigated the PAH leachate from different rubberized
asphalts. They reported that the total content of PAHs in
rubberized asphalt specimens varied between 0.019 and 4.992
ug/g, depending on the volume of crumb rubber granulates in
the asphalt concrete mix design, and the binder type—PAHs
are abundant organic compounds in asphalt binders widely

3

distributed in the environment as organic pollutants—
according to Fathollahi et al, benzo[b]fluoranthene, benzo-
[k]fluoranthene, and naphthalene were the most leached PAHs
with 64-day cumulative releases per specimen surface area >1
g/m’ and the cumulative concentrations of acenaphthylene,
fluoranthene, fluorene, and indeno[1,2,3-c,d]pyrene were
between 0.1 and 1 g/mz.

Besides leaching harmful chemicals, waste rubber in asphalt
causes an increase in the emission of toxic volatiles that risks
human health, especially the health of asphalt laborers. A 2015
field study in Italy'>® measured the concentration of toxic
volatiles such as PAHs and VOCs in gap- and dense-graded
asphalt mixes with asphalt binder in regular and modified (18
wt. % rubber) forms and found that crumb rubber increased
the emission of PAHs and VOCs. Gap-graded rubberized
asphalt mixes were associated with increased hazard quotient
(HQ) and increased incremental excess life cancer risk
(IELCR). Compared with dense-graded rubberized and
regular hot-mix asphalts, gap-graded rubber-modified asphalt
caused cancer in workers by factors of 3.5 and 2.9, respectively,
and had 1.3 and 1.2 times higher toxicologic effects. This
observation was attributed to the greater quantity of binder
used in gap-graded mixtures. The same authors showed that
paver operators were at higher risk of exposure to toxic
volatiles than screed operators, while the carcinogenic risk was
higher for workers closer to the screed.””” An investigation into
different paving projects demonstrated that the composition of
asphalt fumes depended on material properties such as crumb
rubber type, source of asphalt, and mix composition, as well as
site-related factors such as layer thickness, laying, air
temperature, wind, and pressure.158 However, the bitumen’s
quantity, type, and composition were the most critical factors.

In light of a significant increase in emitted VOCs from an
asphalt mixture with a high content of rubber (25—45%),
Zhang et al.">” investigated the merit of adding different VOC
inhibitors into a rubberized mixture to prevent excessive VOC
emissions. All inhibitors, including activated carbon, 4A zeolite,
and nano calcium carbonate, effectively reduced VOC
emissions, with nano calcium carbonate exhibiting the highest
efficacy. In a similar study, Cao et al'®® showed that
deodorants effectively suppressed the escape of toxic volatiles
from rubberized asphalt. In addition, deodorant increased the
stability of rubberized asphalt during heating, facilitated rubber
dispersion in asphalt binder, and improved the aging resistance
of asphalt binder. Furthermore, it was reported that adding 1
wt. % deodorant prevented the desulfurization and devulcani-
zation of waste rubber to a certain extent, lessening the
emission of harmful components from rubber-modified
mixtures. Adding crumb rubber to asphalt has been shown
to emit pollutant gases such as xylene and toluene.'®!
However, the severity of these emissions is proportional to
the temperature. Rubberized warm-mix asphalt emits one-third
less pollutant than rubberized hot-mix asphalt, thus the
recommendation of rubberizing warm-mix asphalt instead of
hot-mix asphalt. Interestingly, activation of the surface of
rubber by grafting trans-polyoctenamer on it has proved to be
effective at reducing the concentrations of aromatic hydro-
carbons and PAHs, lowering asphalt fume’s toxicological
potential.'"** Lv et al. reported a 41.38% reduction in the types
of emitted VOCs and a 50.4% reduction in their concentration
after adding UiO-66 absorbent with a metal—organic frame-
work to rubberized asphalt.'®>
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6. CHALLENGES, GAPS, AND PERSPECTIVES

Despite significant evidence of ELT’s advantages in different
applications, scrap tires continue to stockpile in the US and
worldwide. This review identified five categories for the
challenges hindering more effective use of ELT: (1) lack of
uniform, simple, and low-cost methods for recycling ELT, as
current methods involve time-consuming and costly recycling
steps such as solvent recovery, washing, drying, and disposal of
associated wastewater, (2) lack of techniques and regulations
to handle and recycle products made with ELT, (3) lack of
information about long-term consequences of using ELT
concerning ecological and human health and safety, (4) lack of
clear authority and liability provisions as it comes to ELT
production and reuse, and (5) lack of holistic techno-economic
and LCA analyses of ELT recovery routs.

In terms of the application of ELT in pavements, the
following specific research gaps were identified:

e Proper recycling of a rubberized asphalt mixture requires
knowledge regarding its critical aging point (CAP),
beyond which rejuvenation of the rubberized asphalt
may not be effective. Even though the CAP of
conventional asphalt has been established,'®" that of
rubberized asphalt is yet to be researched.

e Limited attention has been paid to the self-rejuvenating
feature of rubberized asphalt. Multiscale characterization
can provide an in-depth understanding of this
phenomenon.

o There is a lack of long-term data regarding the leachate
of hazardous contaminants from rubberized asphalt
binders, especially in extreme weather conditions or after
extensive weathering.

e Although rubber pretreatment (surface activation,
biotreatment, microbial treatment, preswelling, etc.)
can improve the performance of rubberized pavements,
a thorough comparison of the ecological and health
implications of pretreatment techniques is needed.

7. CONCLUSION

This study reviewed the application of end-of-life tires (ELT)
as fuel or a basis for some products and drew a prospect for its
potential to promote a circular economy. The pros and cons of
each application were highlighted in terms of performance,
emission, ecological impact, health, and economy. In addition,
various ELT pretreatment technologies, especially for civil
engineering applications such as roadways, were compared.
ELT as fuel or products are associated with high emissions
of toxic substances such as polycyclic aromatic hydrocarbons
and volatile organic compounds.’ A considerably more
economical and environmentally benign destination for ELT
is in construction materials such as pavement. However,
pretreatment is usually required to improve the compatibility
of ELT with the surrounding matrix (i.e., the asphalt mixture).
All pretreatment technologies reviewed herein were found
effective in enhancing ELT-matrix compatibility, thus improv-
ing the mechanical performance of the asphalt mixture. Surface
activation via hybrid bio-oil and microwave irradiation
appeared most effective because of the controllability of the
process and allowing for tailoring the surface chemistry of
rubber particles. Microbial devulcanization of rubber has
shown great potential as a green approach to rubber treatment.
Rubber particles also delay aging in asphalt while enhancing its
durability and fatigue life. In addition, rubber-modified asphalt

has a lower CO, equivalent, making it a smaller greenhouse gas
emitter than conventional asphalt."**'®> However, high
concentrations of toxic and occasionally carcinogenic sub-
stances such as benzothiazole derivatives and 6PPD-quinone
and heavy metals such as zinc, manganese, and cadmium in
tires pose a significant risk of the leachate of these
contaminants into soil and water resources, especially as
weathering continues to age and erode pavements. This
concern is particularly acute in open-graded mixtures, which
show 1.2 times more toxicological effects and 2.9 times more
carcinogenicity than conventional hot-mix asphalt. Besides the
environmental concerns, the rubber dosage in the asphalt
should be optimized to make it economically viable.
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