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Abstract

Ground tire rubber (GTR) has been used as a sustainable low-cost modifier in various
composites. However, due to the hydrophobic nature of GTR, it is in compatible with most
matrices and results in deterioration in both mechanical and physical properties of composites.
This necessitates pre-modification of the powdered rubber to improve the interfacial bonding at
the rubber-matric interface. The most common GTR modification research relies on surface
etching via use of various techniques. The current review aims to give a detailed overview of the
surface etching chemical modification methods for GTR for incorporation into various matrices
such as concrete, bitumen and polymers. The review will serve as a guide for engineers, chemists

and manufactures with interest of including GTR in any type of composite for achieving
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compatibility with the main matrix. The surface cheahetching treatment methods such as acid

etching, hydroxylation, oxidation, and radiation methods are discussed in this work. The
characterization methods to confirm the functional groups on the modified GTR and the effect of
the treatment on the resultant GTR composites are also highlighted. Finally, this review

highlights the advantages and limitations of the chemical surface etching processes for GTR.

Keywords: Waste tire rubber; Recycling; Modification; Functionalization; Composites;

Compatibilization

Abbreviations

C Carbon

Ca(OH) Calcium hydroxide

Cl Chlorine

DCP Dicumyl peroxide

DSC Differential scanning calorimetry
EA Ethyl acetate

EVA Ethylene vinyl acetate

FTIR Fourier transform infrared spectroscopy
GTR Ground tire rubber

HCI Hydrochloric acid

HCIO,4 Perchloric acid

HNO; Nitric acid

HDPE High density polyethylene
H.SOy Sulfuric acid

KMnO4 Potassium permanganate
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Low—density polyethylene
Linear low—density polyethylene
Maleic anhydride

Methyl ethyl ketone
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Nitrile butadiene rubber
Natural rubber

Oxygen atom

Oxygen gas
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1. Introduction

The ‘during-use’ performance of tires is measurgdpboperties such as rolling resistance,
endurance, traction, thermal stability and chemiealstance. These properties are known to be
affected through the vulcanization process, whieBults in a complex three-dimensional
network structure. Unfortunately, the same compllesee-dimensional network structure is
difficult to reverse and/or break, making it diffic to recycle tires and hence tires remain a huge
environmental problem [1]. There are several widaetippted methods of dealing with waste
tires, other than re-treading. These include enggyeration through combustion in cement
kilns [2—4], microbial fuel cells [5,6], pyrolysif/—10], and shredding/grinding into various
sizes. The shredded/ground rubber is usually applie rubber compounds such as various
engineering rubber parts, and for secondary agpitaisuch as artificial turfs and roads [11,12].
Other common waste tire recycling methods are maatg and devulcanization. Reclaiming is a
process of depolymerisation and oxidation of tH#bar component in tires as an elastic material
which can be easily processed, compounded andnis&hwith or without the addition of either
natural or synthetic rubbers [13-19]. Devulcanatis a selective scission of sulfide cross-
linking bonds and results in increased plasticityhe obtained products [20-24]. The products
from reclaiming and devulcanization show similah&eor during processing (sticky materials
suitable for vulcanization with additional curingsgem). Therefore, currently in the literature,
these two terms are used interchangeably. Sevierdies have been dedicated to formulating
and understanding the properties of rubber thablkas recycled through these processes either

as rubber matrix [25—-27] or as partial replacenoénirgin rubber in rubber composites [28—-30].

Among all the waste tires recycling approaches)djnig of tires into small particle sizes or

granules has gained a lot of interest across a wadge of industries such as the automotive
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sector, construction engineering and civil engimeef1,13,14]. Ground tire rubber (GTR) can
be obtained via different processes, namely cryiegéy [31,32], dry ambient mechanical
grinding [33,34] and wet ambient mechanical grigdja5—-37] of the waste tires to a desirable
particle size [38]. GTR has been incorporated inows composites such as thermoplastics [39—
45], thermosets [46-54], concrete [55-60], rubledrp6] and asphalt/bitumen [67-74]. In turn,
GTR in these composites has been found to improyegact strength [75], reduce the crack
propagation in composites, [76] improve sound aedat ldamping properties [39,61,77] as well
as promoting foamability of composites [78-80]. Tgmwing interest in the use of GTR is
related to advancement in research, the ease of @®Buction and modification of GTR
surface. The buy in by both the tire industry anstlegnment in terms of capital investment into
research that promote GTR inclusion into composited hence extending the useful life of
waste tires also contributed to the interest. Irsthoountries, this reaction was due to legislation
which prohibited disposal of waste tires into lalsifor dumpsites. However, these strict
environmental legislations are more relevant ineflgyed regions such as north America and

Europe [81,82], and not so much for developing amdierdeveloped countries [15].

Many research works confirmed that the hydropheainid cross-linked nature of GTR makes it
incompatible/immiscible with matrix, necessitatingpdification of the GTR surface to help
improve its interaction with the matrix [83]. Treant of GTR can be performed by mechanical
[16,84-87], thermo—mechanical [88—-93], mechano-cb@m[94—-99], biological [100-103],
ultrasound [104-108] and chemical methods [109-134¢h classification is generally used for
reclaiming/devulcanization techniques comprehemgigescribed in review papers [35, 85].
However, current interesting research approachdtisnreclaiming/devulcanization combined

with suitable modification of GTR. This solutiori@ks easy tailoring final properties of treated
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GTR by functionalization, grafting or other methdathis way, treated GTR can be dedicated as
modifier or reinforcement for selected matrices.dfidnal treatment in combination with
devulcanization significantly improves matrix-GTRitéractions, which affects processing
performance of prepared composites. Moreover, dgukhbe pointed that treatment of GTR,
especially degradation of three-dimensional networkain chain scission or suitable
functionalization, enhance the migration of addit\e.g. accelerators, curing agents, etc.) and
carbon black from treated GTR to fresh matrix. Thisenomenon also affecting the final
properties of obtained materials and should be idensduring preparation of novel,
environmentally friendly composites based on vaiauatrices (e.g. polymers, bitumens,

concretes, etc.).

As mentioned above, reclaiming/devulcanization cowd with suitable treatment of GTR
seems to be promising approach for sustainable lagfavent of waste tires recycling
technologies. However, to the best of our knowledpere is no recent review about the

chemical treatment of GTR, which summarize achier@mmade in this field so far.

This work aims to review the literature data reddie chemical surface modification methods for
GTR, including surface chemical modification methoduch as etching, oxidation,

hydroxylation, and radiation. These methods alléehiag the surface of the GTR particles and
introducing functionalities such as hydroxyl, perokydroperoxyl, carbonyl groups, onto the
surface of GTR. In turn, these groups modify thdame energy of the GTR, enhancing GTR
particles compatibility with the fresh matrices,iafhhave beneficial impact on the performance

of obtained composites.
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2. Chemical Surface Etching Methods for Ground Tire Rubber Prior to Composite

Applications

There are several chemical methods used to mdukfgarface of waste tire rubber for different
applications. The modification processes signifisaincrease the applicability of GTR in
various industries and as such reduced the amofinvaste tires generated directly to
environment. Among the chemical methods, the et;hoidation, hydroxylation and radiation

methods have resulted in improved properties ofitte composite product.
2.1. Acid Etching methods

Acid surface etching is a traditional techniquet thilizes acids to modify the surface chemistry
of various hydrophobic substances. Three diffegaits, namely 60 % nitric (HN{) 96 %
sulfuric (H,SO,) and 60 % perchloric (HCKD acids have been used to treat 400-600 um GTR
particles [115]. GTR content used was in the raofge-40 wt. % and after treatment with acid,
the GTR was neutralized with hot water and 15 % amuom hydroxide prior to the usage in
high density polyethylene (HDPE) composites. Theposites were prepared by a two-roll mill
for 3 min with at 153C and they were compression moulded into sheet3@&tC for 15 min.
Fourier transform infrared spectroscopy (FTIR) shdwa decrease in double bond, C=C, at 1640
cm® with H,SO, and HNQ treatments; and new bonds, 0=S=0, at 1408,@nd N-N=0 at
1382 cm' appeared after treatment with,30, and HNQ, respectively. Scanning electron
microscopy (SEM) images, used to confirm and mortite extent of the surface modification
process, and showed a rough surface with microspane cavities after treatment withS0;.
However, HCIQ had slight impact on the compatibility propertedsHDPE/GTR composites.

Tensile strength increased by 24 % with additior20fwt. % of GTR modified with either
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H>SO, or HNG; whereas HCI® produced composites with lowest tensile streng#ndower

than untreated GTR/HDPE composites, as presentBdjume 1. The authors concluded that the
overall tensile strength of the composites is affiécby GTR content and type of chemical
modifier agent, and the order of surface treatnedfectiveness was determined as follows:

H2SOy >HNO; >HCIO,.

30

— —— — untreated weeBea H 50y
—a—HNOy —— HCIO 4

Md
[}

Tensile Strength (MPa)
=

0 10 20 30 40 50
Tyre content (%)
Figure 1: Tensile strength as a function of GTR contentuotreated, and HN§ H,SO, and
HCIO,treated HDPE/GTR composites. 3D;,—treated composites show superior tensile
strength for 10-40 wt. % GTR content studied. Repd with permission from Colom et al.

2007 [115].

Colom et al. 2009 [116] extended their work to ea#t the effect of particle size on the thermal,
mechanical and morphological properties of HDPE/Gddtnposites and they treated three

different sizes, <20@m, 200-50Qum and >50Qum, of GTR with 50 % HN@ 50 % HSO: and
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acids blend in ratio 50/50 %. Subsequently, thatée GTR was neutralized with 3 M of sodium
hydroxide. GTR content in HDPE/GTR composites wastéd to 40 wt. % since above this
limit, it was deemed practically impossible to pss the composites. The composites were
prepared by a two-roll mill at 15& for 3 min and they were compression moulded shieets

at 170°C for 15 min The authors also found that the smal@TR particle size resulted in
improved compatibility when blended with recycledPBE as confirmed by an increase in
melting enthalpy energy measured by differentiahsing calorimetry (DSC). There was also an
increase in tensile strengths of HPDE/GTR compssiiéed with the acid treated recycled
rubber for particle size of <200m. However, an increase in unmodified and modifiEiR
content resulted in overall decrease in tensilength and Young’s modulus. SEM images were
used to support the observed mechanical resultsheydshowed a rough surface on GTR with
pores and cracks after acid treatment. It was faistli that the pores and cracks gave rise to

good adhesion between HPDE and GTR.

Elenien et al. 2018 [117] soaked 3-5 mm GTR padich 97 % of KHSO, for 1 min at room
temperature and the etched GTR particles were almad with NaOH solution which was
followed by final rinse with distilled water. The@rtent of GTR was varied between 5-50 wt. %
to produce polypropylene (PP)/GTR composites uaibgtch mixer at temperature of 1€0for

10 min. The composite sheets were produced by asajn moulding. Upon acid modification,
the presence of sulfonic groups (S=O) was obsewiéul appearance of peaks at 1057 cm
wavenumbers as measured and confirmed by FTIR itpodanin general, the compressive yield
strength of the PP composites containing eitheatée or untreated GTR was observed to
decrease as a function of increasing GTR amoutttercomposite. The rate of the decrease was

much faster for the composite containing untreaBXR than for the treated one, thus the

11
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modification process slightly improved the compressyield strength of the composite, as
presented in Figure 2. The authors attributed ligatamprovement of the yield strength to the
high roughness level and increased porosity onstittace of treated GTR aiding in better

adhesion between the GTR and the PP matrix.

30.0
250
200

150

100

Compressive yield strength (MPa)

50 1

0.0 - — - - T ~
0 10 20 30 40 50 60
GTR (wt. %)
Figure 2: The effect of treated (T) and unmodified (U) GT&tles wt. % of size 5 mesh on
the compressive yield strength of PP/GTR compasiieEsnposites treated with 97 %%0,

have improved compressive yield strength and tiecd of GTR was varied between 5-50 wit.

%. Reprinted with permission from Elenien et all2(Q117].

One of the rubber components in GTR is styrene-diet@ rubber (SBR). In a model study done
by Cepeda-Jiménez et al. 2000 [118], a sulfur witmd SBR was treated with two

concentrations, 50 and 95 wt. %, of sulfuric adi®é@ °C. The polyurethane (PU) solution was
spread between two rubber sheets to make PU/GTRoasites. They used contact angle

experiments to confirm the existence of sulfoniciehes on the surface of SBR as well as a

12
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decrease in contact angle after acid treatmerthdureflecting the presence of polar groups on
the SBR particles. The authors also reported th&8CH(95 wt. %) produced noticeable surface
modification results as confirmed by the preserfaeadbonyl groups in FTIR region 1600-1700
cm™. The results showed improvement in adhesion ptigsernith PU materials. However, there
was a decrease in both tensile strength and eliongat break of the PU composites due to

hardening of the rubber surface after acid treatmen

In another related model study, Pastor-Blas et2800 [119] used 2, 5 and 7 wt. %
trichloroisocyanuric (TCI) acid in ethyl acetateA)E methyl ethyl ketone (MEK) and a mixture
of EA and MEK solutions to modify the surface offsuvulcanized SBR. The composites were
prepared by applying PU solution with a brushertloe surfaces of two rubber sheets. The
modification process on the surface of rubber wadied and confirmed by both FTIR and SEM
techniques. FTIR results showed the presence dbra@lletone group (CI-C=0) in the
wavenumber region of 1680-1750 tmChlorination of SBR surface increased with high
percentage of TCl acid and in MEK and showed be#tgults compared to EA solution while the
mixture of EA and MEK did not show any modificatibehaviour. SEM images showed micro
cracks and high degree of roughness on the suofaagicanized SBR rubber, as such there was
an increase in joint strength between the rubber Rd. However, there was poor adhesion
noticeable between SBR and PU material when 7 wiChacid in EA solution due to a weak

secondary layer caused by the by-product, cyamaiit

A study by Naskar et al. 2001 [120] showed improgetrin mechanical properties of polyvinyl
chloride (PVC) resin and 40 phr modified GTR witlClTacid. 160-205 pm GTR particles
produced by cryogenic grinding method were treatéth 1, 3 and 5 wt. % of TCI acid in

methanol solution for 20 min at 2&, and rinsed with tap water to remove any residyal

13
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products from the GTR surface. To improve compkiythbetween PVC resin and GTR, acetone
was used to extract soluble components from GTRrpo the modification process. The
composites were prepared by a batch mixer at°Cr@nd they were converted into sheets by
using a two-roll mill. FTIR spectra for modified &Tshowed increase in absorption peaks at
666 and 718 cthfor carbon—chlorine (C—CI) stretching while thesatption peaks at 900-1050
cm® due to =C-H decreased with increase in amountQifakid. This reflected that hydrogen
atoms were gradual replaced with Cl atoms from a€idl. The results from carbon and oxygen
X-ray photoelectron spectroscopy (XPS) experimshtaved there were 3 types of carbon atoms
and 2 types of oxygen atoms after modification GiRGand the peak intensity increased with
increasing amount of TCI acid. Based on the resfltSTIR and XPS, the authors proposed a
reaction mechanism for surface modification of GTRe first step involved the hydrolysis of
TCI acid to form hypochlorous (HOCI) acid which ao@d during the rinsing with tap water. In
the second step, HOCI acid reacted with carbon ldobnbnds (C=C) via addition reaction to
form chlorinated GTR. Mechanical results show tihare was increased elongation at break of
PVC/GTR composites with increase in amount of TEHaOn other hand, tensile strength
increased with TCI content up to 3 wt. % and thieeat decreased due to hard shell of

chlorinated layer formed on GTR surface.
2.2. Oxidation methods

In the research work done by Sonnier et al. 20@4][12 wt. % of potassium permanganate
(KMnQy,) solution in a mixture of water and acetone wasdus oxidize the surface of 400-500
pum GTR. The ground tire rubber content used irsthdy was in the range of 0—70 wt.% in low
density polyethylene (LDPE) and HDPE based comessithe composites were prepared by a

batch mixer at 145C and they were injection moulded into specimenk/a8tC. FTIR analysis

14
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confirmed the presence of carbonyl groups on théasel of the rubber as observed by
absorption peaks at 1630 ¢mAfter modification, they found that there was noticeable
improvement in mechanical properties, tensile stiasd impact energy of the HDPE/GTR or
LDPE/GTR composites. Grafting maleic anhydride aii@ polyethylene, did not result in any
improvement of impact properties. The study conetuthat there was no adhesion among the
components of the blends. In an attempt to imptbeecompatibility of oxidised GTR, Sonnier
et al. 2008 [122] performed a study using a 0.1-+2t0% of dicumyl peroxide (DCP) in
cyclohexane solvent. Cyclohexane was evaporatex fmimelt blending of 50 wt. % of 400—
500 um GTR in HDPE composites. The composites wegpared by a batch mixer at 145,
followed by compounding with a twin screw extruaerl80°C. High content of DCP promoted
better mechanical properties, elongation at breakimpact energy, of the composites whereas
at lower content of DCP, there was a decline inpttogerties due to partially cured HDPE/GTR
composite and opposite trend was observed forléesisength (maximum stress) as presented in
Figure 3. The in-situ SEM technique was used toitoorerack propagation of the sample as
tensile test is performednd DSC analyses were employed to follow free eddiwechanisms
and it was found that the crystallinity of the carajpes as measured and calculated from DSC

decreased with DCP content greater than 0.5 wt. %.
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Figure 3: Mechanical properties of treated HDPE/GTR asmation of DCP content. Elongation
at break and impact energy of the treated compok#ge increased with higher DCP content, 2

wt. %. Reprinted with permission from Sonnier et28108 [122].

He et al. 2016 [123] used a three-stage modifiogpicess to perform surface treatment of 40
mesh GTR. The first step regarded as pre-treatmgotved soaking GTR in NaOH solution,
follow by the second step of using 5 wt. % KMni@ acidic solution at 60 °C. In the final step,
regarded as post-treatment, GTR was soaked inrsdayalrogen sulfite (NaHS{psolution at a
temperature of 60 °C. The composites were prepayezliring cement paste and GTR at°20

for 28 d. The presence of hydrophilic carbonyl (§=a@d sulfonate (—S§pgroups on the surface
of GTR were confirmed by FTIR analysis at 1730 cand 1170-1080 cirespectively.
Contact angle was found to decrease from 95° t6°9@ith KMnQO, oxidation and it even
decreased further to 71° with post-treatment witHSQ due to more polar groups on GTR
surface, see Figure 4. This three-stage treatmetitad resulted in good adhesion between GTR

and cement matrix.

16
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Figure 4. Water contact angle measurements for (a) originedodified, (b) oxidized and (c)
sulfonated GTR rubber. The presence of polar graifes surface modification of GTR have
resulted in a decrease of contact angle from 9BM@dified GTR) to 71° (sulfonated GTR).

Reprinted with permission from He et al. 2016 [123]

There was increase of ~ 41 % in adhesion strerfgteroent/GTR composite after oxidation and

sulfonation modification process. The impact enexgyues for neat cement, and cement
composites with unmodified and treated GTR weremeahed to be 65.6, 102.6 and 124.8 J,
respectively. The improved mechanical propertiesevatributed to new functional groups on

GTR surface which resulted in good interfacial bhogdbetween GTR and cement matrix as
shown in Figure 5. From the study, it is evidert tmore than one modification step is needed to
achieve effective surface treatment methods andweeall reaction mechanisms for the three

stage is given in Figure 6.

17
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Figure 5: Failure modes of neat cement (a), and cement csitepoith 4 wt. % of untreated (b)
and treated (c¢) GTR to ultimate impact. For thes&®i R content, the impact energy of treated
GTR composites increased by ~21 % as compared tteated sample. There were fewer
noticeable cracks on the treated composite surf@eprinted with permission from He et al.

2016 [123].

He. _H o1 N\ NaHSO; 91

R':C_C\R‘ — (=0 ——> _(|3—SO3Na
Figure 6: Reaction mechanisms for GTR surface modificatismgi KMnQ, and NaHSQ
Oxidation takes place on the double bond (C=C) f@mR to form the carbonyl group which

further react with NaHS§Xo result in sulfonated product. Reprinted withmpigsion from He et

al. 2016 [123].

In an attempt to improve the binder property oftedpwith GTR, Han et al. 2017 [124], used
1.41 M of sodium chlorite (NaClO) solution to perfooxidation surface treatment on 40-100
mesh GTR at a temperature of 40 °C for 3 h. Théa@g® TR composites were prepared with a
laboratory mixer by heating at temperatures betwieéh-190°C for 20-30 min. FTIR analysis

confirmed that surface modification did occur ahdwsed carbonyl and hydroxyl groups at 1635

18
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and 3410 cm, respectively. SEM images showed the presence @& mpen pores on the
modified GTR surface as compared to untreated GIBhawn in Figure 7 and the pores led to
absorption of asphalt molecules, resulting in gaa@rfacial bonding. The authors reported
improved elastic recovery of up to 60 % for the ified asphalt binders with good compatibility

due to the treatment of the GTR.

Figure 7: SEM images of (a) unmodified and (b) NaCIO modif@TR. The image of modified
GTR showed presence of more open pores which all@asehalt to penetrate easily into GTR.

Reprinted with permission from Han et al. 2017 [L124

The partial oxidation on the surface of GTR wasealby using oxygen in nitrogen with the ratio
of 0.04 and modification experiments were perforrnad300—-600 mesh GTR at three different
temperature levels, 150 °C, 200 °C and 250 °C [1Z&F mortar composite specimens were
prepared in cubic moulders. SEM revealed that Giigged to short and compact needle-like
structure after the oxidation process. FTIR analyshowed the presence of hydrophilic
functional groups, S=O and —S—O- at 1100-950.cFhe results obtained for the concrete/GTR
composites prepared at 250 °C showed superior @sspe strength compared to lower

temperatures GTR treatments. The diffusion of oryggo GTR was ineffective at lower
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temperatures and it resulted into less formatiohyafrophilic groups. Concrete/GTR composites

treated at 250C was chosen for aging studies and compared conaigteut GTR (control

sample) and concrete composites made from untrgalde, and results showed that 230

treated GTR/concrete composites gave superior grepat 28 and 56 d as depicted in Table 1.

The method used in their study is considered ‘drei@ce it did not involve use of solvents.

Table 1: Mechanical properties of neat concrete and coacoetmposites prepared with

untreated and 256C—treated GTR at 28 and 56 d. The GTR treated wiygen at 250°C

showed superior compressive strength over the gugnigd of 56 d. Adopted from Chou et al.

2010 [125].

Compressive
Mechanical properties

Flexural strength

Tensile Strength

Strength (MPa) (MPa) (MPa)

Aging time (d) 28 56 28 56 28 56
Concrete without GTR 34.8 39.2 6.1 6.2 3.2 3.3
(control sample)
Concrete composite 16.3 194 3.8 4.2 1.8 19
with 6 wt. % of
untreated GTR
Concrete composite 41.2 42.1 6.2 6.6 3.3 3.3

with 6 wt. % GTR

oxidized at 250C
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Another “green” method used 6.5 mol % ozone inastref oxygen to treat the surface of 420
pm GTR truck tire tread [126]. During the oxidatiggmocess. the GTR particles were
mechanically shaken in a round-bottom flask for. FRIR spectroscopy was used to determine
the rate of the ozonation reaction by monitoring firesence of carbonyl groups and the
formation of CQ bond at 1710 cthand 2360 cr, respectively. Thermogravimetric analysis
(TGA) demonstrated that the ozonation of GTR aéfdainly the surface and not the bulk of the
rubber. Similar decomposition behaviour was obskifvem TGA thermograms confirming that
only volatile components were lost from the surfa€e€5TR. However, the authors suggested
solvent extraction with acetone to remove antiomidafrom the GTR as they limited the
consumption of ozone. Cao et al. 2014 [110] caraetideep ozonation on the surface of 100
mesh GTR from truck tire tread at room temperatuite 1—-6 hours exposure time and ozone
concentration of 10 mg/L at 5 L/min flow rate. Ttvedation process was carried out in a batch
mixer at 150°C for 10 min. The FTIR showed an increase in caybgnoups on the rubber
surface at wavenumbers of 1710 and 1600.ci-ray photoelectron spectroscopy (XPS)
showed the formation of GCbond due to ozone attack on the surface of GTRirTiesults
indicate that ozonation not only modify the GTRfaae but also destroyed some cross-linking
networks within the GTR as confirmed by the TGAules since the onset temperature of
decomposition shifted from 267.5 °C to 253.2 °@mafizonation. A decreased gel content from
82 % to 65 % further validated the results of T@Ashow that cross-link networks of GTR were
destroyed. It was therefore postulated that impbrfactors to consider for ozonation is the
exposure time and ozone concentration as theyrdigterthe depth of penetration of the ozone

into the GTR particles.
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Fan and Lu 2011 [127] modified 60 mesh GTR parickyy passing ozone of 1.4 mg/L
concentration through a laboratory scale reactapain temperature. Oils and additives were
extracted from GTR powder using acetone prior toneztreatment and the ozonation process
was carried out at different times, 30, 60, 120 8@ min. After the ozonation time of 180 min,
the sol fraction of the modified GTR was determirtedbe 35 % as compared to 27 % of
unmodified GTR particles. XPS, FTIR and contactlarngere used for further characterization
of modified GTR. FTIR spectra of the modified GT®¥ied the presence of carbonyl stretching
(C=0) with absorption peak at 1710 ¢nResults of XPS technique, after 180 min, showed
increased amount of oxygen of 11.9 % on the GTRasaras compared to 6.6 % before
modification. In contrast, the XPS spectra peakabon, G showed a decreased amount of
carbon for modified GTR from 90.6 % to 86.9 %. Ehghors postulated that the ozone attacked
the unsaturated (C=C) part of GTR to form unstabl@plex which is further converted to either
carbonyl or hydroxyl and their proposed a reactoechanism of ozonolysis is presented in
Figure 8 and was based on the original work of g&#e[128]. The study was concluded with
contact angle measurements which confirmed thdtsestiIFTIR and XPS techniques since the
contact angle values decreased from 115° to 87Mmfmdified GTR. This observation reflected
that there is increased wettability of GTR, hende suggested they would affect good adhesion

between GTR and any polar matrix.
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Figure 8 Ozonolysis of the double bond present in GTR neteln the reaction mechanism,
ozone attacks the double bond (C=C) on the GTResolt into formation of unstable radical
molecule which further dissociates into intermegliptoducts, carbonyl and a radical molecule.
The intermediate product reacts or combine togetbeform peroxide as a final product.

Reprinted with permission from Fan and Lu 2011 [127

2.3. Hydroxylation methods

In cement/concrete industrial applications, sodiboydroxide (NaOH) solution was used for
surface treatment of the GTR to enhance adhesiopepies between the rubber and cement
[129-131]. Hydroxylation is one of the simplest huets used to modify the surface of GTR.
Guo et al. 2017 [132] compared two different treatinmethods, NaOH and silane, the amine

functional Z-6020, and the epoxy functional Z-6Q@dthethylsiloxanes, coupling agents for the
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surface modification of GTR. They soaked 7-13 m@&3iR in NaOH solution (1 N) and the
coupling agents were dissolved in water—ethyl adt@olution. Different amounts of modified
GTR ranging from 15-50 wt. % were used in cemempmusites and they reported increased
compressive strength for 25 wt. % GTR treated W#©OH, as shown in Figure 9. Overall, their
results revealed that NaOH-treated samples showé&mhgterm durability as compared to
samples modified with silane coupling agent. Therpmompatibility of silane coupling agents
was thought to be a result of weak interaction betwGTR and cement matrix. Furthermore, the
addition of GTR resulted in decreased dynamic meluwf elasticity of the composites.
However, there was no significant effect on dynamiedulus for different surface treatment

methods.

Figure 9: The appearance of samples after compressive #tréegfs for cement with NaOH-
treated GTR aggregates at different content (aytLl3%6, (b) 25 wt. %, (c) 35 wt. % and (d) 50
wt. %. The treated sample with 25 wt. % of GTR sedwsuperior compressive strength

compared to other samples and at higher percetit@ge is poor compatibility between GTR
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and cement due to agglomeration of GTR above 3R8&printed with permission from Guo et

al. 2017 [132].

Li et al. 2004 [133] used a saturated NaOH solutmmodify the surface of GTR in form of

chips (25.5 mm) and fibres (50.8 mm). The concoetmposites were prepared by curing at
room temperature for 28 d. The flexural strengtt stiffness of cement composites were found
to decrease after NaOH modification process dueumb rubber acting as stress concentrator in
the composites. It was reported that surface tresattrfailed with large sized chips of GTR as

compared to the fibres since the large sized chgpee a lower flexural strength due to their
decreased surface area. However, the presenceaiXyy groups (—OH) had shown to provide a

better wetting between GTR and cement matrix.

Segre and Joekes 2000 [130] modified 35 mesh GTiRsaturated NaOH solution for 20 min at
room temperature. The concrete composites wereaprdy curing and GTR at 2C for 28 d.
GTR, 10 wt. %, was used in concrete composites thedcompressive strengths of both
unmodified and NaOH treated GTR were similar. Oa tither hand, fracture energy of the
NaOH treated GTR increased by a factor of 4 as emetpto the unmodified GTR. The
enhanced fracture energy and toughness properges eonfirmed by SEM analyses showing
that GTR did not pull out of the cement matrix,ghasulting in good interfacial adhesion. Segre
et al. 2002 [131] extended their work on NaOH stefanodification on 35 mesh GTR and
studied the adhesion properties of cement matipre Goncrete composites were prepared by
curing at 20°C for 28 d. Surface modification was confirmed BYIF analysis showing the
presence of carboxylate vibration at 1600°crfihe contact angle values greater than 90° were

reported after NaOH treatment for period of 24 bwéver a minor reduction to ~87° was

25


http://mostwiedzy.pl

observed after 144 h (6 d). In addition, they shobtfet cement/NaOH treated GTR composites
were resistant to hydrochloric (HCI) acid digestatnroom temperature whereas the untreated
GTR samples were completely degraded by HCI. Tras wostulated to the fact that NaOH
could have reacted with zinc stearate in the GTRotm sodium stearate which is soluble in
water and easily washable from the GTR surfaces eant that HCI did not have any material
to react after NaOH treatment, on the other har@@l,rilacted with zinc stearate on the surface of

untreated GTR.

Meddah et al. 2014 [11] reported improved adhepraperties for concrete/GTR composites to
a much higher level by treating 5-30 wt. % of 446 G TR with NaOH solution for 24 h. GTR
particles were rinsed with distilled water to reracany traces of NaOH and dried in oven at
temperature of 60C for 24 h. The concrete composites were prepareadnylding at 25C for

24 h. The prepared concrete/GTR composites showed water and acid resistance due to
decreased porosity of the composite due to thengtemlhesion between the hydrophilic GTR
particles which made it difficult for water and &d¢o penetrate through the concrete composites.
The density of the concrete composites decreased inqgreasing the GTR content due to its
low density compared to that of natural sand aggesg Furthermore, compressive strengths of
the concrete composites decreased with an inciaedS&R content regardless of the treatment.
Raghavan et al. 1998 [134] used two treatment nastiasth NaOH (pH = 10) and Ca(OH)pH

= 12.5) solutions to treat the GTR at room tempeeator 4 min. The modified GTR were rinsed
with distilled water to obtain alkali-free GTR patés with two different sizes, 4.75 and 2.36
mm. They used 1-10 wt. % of GTR in cement paste theg found that flexural strength
decreased with an increase in GTR content. Theebigarticle size, 4.75 mm, showed promising

results compared to 2.36 mm patrticle size, howavdear conclusion could not be reached due
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limited number of replicates. Light microscopic exments showed pull-out characteristics of
GTR rubber particles from cement matrix and thisawour was credited to have resulted in
poor interfacial bonding between GTR and cementrimats it was also reported elsewhere
[135-137]. The authors suggested that a longetntesat time of GTR might be needed to

achieve enhanced compatibility between GTR anadngent matrix.

The polymer applications of GTR treated with NaOFke aather poorly described in the
literature. Recently, Nuzaimah et al. 2020 [138]dified waste rubber crumbs from NR gloves
by soaking in 10 % NaOH solution for 2 h and figalinsed with distilled water. The waste
rubber particles were grinded using a cryogenichoeto result with particle size of 0.85-1.70
mm. Polyester/waste rubber composites were prepathd wt. % of waste rubber and cured in
a stainless steel mould at ambient temperatureyusathyl ethyl ketone peroxide as accelerator.
FTIR spectra of the modified crumb rubber showesl dppearance of a broad peak at 3150-
3600 cnt and it was assigned to OH groups. There was a a&etia contact angle from 64.95°
to 45.10° post NaOH treatment, thus reflectingftrenation of polar components on the rubber
surface. The tensile strength of polyester/rubloenmosite was improved after NaOH treatment
due to a better adhesion between the waste rubimbritee polyester matrix. The authors
postulated that the improvement in tensile strervgils a result of NaOH reacting with zinc
stearate in waste rubber to form sodium stearatehwis washable from surface of rubber to
create wider micro-crack and more micropores aspeoetd to unmodified rubber as depicted in
Figure 10. They suggested that polyester molecptssetrated through the micropores and

micro-crack to increasing the physical interactiath waste rubber particles.
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Wider
mlcrocrack :

Figure 10 SEM images of (a) unmodified waste rubber andN@PH modified waste rubber at
the magnification of x3000. The image of modifiesngple showed wider micro-crack and more
micropores which had allowed polyester to penettiagerubber matrix. The improved tensile
strength was noticed for treated composite. Regdtinith permission from Nuzaimah et al.

2020[138].

Literature data showed, that the surface modificattf GTR with NaOH solution resulted in
improvement of mechanical properties of cement/cetecbased composites dedicated for the
construction applications. The proposed reactionchaeism for surface modification is
presented in Figure 11, where NaOH react with hyeinoion from carboxylic group attached to

the GTR to form hydroxylated GTR product.

CH3 CH3 CH3 CH3
/Hc: c< /I-IC: c< Q NaOH - pe— c< HC— c< e
c C
— CH: H2C — CH. ¢ on — c{ H2C — c( ¢’ “ona

Figure 11: Reaction mechanism for GTR surface modificatiothwiaOH solution. NaOH

reacts with carboxylic acid group (—COOH) presemt the GTR surface to form the
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hydroxylated GTR product with sodium acetate gr¢gapOONa). Reprinted with permission

from Guo et al. 2017 [132].

2.4. Radiation methods

Radiation methods have been used to modify thesarthemistry of the GTR particles. The
common denominator in all radiation methods is tiy involve cleavage of the polymer
chains especially at the sulfur—sulfur (S—-S) clodgng bonds to generate sulfidic radicals onto
the surface of GTR. Once chain scission has oatptine radicals can react further via oxidative
reactions with the atmospheric oxygen to attainiows hydrophilic functionalities such as
carbonyl, peroxide and hydrogen peroxide groupd [29]. The second type of reactions that
the radicals generated during irradiation is clogsng and this has been credited to the increase
in the thermal stability of the polymer composif#40,141]. Radiation has also been used for
reclaiming or devulcanization of GTR [142,143] agls radiation exposure time has to be
precisely controlled to only etch the surface aatdestroy the entire network structure [144]. In
this subchapter, treatment of GTR with plasma [62,146], microwave [109,147], and gamma
radiation [55,148-150] are covered as the main austhutilized for variable composites with

GTR.

2.4.1. Plasma treatment

Cheng et al. 2012 [146] investigated the impacplasma treatment on 120 um GTRie
surface modification of GTR powder was carried oyt using a plasma surface treatment
apparatus (model DT-03 Suzhou OPS Plasma Technoltigna). GTR particles were placed
into the glassware evenly and positioned in plagmatment apparatus chamber. The vacuum

pump was closed until the vacuum reached <10 Paeduon the flow valve to let the air in.

29


http://mostwiedzy.pl

While the flow quantity equaled the set value, igh-frequency generator was turned on for a
180 s modification. Furthermore, XPS analysis coméid the presence of oxygen containing

compounds on the surface of the irradiated GTR@isated in Table 2 [146].

Table 2: Element content of the GTR powder before and alesma treatment. The presence of
oxygen compounds on GTR surface was confirmed b$ ZRalysis after treatment with plasma

for 180 s. Adopted from Cheng et al. 2012 [146].

Element name Untreated GTR Plasma-treated GTR
C (%) 87.66 85.30
O (%) 11.00 13.47
OIC (%) 12.54 15.80

In the work of Vilela et al. 2018 [151], surfacedtment of 1.19-4.76 mm GTR was done using
air plasma of 12 kV power and 0.06 A for exposumgetranging from 5-20 min. The plasma
treated GTR was included in the wood—cement cortgm8$ly varying its content between 5-20
wt. % relative to the total weight of wood parteléfhe developed wood—cement panels were
cured for 28 d at 20C for 24 h and using calcium chloride as an accaer&TIR technique
was used to confirm modification process with papgearance of C—O bonds at 1100-1200 cm
1 and a reduction in bands at 1400 aie to breaking of C=C bonds during post—treatrmétht

air plasma. SEM images showed that the level ofasarroughness increased with plasma
exposure time and 20 min treatment was chosen twfaeture the panels. Compact ratio and

dimensional stability of the panels were reportecb¢ higher than the reference sample. The
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overall mechanical properties of the panels impdobecause of good interfacial bonding

between rubber and cement after air plasma treatmen

Cheng et al. 2015 [152] investigated the time éffed modifying surface of car and truck GTR
with low temperature plasma. The low temperatugsmla, model OPS—-OMEGA-DTO03 was
employed to modify the GTR particles. The thin @ven layer of the GTR sample was placed
inside the reaction chamber. The copper sulfate wgasl to dry the air that was used during
plasma discharging and the 60 and 100 W power wgdoged for 150 s at each power level.
The concrete/GTR composites were cured at@Gdor 7 d. SEM images of the treated GTR
showed an increase in surface roughness for th@leamvith samples that were treated for
longer times displaying decreased hydrophilicityiraticated by decreased dispersity in water.
The FTIR result of the raw GTR and of the treatdR@&fter 1, 10 and 20 d of storage time were
run and analyzed. All characteristic peaks wereenkes! including -C=C— at 1640 &ém-C=0

at 1720 crit and a broad —OH absorption band at 3440 esipreviously reported [62,153]. The
—OH band was stronger for treated samples thaornbeor untreated samples and increased in
strength with time. XPS results presented in Figieshowed a 0.36 % increase in the oxygen
carbon ratio on the GTR sample after plasma traattntieis ratio was observed to increase after
10 and 20 d which was ascribed to increasing —Obumg on the GTR surface [152].
Additionally, results showed presence of two pe&&sA and O1sB, which were assigned to
reduced binding energy of —C=0 and higher bindingrgy of —C—-O—, respectively and O1sB

content increased with storage time.
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Figure 12 XPS of unmodified GTR (a) and of the treated Gafter 1 (b), 10 (c) and 20 (d) d of
storage time. The oxygen to carbon ratio increa@éd storage time after low plasma treatment

due to presence of —OH groups on the surface of. ®ERrinted with permission from Cheng et

al. 2015 [152].
2.4.2. Microwave treatment

Microwave has also been successfully used in thatrtrent of the surface of GTR and its
efficiency is depended on the chemical composiéind carbon content of GTR, exposure time
and magnetron power [154-158]. All these factofecafthe extent of devulcanization process

including both devulcanization and post-devulcatmratemperatures [144,159-161].
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Colom et al. 2016 [144] studied the impact of micawes on GTR with three different particle
sizes, 275, 400 and 425 um, with carbon black edrd€32.1, 34.9 and 36.9 %, respectively.
Microwave energy of 700 W was applied to 15 g ofRadnd the sample was stirred at 20 rpm
with exposure times of 3 and 5 min and the recotdatperature values after the treatment were
225 °C and 297°C respectively. The char obtained after microwawatiment was analyzed
using FTIR technique and the results showed thet akide decomposed whereas silicon oxide
(SiOy) did not degrade. SiCabsorption bands at 1096 ¢ras chosen and used as a reference
peak as suggested by other studies [162,163] anckthtive absorbance of other components in
treated GTR were determined based on it. BasedltiR §pectra of treated GTR for both 3 and
5 min, there was chain scissions of methine (=Céfteup (1412 ci) on the main polymer
backbone and methyl (-GHgroups (1383 ci) on the side chains, however methylene (-)CH
groups (1452 cf) remained intact after the treatment as preseimedrigure 13. This
observation was related to the bond energy valfi¢seogroups with —Ckhaving the highest
energy compared to the two groups. Furthermorealiserption peaks of carbon—sulfur (—C-S)
bond and S-S bridges at 603 and 524" crespectively decreased significantly post-treame
with microwave. Cross—link density increased witltcnowave treatment exposure time for all
the particle size, for example, 425 pm particle $icreased from 4.4 x198.8 x 106" mol/cn?.
The expectation was a reduced cross-link densitgesthe bonds or chain are being broken,
however, the authors postulated that there is cawvigation taking place which rebuilt the S-S
bridges due to residual sulfur in the GTR. TGA pded more insight about chemical
composition of treated GTR as oils and additiveapevated at temperature of 50-320and

NR decomposed at 320-42Q, whereas SBR peak remain constant with exposore. tThe

content of carbon black decreased as a functiomiofowave exposure time due to thermo-
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oxidation of the main chain which resulted withedease of C@during the treatment. SEM
images showed increased level of roughness onutiace of treated three particle sizes with
increase in exposure time and 400 um size had pomes and holes. This behavior suggested

that microwave has ability to modify surface of GidR further application in composites.

Absorbance in arbitrary units

Figure 13: FTIR spectra of 400 um GTR particle size (GTR A)aafunction of microwave
exposure time for wavenumber region of 1500-850.c8iTR A0, GTR A3 and GTR A5 are
samples treated for 0, 3 and 5 min, respectivelyRFesults showed that methyl (—gHyroups
on the side chains are destroyed as indicated by thecreasing concentration, however
methylene (—Ck) on the main polymer chain remained intact after microwave treatment.

Reprinted with permission from Colom et al. 20164]L

Garcia et al. 2015 [164] used longer microwave syp®time and treated 60 g of 60 mesh GTR
with a higher microwave energy of 820 W for 3, 5arid 7 min. Prior to the treatment, GTR
particles were homogenized for 10 min using a twihmill at room temperature. Gel content of

the treated GTR was decreased with a longer micrewaposure times due to chain scission of
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—C-S bond and S-S bridges. The results of FTIR stdhat the absorption peak of —-C-S bond
at 1076 and 1006 cfrwere only observed in untreated and 3 min-treat€®& @nd the authors

further observed that polysulfidic bonds decreaskdreas monosulfidic bonds were unaffected
as the latter have higher bond energy [165]. Glasssition temperature (Y of the treated GTR

samples decreased with increasing microwave expdsue and it was postulated that carbon
black had restricted the movement of NR molecutef$irsg the mobility of the chains to higher

temperatures as it was suggested by another sté@y. [SEM images showed smoother surfaces
for treated GTR samples with increase in microwaxposure time, and small pores and large
voids were noticed for a sample treated for 6 andrv. The study concluded that the microwave
exposure time determines the degree of devulcanmizarocess and a special efforts should be

taken to avoid revulcanization during microwavetneent of GTR.

In bitumen application, 40 mesh GTR particles wesated in microwave oven at energy of 800
W for 90 s [167]. GTR content in 10-20 wt. %. waed with asphalt in high-shear mixer at
temperature of 180-19@ and stirred at 2000 rpm for 60 min. FTIR revedleat there was a
weak chemical reaction post-treatment with microsvas there was disappearance of absorption
peak for sulfur additives and partial breakage % $onds of vulcanization cross—links at 1031
cm™. The gel permeation chromatography results shdahemodified GTR/asphalt binders had
higher molecular weight due to swelling reactiotmen GTR rubber and asphalt molecules. It
was suggested that asphalt migrated into the rulplagticles of rubber using a reaction
mechanism shown in Figure 14. The onset tempesafuoen TGA shifted to lower values and
there was a decrease in thermal enthalpy of tre@fEd samples due to broken cross-linked
bonds during microwave treatment. Atomic force wscopy (AFM) images showed a ‘bee-like’

structure for a neat asphalt but upon adding tsatéd GTR, smooth surface of the binder was
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obtained. There were several micropores and crank&TR surface which increased contact
area for asphalt molecules and this behavior htd &ffect on storage, loss modulus, complex

modulus and pavement rutting parameter of the lbde

Microwave
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Figure 14: Reaction mechanism for crumb rubber modified able RMA) before and after
microwave treatment, where AGTR is activated GTRe Mmicropores and cracks were observed
for microwave treated GTR and asphalt molecules aggsimed to penetrate through them into

the rubber matrix. Reprinted with permission fromnyg et al. 2020 [167].

Microwave radiation of GTR from truck and passengpartires was done for different exposure
times [158]. To achieve homogeneity on to the GHERiples, the microwave was fitted with a
motorized stirrer. 30 g sample of 390 um GTR waaced in the microwave oven with

magnetron power 700 W at 80 rpm for 3, 5, and 10 exposure times. The 50 phr modified

GTR was incorporated in NR matrix using a batcheniat 70°C, and the composites were
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cross-linked at 160C and characterized. The microwave energy was regdot result in partial
devulcanization of GTR and generatetsaturated carbon—carbon (C=C) bonds which pantake
cross-linking. FTIR showed that absorption pealCefC bond from 1596—1600 chdecreased
with irradiation time regardless of GTR source. l@er, the microwave treatment was more
efficient for truck tire GTR and resulted in NR/GTémposites with higher cross-linking
density. The thermal stability of NR/GTR compositeth GTR from passenger car tires was
increasing slightly with increase in GTR while tbpposite was seen for the GTR from truck
tires due to higher SBR content in passenger oas.tiThe tensile properties of the truck tire
GTR/NR composites improved after microwave treatnmtause of high NR content in truck

tires making adhesion much stronger.

In other work, microwave energy was used to mothfy surface of 390 pm GTR for inclusion
into composites of nitrile butadiene rubber (NBRY &R [109]. In this work, 60 g of GTR was
treated with 700 W and 80 rpm using a microwavenditted with a custom-made stirrer for 3,
5 and 10 min. GTR content used in the composites M0a 30 and 50 phr and GTR was mixed
with NBR and NR at 70C in batch mixer. The sulfur curing occurred at 260for 12 min and
these optimum cure conditions were determined dlsesv[158]. The microwave energy was
found to devulcanize the surfaces of GTR and tmesdified GTR proved to partake in the
vulcanization reactions with the virgin NBR and NRatrix. There was 19 % increase in
Young’s modulus for composites with 50 phr of GTrRated for 5 min and this behavior was
attributable to good adhesion among modified GTBRNand NR components. However, GTR
treated for 10 min resulted into reclaiming of rablas C—C bonds of polymer backbone were
also destroyed and could not be revulcanized. SE&bes for composites with high amount of

NBR revealed that NBR provided a lower compatipiitith GTR as compared to NR.
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Aoudia et al. 2017 [168] treated 2.7 g of 125-680 @TR with microwave power of 350, 500,
650, 750 and 900 W for exposure time of 15 and @dd 10 wt. % of GTR was mixed with
bisphenol epoxy resin for 15 min with the additioin45 wt. % of hardener. The composites
were prepared by mixing epoxy resin and GTR intalbenixer for 15 min and compounded and
using the glass molder. FTIR showed a decreasheoCtS and S-S absorption peaks in the
region 750—-400 cthwith increase in the microwave power. This deaeaas associated with
the scission of the cross-links on the GTR surfagcehe microwave energy. Flexural stress at
break for epoxy/GTR composites increased with @&eein microwave treatment energy as
shown in Figure 15. The improvement in mechanicaperties was attributed to a better
adhesion between epoxy resin and GTR due to ch#yninduced functional groups on GTR

surface post-treatment.
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Figure 15: Flexural stress at break for the epoxy resin/GTdRmosites as a function of
microwave treatment. The results of untreated GTH devulcanized ground tire rubber

(DGTR) are presented. Microwave treatment on GTifRasa introduced polar components that
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were compatible with epoxy resin to enhance flexstr@ss of the treated composites. Reprinted

with permission from Aoudia et al. 2017 [168].

Microwave treatment of waste tires for recycling leeen recently reviewed by Formela et al.
[169]. This work was focused on the processingmatars, devulcanization/pyrolysis efficiency
and quality of obtained products. Most of papensfiomed that the optimization of microwave
power and exposure time are key parameters forci@fti modification of GTR for
environmental friendly composites. The main advgesaand limitations of this method have

been summarized in Table 3.

Table 3: Advantages and limitations of microwave treatm&#GTR. Adopted from Formela et

al. 2019 [169].

Advantages Limitations

Heating in the material volume High cost of profesal microwave
reactors

Short-time of process Problems with efficient mgin

Solvent-free and environmental-friendly process  $fmits issue

Precise control of MW energy dosage by Problembk walatile degradation
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magnetron power and time settings products emission

Possible to perform in continuous manner

Possible functionalization/modification of GTR

Improvement of the matrix-GTR interactions

Preparation of novel products, such as reclaimed

rubber, oligomers, oils, carbon black and gases

2.4.3. Gamma radiation

Gamma radiations are high energy photons emitted k®actor as a result of radioactive decay
of an atomic nucleus, this energy has been usedtdio the surface of GTR introducing
hydrophilic groups which help improve compatibilityth polar matrices. Ethylene vinyl acetate
(EVA) modified with gamma irradiated GTR exhibitedproved mechanical properties with
increase in irradiation dose [139]. In the work Kérrera-Sosa et al. 2015 [55] GTR was
irradiated with gamma radiation source at 200 a@@ BGy with a ratio of 4 kGy/h using
irradiator Gamma Beam 651—PT loaded wit8o. 7—20 mesh GTR was incorporated in the
concrete mix, followed by casting into molds. Themples were cured for 28 d prior to
mechanical testing. Effects of GTR loading, GTR Imesze and irradiation dose on the
properties of the samples were investigated. I3 #tudy, it was observed that concrete
containing untreated GTR had much lower unit weigig opposed to the control samples while

concrete samples containing irradiated GTR showed@ease in the unit weight which slightly
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decreased upon increasing the irradiation dosstbuhigher than the control sample; up to 5 %
increase was reported [55]. The increase in thematiume was ascribed to poor mixing because
of lumps formed during mixing of the concrete miegtwith unmodified GTR. Both compressive
strength and splitting tensile strength were fotondecrease as a function of increasing in GTR
content for both irradiated and non-irradiated cetecsamples, as presented in Figure 16. This
was ascribed to the promotion of aeration levelsarfcrete containing GTR and as such prone
to micro—cracking hence lowering the compressivensfth of the concrete samples containing
GTR. The increase in radiation dose resulted inlgahrise in the compressive strength due to
hardening because of irradiation and as such neguh increased compressive strength while
for splitting tensile, a slight decrease was obsgérat 200 kGy and upon increasing the
irradiation dose to 300 kGy. This was ascribed igh Hunctionality imparted onto the GTR
particles at high irradiation doses meaning corbgdyi between the GTR and concrete was
better at 300 kGy. The surface morphology of GTRIifred concrete was evidently rough for
non—irradiated samples as evidenced by non-unifochsitributed particles on the surface. Post
irradiation at 200kGy, the surfaces of concrete@amappeared smoother due to cross—linking
between the GTR surfaces and the concrete and Tie garticle distribution was much more
improved. However, upon increasing the radiatiosediirther, the surfaces showed some cracks

which were associated with possible polymer cheissgon on the surfaces of GTR.
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Figure 16: Compressive strength (a) and splitting tensilengjth (b) of concrete with waste tire
particles of 0.85 mm (20 mesh) and 2.8 mm (7 meBm. increase in radiation dosage resulted
in gradual increase in compressive strength ofctimaposites due to hardening. Reprinted with

permission from Herrera-Sosa et al. 2015 [55].

Gamma irradiation dose ranging from 200, 250 and BBy have been used to ionize the
surfaces of the GTR to improve its adhesion progenivhen used as partial replacement for
silica aggregate in cement composites [148]. The afsthe irradiator Transelektro LGI-01
IZOTOP with®Co, at a dose rate of 2.5 kGy/h, was employed hedrtadiated GTR particles
were mixed and cured into cement concrete compoaiteoncentrations of 1, 3 and 5 wt. %.
The GTR particle sizes studied were 0.85 mm and8 Table 4 shows the cement concrete
formulations used and the various amounts of iat&di GTR incorporated, where the masses of
cement concrete, water and crushed rock were kamptant at 78.7 g, 51.2 g and 196.8 g,

respectively. This study reported that improvemainthe mechanical properties of irradiated
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GTR modified concrete was strongly dependent orrthdiation dose, thus, improvement of up

to 108 % and 13 % were reported for the elastimitgulus and deformation respectively [148].

Table 4: Concrete mix proportions and 28 d compressivengthe for 2.8 mm GTR. The
radiation dosage and GTR content resulted in imguoeompressive strength for gamma

radiation-treated GTR composites. Reprinted withmigsion from Martinez-Barrera et al. 2020

[148].
Code Silica Sand Waste tire Waste tire Compressive strength
(9) particles (g) particles (%) (MPa)”

Co 118.1 0 0 18.6
C-1GTR 116.9 1.2 1 20.2
C-3GTR 114.6 3.5 3 18.0
C-5GTR 112.2 5.9 5 17.2

data was extracted from Figure 1 of Martinez-Baregral. 2020 [148].

Blends of SBR, GTR and polyfunctional monomers rignr@nethylolpropane trimethacrylate
(TMPTMA) and trimethylolpropane triacrylate (TMPTAyere prepared and cross-linked via
gamma radiation of up to 100 kGy [170]. The comasswere prepared by a two-roll mill at 60
°C and a batch mixer at 12C for 15 min, followed by compression molding aDT®. The
study reported an increase in the tensile streagthhardness with radiation dosage up to 100

kGy. However the gel content of the compositeseased with an increase in radiation dosage
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up to 75 kGy and levelled off at 100 kGy. Compasitontaining TMPTA had higher gel

contents compared to the composites with TMPTMA.

In other study, GTR was exposed to gamma irradiasib 100, 200 and 300 kGy doses and
incorporated into asphalt at 5 wt. % and 10 wt.1%dl]. It was found that the results of the 10 %
of GTR treated with gamma rays at 300 kGy had higbeperature stability, low temperature
ductility and good anti-aging performance. Thiseation was with the highest adsorption of

asphalt molecules by GTR treated with gamma rays.

3. Advantages and Limitations of Surface Modificatbn of GTR Composites

The chemical surface etching modification methaolsGTR discussed in this study are very
diverse and some are proven to compatibilize GTRanous matrices (e.g. polymer, bitumen or
concrete). Table 5 presents the effects of GTRcgouts particle size, mixing techniques and
treatment methods on the obtained results and \odis@ns of GTR composites. Several acids
have been used for surface etching of GTR and togicentration K5O, has been found to be
the most effective. Based on Table 5, ozonation raakktion treatment methods have been
preferred as they are solvent-free. The effectisengf these treatment methods depends on

higher temperature for ozone, higher radiation desand longer exposure time in both cases.

There are challenges with regards to some GTR idatmodification methods, for instance,
most of the methods require complex reaction set ppcesses and long treatment times. For
gamma irradiation, it must be noted that some stidecommended extended periods for
treatment of GTR, up to 3 d, before it could beonporated in the matrix [55]. This method is
clearly not ideal for industrial applications adetds to prolonged waiting times which could

potentially mean economic losses to the companye afged GTR has carboxylic acid
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functionality on its surface hence when incorpatatethe concrete mixture, it is known to react
with the alkaline content of the cement, eg. Ca(OkR&nce contaminating its structure. This
necessitates pre-treatment of GTR with bases ssidfea®H is common to convert the acid on
the surface to a sodium salt. Another issue witth lawid etching and hydroxylation treatment
methods is post-treatment step that requires rattian. This step always adds cost to the

surface treatment of GTR.

The summary of the matrices modified with GTR ofieas surface functionalities is shown in
Table 6. From the studies examined in the curreview, most research works have focused on
construction and thermoplastic industries. Ovetak, potential applications of modified GTR
composites are in automotive, construction anddimgl applications such as road pavements,

roofing, isolations, and vibration absorbance.
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Table 5 Summary of the effects of GTR source, particleesimixing techniques and treatment methods onréiselts and

observations of GTR composites.

Application Matrix GTR particle Mixing Treatment  Results and observations of the on Ref
size & source technique method composites
Construction Concrete  300-600 um of Compression Oxidation The optimal conditions for oxidatiofl25]

the rubber tire. molding

Cement 25.5-50.8 mm of Cast, Hydroxylation
the car and truck demolded and

tires. cured

Concrete 7 and 20 mesh ofCompression Gamma

the rubber tire. molding radiation
Thermoplastic HDPE 400-600 pm the Two-roll mill;  Acid etching.
of rubber tire. Compression
molding
46

reaction were temperature of 250 and
O./Nj3 ratio of< 0.04.

The flexural strength of the compesit[133]
decreased after NaOH treatment, and it
was noticeable with larger GTR patrticle

size.

For similar GTR content in the composite$55]
splitting strength increased with smaller
particle size (7 mesh) and increase in

radiation dosage to maximum of 300 kGy.

The surface roughness, micro pored §hl5]
cavities of GTR increased with .80,
treatment compared to HN@nd HCIQ.
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Elastomers

PP

HDPE

NBR &
NR

NR

SBR

3-5 mm of the

rubber particle.

400-500 pm of
the car and truck

tires.

Average value of

390 um for car
and truck tires.

Average value of

390 um for car

and truck tires.

80 mesh of the

rubber tire.

Batch mixer;
Compression

molding

Batch mixer;
Injection

molding

Batch mixer;
Compression

molding

Batch mixer;
Compression

molding

Two-roll mill;

Batch mixer;

Compression

47

Acid etching

Oxidation

Microwave

Microwave

Gamma

radiation

Compressive yield strength of theSBy— [117]
treated GTR composites was superior to
untreated ones for the similar GTR

content.

The optimum DCP content for GTRL22]
surface oxidation was 2 wt. %. The lower
and higher DCP contents gave partially
over-cured

cured and composites,

respectively.

The microwave exposure time of 10 mjfh09]
resulted into surface modification and

reclaiming of polymer backbone of GTR.

The tensile properties of the truck tij@58]
composites improved after microwave
treatment compared to car tire composites
due to high NR content in truck tires.

The gel content of the composited70]
increased with an increase in radiation

dosage up to 75 kGy and levelled off at
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Thermosets

PVC resin

Polyester

resin

Bisphenol
epoxy

resin

molding

160-205 pum of Batch mixer;

the cryogenic
rubber tire.

Two-roll mill

0.85-1.70 mm of Compression

the cryogenic

rubber particle.

160—-205 pm of
the side wall
rubber tire.

molding

Batch mixer;

Glass molding

Acid etching

Hydroxylation

Microwave

100 kGy.

The tensile strength of the compositd$20]
increased with TCI content up to 3 wt. %
and thereafter it decreased due to
formation of chlorinated layer on the GTR

surface.

NaOH reacted with zinc stearate irstga [138]
rubber to form washable sodium stearate
that created wider micro-crack and more

micropores on rubber surface.

Flexural stress at break of the compssif&68]
increased with microwave power up to 750
W and thereafter it decreased at 900 W.
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Table 6 Summary of GTR modification methods for a speaifiatrix and resulting composite properties. Mostli®s on the surface

modification of GTR have been employed in constaucindustry and followed by thermoplastic applicas.

Application Matrix Modification methods Improved Co mposite Properties Ref
Construction Concrete Hydroxylation; gamma Elastic modulus; compressive strength{11] [55]
radiation; Oxidation fracture energy; flexural strength; [125] [130]
splitting tensile strength. [133] [148]
Cement paste  Oxidation; hydroxylation Adhesiorrggth; compressive [123][132]
strength.
Wood-cement Plasma Compact ratio and dimensidabilisy [151]

of the panels

Thermoplastic HDPE Oxidation; acid etching.  Tenstlength; elongation at break; [75] [115]
impact energy; adhesion strength; [116] [122]

melting enthalpy energy
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LDPE Oxidation Elongation at break; impact energy. [122]

PP Acid etching Compressive yield strength; adivesi [117]
strength.
Road Pavement Paving binder  Oxidation; microwave. lasti€ recovery; storage modulus. [124]
Asphalt binder Microwave storage stability; Lossdulus; [167]

pavement rutti ng parameter

Rubbers NBR and NR  Microwave Adhesion strengthynfps modulus. [109]
NR Microwave Tensile properties [158]
SBR Gamma radiation Tensile strength; hardnessoggent  [170]
Thermoset PVC resin Acid etching Elongation abkreensile strength. [120]
Polyester resin  Hydroxylation tensile strengthhesion strength [138]
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ga——

Bisphenol

epoxy resin

Microwave

Flexural stress at break increased witH168]

microwave energy
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4. Conclusions and Future Trends in GTR Composites

Uncontrolled disposal of waste tires into the emwinent is a huge, global problem, which
enforced industry and researchers to searchingdir@etion of waste tire recycling. Application
of ground tire rubber (GTR) into various matricesl @evelopment of environmentally-friendly
composites is one of possibility to solve this oignissue. Unfortunately, GTR is incompatible
with most matrices, especially hydrophobic matrisash as cement, concrete and hydrophilic

polymers, due to its hydrophobicity and cross-loshkature.

In this work, an overview of surface chemical mamdifion methods for GTR was reviewed as
summarized in Table 7. The chemical modificatiorth&f GTR with simple bench top chemicals
such as acids, bases, and with strong oxidizingitageroved to compatibilize the GTR with
various matrices. The research evolved into rashamethods for surface modification. These
methods introduce, among others, the peroxidesttandhydroperoxides groups onto the GTR
surface, making GTR compatible with most polar ma# such as cement. It has also been
found that various approaches can be considerethadifying the surface of GTR for
compatibilization with the same matrix. For instanccompatibilization of GTR with
cement/concrete has been achieved via hydroxylatornradiation methods. However, we found
the literature to be lacking in studies that assesmrious GTR modification methods on one
type of matrix in the same study. We believe thahsstudies could further advance knowledge
and aid the end user in making the decision pengito the GTR surface modification method

that gives better properties without incurring extranufacturing costs.

In our opinion, future research work on surfacenaical modification should be focused on four

main targets: i) research and development of ndgel;cost and green modifiers of GTR; ii)
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studies of scaling up from batch methods to cowtisumethods in order to verify laboratory
results and their possible industrial applicationg) investigation of efficiency of
modified/functionalized GTR as function of time (tmlve the storage stability issues); iv)
characterization of liquid and volatile by-produtsmed during modification/functionalization
of GTR and evaluation of their impact on environingmd human health (lack of such data can

be a strong limitation in application of selecteethod at industrial scale).
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Table 7. Summary of the surface etching chemical methexiserimental conditions and analysis techniqued tseonfirm surface

modification of GTR. Plasma, microwave and gamniiataon are solvent-free and environmental friengiyface modification

methods for GTR.

Chemical Modifier agent

Methods

Experimental Conditions Test to conirm modification and Ref

attained properties

Acid etching  H»SOs, HNO; and
blend of the two

acids

H,SO, acid

TCl acid

GTR particles with size of < 200, 200-500 and DSC and SEM were used. Tensile [116]
>500 um were immersed in acidic solutions for 2 strength increased with < 200 um GTR
min at room temperature and neutralized by NaOBlarticle size for HDPE composites.

solution.

GTR with particle size of 3-5 mm was immersed BEM and FTIR were used. Slight [117]
97 wt. % of acid for 1 min and neutralized by improvement in yield strength of PP

NaOH solution at room temperature. composites.

160-205 pm GTR was immersed in methanol FTIR and XPS were used. Elongation gtL20]
solution of 1, 3 and 5 wt. % of acid for 20 min andbreak improved with 5 wt.% acid for

rinsed with distilled water at 2%_. thermoset composites.
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Oxidation

Hydroxylation

DCP

KMnO4

NaClO

NaOH

NaOH and

Ca(OH)

400-500 pym GTR was immersed in cyclohexaneln—situ SEM and DSC were used. Therfl22]
solvent with 0.1-2.0 wt. % of peroxide for 2 h andwas improvement of fracture energy for

the solvent was evaporated. HDPE composites.

40 mesh GTR was immersed in (1) acidic mediunkTIR and contact angle were used.  [123]
of 5 wt. % of KMnQ, for 2 h and (2) sodium There was 41 % increase in adhesion

bisulfite solution for 0.5-1 h at 6C. strength for concrete composites.

40-100 mesh GTR was stirred in 1.4 M of NaCIOGSEM and FTIR were used. Elastic [124]
solution for 3 h at 40C. GTR was dried and recovery improved by 60 % for asphalt

grinded prior to use. composites.

35 mesh of GTR was immersed in saturated FTIR and contact angle were used.  [130]
solution of hydroxide for 20 min and rinsed with Enhanced fracture energy and toughness

distilled water at room temperature. properties for cement composites.

GTR with particle size of 2.36 and 4.75 mm was Light microscope was used. There was[#34]

immersed in NaOH and Ca(O4Holutions with poor interfacial bonding for cement
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Plasma

pH=10 and 12, respectively for 4 min. composites.

NaOH Waste rubber crumb with size of 0.85-1.70 mm Contact angle, FTIR and SEM were  [138]
was soaked in 10 wt. % of NaOH solution for 2 h used. Improvement of tensile strength

and rinsed with distilled water at room temperaturior polyester composites.

Plasma model DT- 120 um GTR powder was carried out by using a Treated GTR dispersed better in water [146]
03 Suzhou OPS  plasma surface treatment apparatus model. The and XPS confirmed the presence of
Plasma Technology high-frequency generator was turned on for 180 soxygen containing species on the GTR

surface.

Air plasma of 12  GTR was treated with air plasma of 12 kV power FTIR technique was used to confirfil51]

kV power and 0.06 A for 5—20 min. modification of GTR. Surface roughness
increased with plasma exposure time.
Compact ratio and dimensional stability

of the panels increased after treatment.

Low Temperature The low temperature plasma was employed to  Surface roughness for the treated GTR52]

Plasma of 60 and modify the GTR powder at 60 and 100 W power powder increased. The FTIR and XPS
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Microwave

(MW)

Gamma

radiation

100 W power was employed for 150 s at each powet.le results showed new functional groups

on GTR sample after plasma treatment.

MW power of 700 MW Exposure time of 3, 5 and 10 min. FTIR and SEM were used. There was J209]

W % increase in Young’'s modulus for

60 g of GTR with average particle size of 390 um

was stirred with speed of 80 rpm NBR/NR composites.

MW power of 800 MW Exposure time of 90 s. GTR with particle size~TIR, TGA and AFM were used. There[167]
W of 0.35 mm was stirred with speed of 2000 rpm. was a slight improvement in pavement

rutting parameter for asphalt composites

MW power of 350— MW Exposure time of 15 and 60 s. 2.7 g of GTR SEM and FTIR were used. There was [168]
900 W with particle size of 200-250 um was used. increase in flexural stress at break for

epoxy resin composites.

Gamma Beam 651-200, 250 and 300 kGy at a dose rate of 2.5 kGy/hincreased unit volume, improved [55]
PT with®°Co. was used to treat GTR of both 7 mesh and 20 meaération, decreasing compressive and

splitting tensile strength for composite.
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Transelektro LGI—-

01 1ZOTOP

200, 250 and 300 kGy at a dose rate of 2.5 kGy/himproved elastic modulus and
was used to treat 7 mesh and 20 mesh GTR. deformation with increase in radiation

dose
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Highlights

Ground tire rubber (GTR) used as an efficient modifier for green composites.
Radiation as environmentally friendly method for surface etching of GTR.
Functionalization of GTR for construction, automotive and road composites.
Efficiency of different modification methods should be evaluated on one matrix.

Low-cost sustainable composite materials developed from waste tires.
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