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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 chemical etching 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)2 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 

HCl Hydrochloric acid 

HClO4 Perchloric acid 

HNO3 Nitric acid 

HDPE High density polyethylene 

H2SO4 Sulfuric acid 

KMnO4 Potassium permanganate 
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LDPE   Low–density polyethylene 

LLDPE  Linear low–density polyethylene 

MA   Maleic anhydride 

MEK   Methyl ethyl ketone 

MW   Microwave 

N2   Nitrogen gas 

NaClO   Sodium hypochlorite 

NaOH   Sodium hydroxide 

NBR   Nitrile butadiene rubber 

NR   Natural rubber 

O   Oxygen atom 

O2   Oxygen gas 

phr   parts per hundred parts of rubber 

PP   Polypropylene 

PS   Polystyrene 

PU   Polyurethane 

S   Sulfur 

SBR   Styrene–butadiene rubber 

SEM   Scanning electron microscopy 

TCI   Trichloroisocyanuric acid 

Tg   Glass transition temperature 

TGA   Thermogravimetric analysis 

TMPTA  Trimethylolpropane triacrylate 
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TMPTMA  Trimethylolpropane trimethacrylate 

UV   Ultraviolet 

XPS   X-ray photoelectron spectroscopy 
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1. Introduction  

The ‘during-use’ performance of tires is measured by properties such as rolling resistance, 

endurance, traction, thermal stability and chemical resistance. These properties are known to be 

affected through the vulcanization process, which results in a complex three-dimensional 

network structure. Unfortunately, the same complex three-dimensional network structure is 

difficult to reverse and/or break, making it difficult to recycle tires and hence tires remain a huge 

environmental problem [1]. There are several widely adopted methods of dealing with waste 

tires, other than re-treading. These include energy generation through combustion in cement 

kilns [2–4], microbial fuel cells [5,6], pyrolysis [7–10], and shredding/grinding into various 

sizes. The shredded/ground rubber is usually applied  in rubber compounds such as various 

engineering rubber parts, and for secondary applications such as artificial turfs and roads [11,12]. 

Other common waste tire recycling methods are reclaiming and devulcanization. Reclaiming is a 

process of depolymerisation and oxidation of the rubber component in tires as an elastic material 

which can be easily processed, compounded and vulcanised with or without the addition of either 

natural or synthetic rubbers [13–19]. Devulcanization is a selective scission of sulfide cross-

linking bonds and results in increased plasticity of the obtained products [20–24]. The products 

from reclaiming and devulcanization show similar behavior during processing (sticky materials 

suitable for vulcanization with additional curing system). Therefore, currently in the literature, 

these two terms are used interchangeably. Several studies have been dedicated to formulating 

and understanding the properties of rubber that has been recycled through these processes either 

as rubber matrix [25–27] or as partial replacement of virgin rubber in rubber composites [28–30].  

Among all the waste tires recycling approaches, grinding of tires into small particle sizes or 

granules has gained a lot of interest across a wide range of industries such as the automotive 

Jo
urn

al 
Pre-

pro
of

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


7 
 

sector, construction engineering and civil engineering [1,13,14]. Ground tire rubber (GTR) can 

be obtained via different processes, namely cryogenically [31,32], dry ambient mechanical 

grinding [33,34] and wet ambient mechanical grinding [35–37] of the waste tires to a desirable 

particle size [38]. GTR has been incorporated in various composites such as thermoplastics [39–

45], thermosets [46–54], concrete [55–60], rubber [61–66] and asphalt/bitumen [67–74]. In turn, 

GTR in these composites has been found to improve impact strength [75], reduce the crack 

propagation in composites, [76] improve sound and heat damping properties [39,61,77] as well 

as promoting foamability of composites [78–80]. The growing interest in the use of GTR is 

related to advancement in research, the ease of GTR production and modification of GTR 

surface. The buy in by both the tire industry and government in terms of capital investment into 

research that promote GTR inclusion into composites and hence extending the useful life of 

waste tires also contributed to the interest. In most countries, this reaction was due to legislation 

which prohibited disposal of waste tires into landfills or dumpsites. However, these strict 

environmental legislations are more relevant in developed regions such as north America and 

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

Many research works confirmed that the hydrophobic and cross-linked nature of GTR makes it 

incompatible/immiscible with matrix, necessitating modification of the GTR surface to help 

improve its interaction with the matrix [83]. Treatment of GTR can be performed by mechanical 

[16,84–87], thermo–mechanical [88–93], mechano-chemical [94–99], biological [100–103], 

ultrasound [104–108] and chemical methods [109–114]. Such classification is generally used for 

reclaiming/devulcanization techniques comprehensively described in review papers [35, 85]. 

However, current interesting research approach trend is reclaiming/devulcanization combined 

with suitable modification of GTR. This solution allows easy tailoring final properties of treated 
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GTR by functionalization, grafting or other method. In this way, treated GTR can be dedicated as 

modifier or reinforcement for selected matrices. Additional treatment in combination with 

devulcanization significantly improves matrix-GTR interactions, which affects processing 

performance of prepared composites. Moreover, it should be pointed that treatment of GTR, 

especially degradation of three-dimensional network, main chain scission or suitable 

functionalization, enhance the migration of additives (e.g. accelerators, curing agents, etc.) and 

carbon black from treated GTR to fresh matrix. This phenomenon also affecting the final 

properties of obtained materials and should be consider during preparation of novel, 

environmentally friendly composites based on various matrices (e.g. polymers, bitumens, 

concretes, etc.).   

As mentioned above, reclaiming/devulcanization combined with suitable treatment of GTR 

seems to be promising approach for sustainable development of waste tires recycling 

technologies. However, to the best of our knowledge, there is no recent review about the 

chemical treatment of GTR, which summarize achievement made in this field so far. 

This work aims to review the literature data related to chemical surface modification methods for 

GTR, including surface chemical modification methods such as etching, oxidation, 

hydroxylation, and radiation. These methods allow etching the surface of the GTR particles and 

introducing functionalities such as hydroxyl, peroxy, hydroperoxyl, carbonyl groups, onto the 

surface of GTR. In turn, these groups modify the surface energy of the GTR, enhancing GTR 

particles compatibility with the fresh matrices, which have 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 modify the surface of waste tire rubber for different 

applications. The modification processes significantly increase the applicability of GTR in 

various industries and as such reduced the amount of waste tires generated directly to 

environment. Among the chemical methods, the etching, oxidation, hydroxylation and radiation 

methods have resulted in improved properties of the final composite product. 

2.1. Acid Etching methods 

Acid surface etching is a traditional technique that utilizes acids to modify the surface chemistry 

of various hydrophobic substances. Three different acids, namely 60 % nitric (HNO3), 96 % 

sulfuric (H2SO4) and 60 % perchloric (HClO4) acids have been used to treat 400–600 µm GTR 

particles [115]. GTR content used was in the range of 5–40 wt. % and after treatment with acid, 

the GTR was neutralized with hot water and 15 % ammonium hydroxide prior to the usage in 

high density polyethylene (HDPE) composites. The composites were prepared by a two-roll mill 

for 3 min with at 153 °C and they were compression moulded into sheets at 170 °C for 15 min. 

Fourier transform infrared spectroscopy (FTIR) showed a decrease in double bond, C=C, at 1640 

cm-1 with H2SO4 and HNO3 treatments; and new bonds, O=S=O, at 1408 cm-1, and N–N=O at 

1382 cm-1 appeared after treatment with H2SO4 and HNO3, respectively. Scanning electron 

microscopy (SEM) images, used to confirm and monitor the extent of the surface modification 

process, and showed a rough surface with micro pores and cavities after treatment with H2SO4. 

However, HClO4 had slight impact on the compatibility properties of HDPE/GTR composites. 

Tensile strength increased by 24 % with addition of 20 wt. % of GTR modified with either 
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H2SO4 or HNO3 whereas HClO4 produced composites with lowest tensile strength even lower 

than untreated GTR/HDPE composites, as presented in Figure 1. The authors concluded that the 

overall tensile strength of the composites is affected by GTR content and type of chemical 

modifier agent, and the order of surface treatment effectiveness was determined as follows: 

H2SO4 >HNO3 >HClO4. 

 

Figure 1: Tensile strength as a function of GTR content for untreated, and HNO3, H2SO4 and 

HClO4–treated HDPE/GTR composites. H2SO4–treated composites show superior tensile 

strength for 10–40 wt. % GTR content studied. Reprinted with permission from Colom et al. 

2007 [115]. 

Colom et al. 2009 [116] extended their work to evaluate the effect of particle size on the thermal, 

mechanical and morphological properties of HDPE/GTR composites and they treated three 

different sizes, <200 μm, 200–500 μm and >500 μm, of GTR with 50 % HNO3, 50 % H2SO4 and 
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acids blend in ratio 50/50 %. Subsequently, the treated GTR was neutralized with 3 M of sodium 

hydroxide. GTR content in HDPE/GTR composites was limited to 40 wt. % since above this 

limit, it was deemed practically impossible to process the composites. The composites were 

prepared by a two-roll mill at 153 °C for 3 min and they were compression moulded into sheets 

at 170 °C for 15 min The authors also found that the smallest GTR particle size resulted in 

improved compatibility when blended with recycled HPDE as confirmed by an increase in 

melting enthalpy energy measured by differential scanning calorimetry (DSC). There was also an 

increase in tensile strengths of HPDE/GTR composites filled with the acid treated recycled 

rubber for particle size of <200 μm. However, an increase in unmodified and modified GTR 

content resulted in overall decrease in tensile strength and Young’s modulus. SEM images were 

used to support the observed mechanical results and they showed a rough surface on GTR with 

pores and cracks after acid treatment. It was postulated that the pores and cracks gave rise to 

good adhesion between HPDE and GTR. 

Elenien et al. 2018 [117] soaked 3–5 mm GTR particles in 97 % of H2SO4 for 1 min at room 

temperature and the etched GTR particles were neutralised with NaOH solution which was 

followed by final rinse with distilled water. The content of GTR was varied between 5–50 wt. % 

to produce polypropylene (PP)/GTR composites using a batch mixer at temperature of 180 ℃ for 

10 min. The composite sheets were produced by compression moulding. Upon acid modification, 

the presence of sulfonic groups (S=O) was observed with appearance of peaks at 1057 cm-1 

wavenumbers as measured and confirmed by FTIR technique. In general, the compressive yield 

strength of the PP composites containing either treated or untreated GTR was observed to 

decrease as a function of increasing GTR amount in the composite. The rate of the decrease was 

much faster for the composite containing untreated GTR than for the treated one, thus the 
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modification process slightly improved the compressive yield strength of the composite, as 

presented in Figure 2. The authors attributed the slight improvement of the yield strength to the 

high roughness level and increased porosity on the surface of treated GTR aiding in better 

adhesion between the GTR and the PP matrix.  

 

Figure 2: The effect of treated (T) and unmodified (U) GTR particles wt. % of size 5 mesh on 

the compressive yield strength of PP/GTR composites. Composites treated with 97 % H2SO4 

have improved compressive yield strength and the content of GTR was varied between 5–50 wt. 

%. Reprinted with permission from Elenien et al. 2018 [117]. 

One of the rubber components in GTR is styrene–butadiene rubber (SBR). In a model study done 

by Cepeda-Jiménez et al. 2000 [118], a sulfur vulcanized SBR was treated with two 

concentrations, 50 and 95 wt. %, of sulfuric acid at 60 °C. The polyurethane (PU) solution was 

spread between two rubber sheets to make PU/GTR composites. They used contact angle 

experiments to confirm the existence of sulfonic moieties on the surface of SBR as well as a 
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decrease in contact angle after acid treatment; further reflecting the presence of polar groups on 

the SBR particles. The authors also reported that H2SO4 (95 wt. %) produced noticeable surface 

modification results as confirmed by the presence of carbonyl groups in FTIR region 1600–1700 

cm-1. The results showed improvement in adhesion properties with PU materials. However, there 

was a decrease in both tensile strength and elongation at break of the PU composites due to 

hardening of the rubber surface after acid treatment.  

In another related model study, Pastor-Blas et al. 2000 [119] used 2, 5 and 7 wt. % 

trichloroisocyanuric (TCI) acid in ethyl acetate (EA), methyl ethyl ketone (MEK) and a mixture 

of EA and MEK solutions to modify the surface of sulfur vulcanized SBR. The composites were 

prepared by applying PU solution with a brusher on the surfaces of two rubber sheets. The 

modification process on the surface of rubber was studied and confirmed by both FTIR and SEM 

techniques. FTIR results showed the presence of chloro-ketone group (Cl–C=O) in the 

wavenumber region of 1680–1750 cm-1. Chlorination of SBR surface increased with high 

percentage of TCI acid and in MEK and showed better results compared to EA solution while the 

mixture of EA and MEK did not show any modification behaviour. SEM images showed micro 

cracks and high degree of roughness on the surface of vulcanized SBR rubber, as such there was 

an increase in joint strength between the rubber and PU. However, there was poor adhesion 

noticeable between SBR and PU material when 7 wt. % TCI acid in EA solution due to a weak 

secondary layer caused by the by-product, cyanuric acid. 

A study by Naskar et al. 2001 [120] showed improvement in mechanical properties of polyvinyl 

chloride (PVC) resin and 40 phr modified GTR with TCI acid. 160–205 µm GTR particles 

produced by cryogenic grinding method were treated with 1, 3 and 5 wt. % of TCI acid in 

methanol solution for 20 min at 25 ℃, and rinsed with tap water to remove any residual by-

Jo
urn

al 
Pre-

pro
of

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


14 
 

products from the GTR surface. To improve compatibility between PVC resin and GTR, acetone 

was used to extract soluble components from GTR prior to the modification process. The 

composites were prepared by a batch mixer at 170 °C and they were converted into sheets by 

using a two-roll mill. FTIR spectra for modified GTR showed increase in absorption peaks at 

666 and 718 cm-1 for carbon–chlorine (C–Cl) stretching while the absorption peaks at 900–1050 

cm-1 due to =C–H decreased with increase in amount of TCI acid. This reflected that hydrogen 

atoms were gradual replaced with Cl atoms from TCI acid. The results from carbon and oxygen 

X-ray photoelectron spectroscopy (XPS) experiments showed there were 3 types of carbon atoms 

and 2 types of oxygen atoms after modification of GTR, and the peak intensity increased with 

increasing amount of TCI acid. Based on the results of FTIR and XPS, the authors proposed a 

reaction mechanism for surface modification of GTR. The first step involved the hydrolysis of 

TCI acid to form hypochlorous (HOCl) acid which occurred during the rinsing with tap water. In 

the second step, HOCl acid reacted with carbon double bonds (C=C) via addition reaction to 

form chlorinated GTR. Mechanical results show that there was increased elongation at break of 

PVC/GTR composites with increase in amount of TCI acid. On other hand, tensile strength 

increased with TCI content up to 3 wt. % and thereafter it 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. 2007 [121], 2 wt. % of potassium permanganate 

(KMnO4) solution in a mixture of water and acetone was used to oxidize the surface of 400–500 

µm GTR. The ground tire rubber content used in the study was in the range of 0–70 wt.% in low 

density polyethylene (LDPE) and HDPE based composites. The composites were prepared by a 

batch mixer at 145 °C and they were injection moulded into specimens at 170 °C. FTIR analysis 
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confirmed the presence of carbonyl groups on the surface of the rubber as observed by 

absorption peaks at 1630 cm-1. After modification, they found that there was no noticeable 

improvement in mechanical properties, tensile stress and impact energy of the HDPE/GTR or 

LDPE/GTR composites. Grafting maleic anhydride onto the polyethylene, did not result in any 

improvement of impact properties. The study concluded that there was no adhesion among the 

components of the blends. In an attempt to improve the compatibility of oxidised GTR, Sonnier 

et al. 2008 [122] performed a study using a 0.1–2.0 wt. % of dicumyl peroxide (DCP) in 

cyclohexane solvent. Cyclohexane was evaporated prior to melt blending of 50 wt. % of 400–

500 µm GTR in HDPE composites. The composites were prepared by a batch mixer at 145 °C, 

followed by compounding with a twin screw extruder at 180 °C. High content of DCP promoted 

better mechanical properties, elongation at break and impact energy, of the composites whereas 

at lower content of DCP, there was a decline in the properties due to partially cured HDPE/GTR 

composite and opposite trend was observed for tensile strength (maximum stress) as presented in 

Figure 3. The in-situ SEM technique was used to monitor crack propagation of the sample as 

tensile test is performed and DSC analyses were employed to follow free radical mechanisms 

and it was found that the crystallinity of the composites as measured and calculated from DSC 

decreased with DCP content greater than 0.5 wt. %. 

Jo
urn

al 
Pre-

pro
of

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


16 
 

 

Figure 3: Mechanical properties of treated HDPE/GTR as a function of DCP content. Elongation 

at break and impact energy of the treated composites have increased with higher DCP content, 2 

wt. %. Reprinted with permission from Sonnier et al. 2008 [122]. 

He et al. 2016 [123] used a three-stage modification process to perform surface treatment of 40 

mesh GTR. The first step regarded as pre-treatment involved soaking GTR in NaOH solution, 

follow by the second step of using 5 wt. % KMnO4 in acidic solution at 60 °C. In the final step, 

regarded as post-treatment, GTR was soaked in sodium hydrogen sulfite (NaHSO3) solution at a 

temperature of 60 °C. The composites were prepared by curing cement paste and GTR at 20 °C 

for 28 d. The presence of hydrophilic carbonyl (C=O) and sulfonate (–SO3) groups on the surface 

of GTR were confirmed by FTIR analysis at 1730 cm-1 and 1170–1080 cm-1 respectively. 

Contact angle was found to decrease from 95° to 90.5° with KMnO4 oxidation and it even 

decreased further to 71° with post-treatment with NaHSO3 due to more polar groups on GTR 

surface, see Figure 4. This three-stage treatment method resulted in good adhesion between GTR 

and cement matrix.  
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Figure 4: Water contact angle measurements for (a) original/unmodified, (b) oxidized and (c) 

sulfonated GTR rubber. The presence of polar groups after surface modification of GTR have 

resulted in a decrease of contact angle from 95° (unmodified GTR) to 71° (sulfonated GTR). 

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

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

sulfonation modification process. The impact energy values for neat cement, and cement 

composites with unmodified and treated GTR were determined to be 65.6, 102.6 and 124.8 J, 

respectively. The improved mechanical properties were attributed to new functional groups on 

GTR surface which resulted in good interfacial bonding between GTR and cement matrix as 

shown in Figure 5. From the study, it is evident that more than one modification step is needed to 

achieve effective surface treatment methods and the overall reaction mechanisms for the three 

stage is given in Figure 6. 
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Figure 5: Failure modes of neat cement (a), and cement composite with 4 wt. % of untreated (b) 

and treated (c) GTR to ultimate impact. For the same GTR content, the impact energy of treated 

GTR composites increased by ~21 % as compared to untreated sample. There were fewer 

noticeable cracks on the treated composite surface. Reprinted with permission from He et al. 

2016 [123]. 

 

Figure 6: Reaction mechanisms for GTR surface modification using KMnO4 and NaHSO3. 

Oxidation takes place on the double bond (C=C) from GTR to form the carbonyl group which 

further react with NaHSO3 to result in sulfonated product. Reprinted with permission from He et 

al. 2016 [123]. 

In an attempt to improve the binder property of asphalt with GTR, Han et al. 2017 [124], used 

1.41 M of sodium chlorite (NaClO) solution to perform oxidation surface treatment on 40–100 

mesh GTR at a temperature of 40 °C for 3 h. The asphalt/GTR composites were prepared with a 

laboratory mixer by heating at temperatures between 170–190 °C for 20–30 min. FTIR analysis 

confirmed that surface modification did occur and showed carbonyl and hydroxyl groups at 1635 
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and 3410 cm-1, respectively. SEM images showed the presence of more open pores on the 

modified GTR surface as compared to untreated GTR as shown in Figure 7 and the pores led to 

absorption of asphalt molecules, resulting in good interfacial bonding. The authors reported 

improved elastic recovery of up to 60 % for the modified asphalt binders with good compatibility 

due to the treatment of the GTR. 

 

Figure 7: SEM images of (a) unmodified and (b) NaClO modified GTR. The image of modified 

GTR showed presence of more open pores which allowed asphalt to penetrate easily into GTR. 

Reprinted with permission from Han et al. 2017 [124] 

The partial oxidation on the surface of GTR was done by using oxygen in nitrogen with the ratio 

of 0.04 and modification experiments were performed on 300–600 mesh GTR at three different 

temperature levels, 150 °C, 200 °C and 250 °C [125]. The mortar composite specimens were 

prepared in cubic moulders. SEM revealed that GTR changed to short and compact needle-like 

structure after the oxidation process. FTIR analysis showed the presence of hydrophilic 

functional groups, S=O and –S–O– at 1100–950 cm-1. The results obtained for the concrete/GTR 

composites prepared at 250 °C showed superior compressive strength compared to lower 

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

treated at 250 ℃ was chosen for aging studies and compared concrete without GTR (control 

sample) and concrete composites made from untreated GTR, and results showed that 250 ℃ 

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

The method used in their study is considered ‘green’ since it did not involve use of solvents. 

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

untreated and 250 ℃–treated GTR at 28 and 56 d. The GTR treated with oxygen at 250 ℃ 

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

2010 [125]. 

Mechanical properties 
Compressive 

Strength (MPa) 

Flexural strength 

(MPa) 

Tensile Strength 

(MPa) 

Aging time (d) 28 56 28 56 28 56 

Concrete without GTR 

(control sample) 

34.8 39.2 6.1 6.2 3.2 3.3 

Concrete composite 

with 6 wt. % of 

untreated GTR 

16.3 19.4 3.8 4.2 1.8 1.9 

Concrete composite 

with 6 wt. % GTR 

oxidized at 250 ℃ 

41.2 42.1 6.2 6.6 3.3 3.3 
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Another “green” method used 6.5 mol % ozone in stream of oxygen to treat the surface of 420 

µm GTR truck tire tread [126]. During the oxidation process. the GTR particles were 

mechanically shaken in a round-bottom flask for 1 h. FTIR spectroscopy was used to determine 

the rate of the ozonation reaction by monitoring the presence of carbonyl groups and the 

formation of CO2 bond at 1710 cm-1 and 2360 cm-1, respectively. Thermogravimetric analysis 

(TGA) demonstrated that the ozonation of GTR affected only the surface and not the bulk of the 

rubber. Similar decomposition behaviour was observed from TGA thermograms confirming that 

only volatile components were lost from the surface of GTR. However, the authors suggested 

solvent extraction with acetone to remove antioxidants from the GTR as they limited the 

consumption of ozone. Cao et al. 2014 [110] carried out deep ozonation on the surface of 100 

mesh GTR from truck tire tread at room temperature with 1–6 hours exposure time and ozone 

concentration of 10 mg/L at 5 L/min flow rate. The oxidation process was carried out in a batch 

mixer at 150 °C for 10 min. The FTIR showed an increase in carbonyl groups on the rubber 

surface at wavenumbers of 1710 and 1600 cm-1. X-ray photoelectron spectroscopy (XPS) 

showed the formation of CO2 bond due to ozone attack on the surface of GTR. Their results 

indicate that ozonation not only modify the GTR surface but also destroyed some cross-linking 

networks within the GTR as confirmed by the TGA results since the onset temperature of 

decomposition shifted from 267.5 °C to 253.2 °C after ozonation. A decreased gel content from 

82 % to 65 % further validated the results of TGA to show that cross-link networks of GTR were 

destroyed. It was therefore postulated that important factors to consider for ozonation is the 

exposure time and ozone concentration as they determine the depth of penetration of the ozone 

into the GTR particles.  
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Fan and Lu 2011 [127] modified 60 mesh GTR particles by passing ozone of 1.4 mg/L 

concentration through a laboratory scale reactor at room temperature. Oils and additives were 

extracted from GTR powder using acetone prior to ozone treatment and the ozonation process 

was carried out at different times, 30, 60, 120 and 180 min. After the ozonation time of 180 min, 

the sol fraction of the modified GTR was determined to be 35 % as compared to 27 % of 

unmodified GTR particles. XPS, FTIR and contact angle were used for further characterization 

of modified GTR. FTIR spectra of the modified GTR verified the presence of carbonyl stretching 

(C=O) with absorption peak at 1710 cm-1. Results of XPS technique, after 180 min, showed 

increased amount of oxygen of 11.9 % on the GTR surface as compared to 6.6 % before 

modification. In contrast, the XPS spectra peak of carbon, C1s, showed a decreased amount of 

carbon for modified GTR from 90.6 % to 86.9 %. The authors postulated that the ozone attacked 

the unsaturated (C=C) part of GTR to form unstable complex which is further converted to either 

carbonyl or hydroxyl and their proposed a reaction mechanism of ozonolysis is presented in 

Figure 8 and was based on the original work of Criegee [128]. The study was concluded with 

contact angle measurements which confirmed the results of FTIR and XPS techniques since the 

contact angle values decreased from 115° to 87° for modified GTR. This observation reflected 

that there is increased wettability of GTR, hence it is 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 material. In the reaction mechanism, 

ozone attacks the double bond (C=C) on the GTR to result into formation of unstable radical 

molecule which further dissociates into intermediate products, carbonyl and a radical molecule. 

The intermediate product reacts or combine together to form peroxide as a final product. 

Reprinted with permission from Fan and Lu 2011 [127]. 

2.3. Hydroxylation methods 

In cement/concrete industrial applications, sodium hydroxide (NaOH) solution was used for 

surface treatment of the GTR to enhance adhesion properties between the rubber and cement 

[129–131]. Hydroxylation is one of the simplest methods used to modify the surface of GTR. 

Guo et al. 2017 [132] compared two different treatment methods, NaOH and silane, the amine 

functional Z-6020, and the epoxy functional Z-6040 trimethylsiloxanes, coupling agents for the 
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surface modification of GTR. They soaked 7–13 mesh GTR in NaOH solution (1 N) and the 

coupling agents were dissolved in water–ethyl alcohol solution. Different amounts of modified 

GTR ranging from 15–50 wt. % were used in cement composites and they reported increased 

compressive strength for 25 wt. % GTR treated with NaOH, as shown in Figure 9. Overall, their 

results revealed that NaOH-treated samples showed a long-term durability as compared to 

samples modified with silane coupling agent. The poor compatibility of silane coupling agents 

was thought to be a result of weak interaction between GTR and cement matrix. Furthermore, the 

addition of GTR resulted in decreased dynamic modulus of elasticity of the composites. 

However, there was no significant effect on dynamic modulus for different surface treatment 

methods. 

 

Figure 9: The appearance of samples after compressive strength tests for cement with NaOH-

treated GTR aggregates at different content (a) 15 wt. %, (b) 25 wt. %, (c) 35 wt. % and (d) 50 

wt. %. The treated sample with 25 wt. % of GTR showed superior compressive strength 

compared to other samples and at higher percentage there is poor compatibility between GTR 
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and cement due to agglomeration of GTR above 35 %. Reprinted with permission from Guo et 

al. 2017 [132]. 

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

chips (25.5 mm) and fibres (50.8 mm). The concrete composites were prepared by curing at 

room temperature for 28 d. The flexural strength and stiffness of cement composites were found 

to decrease after NaOH modification process due to crumb rubber acting as stress concentrator in 

the composites. It was reported that surface treatment failed with large sized chips of GTR as 

compared to the fibres since the large sized chips gave a lower flexural strength due to their 

decreased surface area. However, the presence of hydroxyl groups (–OH) had shown to provide a 

better wetting between GTR and cement matrix. 

Segre and Joekes 2000 [130] modified 35 mesh GTR with saturated NaOH solution for 20 min at 

room temperature. The concrete composites were prepared by curing and GTR at 20 °C for 28 d. 

GTR, 10 wt. %, was used in concrete composites and the compressive strengths of both 

unmodified and NaOH treated GTR were similar. On the other hand, fracture energy of the 

NaOH treated GTR increased by a factor of 4 as compared to the unmodified GTR. The 

enhanced fracture energy and toughness properties were confirmed by SEM analyses showing 

that GTR did not pull out of the cement matrix, thus resulting in good interfacial adhesion. Segre 

et al. 2002 [131] extended their work on NaOH surface modification on 35 mesh GTR and 

studied the adhesion properties of cement matrix. The concrete composites were prepared by 

curing at 20 °C for 28 d. Surface modification was confirmed by FTIR analysis showing the 

presence of carboxylate vibration at 1600 cm-1. The contact angle values greater than 90° were 

reported after NaOH treatment for period of 24 h, however a minor reduction to ~87° was 
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observed after 144 h (6 d). In addition, they showed that cement/NaOH treated GTR composites 

were resistant to hydrochloric (HCl) acid digestion at room temperature whereas the untreated 

GTR samples were completely degraded by HCl. This was postulated to the fact that NaOH 

could have reacted with zinc stearate in the GTR to form sodium stearate which is soluble in 

water and easily washable from the GTR surface. This meant that HCl did not have any material 

to react after NaOH treatment, on the other hand, HCl reacted with zinc stearate on the surface of 

untreated GTR. 

Meddah et al. 2014 [11] reported improved adhesion properties for concrete/GTR composites to 

a much higher level by treating 5–30 wt. % of 4–6 mm GTR with NaOH solution for 24 h. GTR 

particles were rinsed with distilled water to remove any traces of NaOH and dried in oven at 

temperature of 60 ℃ for 24 h. The concrete composites were prepared by moulding at 25 °C for 

24 h. The prepared concrete/GTR composites showed good water and acid resistance due to 

decreased porosity of the composite due to the strong adhesion between the hydrophilic GTR 

particles which made it difficult for water and acid to penetrate through the concrete composites. 

The density of the concrete composites decreased upon increasing the GTR content due to its 

low density compared to that of natural sand aggregates. Furthermore, compressive strengths of 

the concrete composites decreased with an increase in GTR content regardless of the treatment. 

Raghavan et al. 1998 [134] used two treatment methods with NaOH (pH = 10) and Ca(OH)2 (pH 

= 12.5) solutions to treat the GTR at room temperature for 4 min. The modified GTR were rinsed 

with distilled water to obtain alkali-free GTR particles with two different sizes, 4.75 and 2.36 

mm. They used 1–10 wt. % of GTR in cement paste and they found that flexural strength 

decreased with an increase in GTR content. The bigger particle size, 4.75 mm, showed promising 

results compared to 2.36 mm particle size, however a clear conclusion could not be reached due 
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limited number of replicates. Light microscopic experiments showed pull-out characteristics of 

GTR rubber particles from cement matrix and this behaviour was credited to have resulted in 

poor interfacial bonding between GTR and cement matrix as it was also reported elsewhere 

[135–137]. The authors suggested that a longer treatment time of GTR might be needed to 

achieve enhanced compatibility between GTR and the cement matrix. 

The polymer applications of GTR treated with NaOH are rather poorly described in the 

literature. Recently, Nuzaimah et al. 2020 [138] modified waste rubber crumbs from NR gloves 

by soaking in 10 % NaOH solution for 2 h and finally rinsed with distilled water. The waste 

rubber particles were grinded using a cryogenic method to result with particle size of 0.85–1.70 

mm. Polyester/waste rubber composites were prepared with 5 wt. % of waste rubber and cured in 

a stainless steel mould at ambient temperature using methyl ethyl ketone peroxide as accelerator. 

FTIR spectra of the modified crumb rubber showed the appearance of a broad peak at 3150–

3600 cm-1 and it was assigned to OH groups. There was a decrease in contact angle from 64.95° 

to 45.10° post NaOH treatment, thus reflecting the formation of polar components on the rubber 

surface. The tensile strength of polyester/rubber composite was improved after NaOH treatment 

due to a better adhesion between the waste rubber and the polyester matrix. The authors 

postulated that the improvement in tensile strength was a result of NaOH reacting with zinc 

stearate in waste rubber to form sodium stearate which is washable from surface of rubber to 

create wider micro-crack and more micropores as compared to unmodified rubber as depicted in 

Figure 10. They suggested that polyester molecules penetrated through the micropores and 

micro-crack to increasing the physical interaction with waste rubber particles. 

Jo
urn

al 
Pre-

pro
of

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


28 
 

 

Figure 10: SEM images of (a) unmodified waste rubber and (b) NaOH modified waste rubber at 

the magnification of ×3000. The image of modified sample showed wider micro-crack and more 

micropores which had allowed polyester to penetrate the rubber matrix. The improved tensile 

strength was noticed for treated composite. Reprinted with permission from Nuzaimah et al. 

2020 [138]. 

Literature data showed, that the surface modification of GTR with NaOH solution resulted in 

improvement of mechanical properties of cement/concrete based composites dedicated for the 

construction applications. The proposed reaction mechanism for surface modification is 

presented in Figure 11, where NaOH react with hydrogen ion from carboxylic group attached to 

the GTR to form hydroxylated GTR product. 

 

Figure 11: Reaction mechanism for GTR surface modification with NaOH solution. NaOH 

reacts with carboxylic acid group (–COOH) present on the GTR surface to form the 
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hydroxylated GTR product with sodium acetate group (–COONa). Reprinted with permission 

from Guo et al. 2017 [132]. 

2.4. Radiation methods 

Radiation methods have been used to modify the surface chemistry of the GTR particles. The 

common denominator in all radiation methods is that they involve cleavage of the polymer 

chains especially at the sulfur–sulfur (S–S) cross-linking bonds to generate sulfidic radicals onto 

the surface of GTR. Once chain scission has occurred, the radicals can react further via oxidative 

reactions with the atmospheric oxygen to attain various hydrophilic functionalities such as 

carbonyl, peroxide and hydrogen peroxide groups [121,139]. The second type of reactions that 

the radicals generated during irradiation is cross-linking and this has been credited to the increase 

in the thermal stability of the polymer composites [140,141]. Radiation has also been used for 

reclaiming or devulcanization of GTR [142,143] as such radiation exposure time has to be 

precisely controlled to only etch the surface and not destroy the entire network structure [144]. In 

this subchapter, treatment of GTR with plasma [62,145,146], microwave [109,147], and gamma 

radiation [55,148–150] are covered as the main methods utilized for variable composites with 

GTR. 

2.4.1. Plasma treatment 

Cheng et al. 2012 [146] investigated the impact of plasma treatment on 120 µm GTR. The 

surface modification of GTR powder was carried out by using a plasma surface treatment 

apparatus (model DT-03 Suzhou OPS Plasma Technology, China). GTR particles were placed 

into the glassware evenly and positioned in plasma treatment apparatus chamber. The vacuum 

pump was closed until the vacuum reached <10 Pa, turned on the flow valve to let the air in. 
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While the flow quantity equaled the set value, the high-frequency generator was turned on for a 

180 s modification. Furthermore, XPS analysis confirmed the presence of oxygen containing 

compounds on the surface of the irradiated GTR as indicated in Table 2 [146]. 

Table 2: Element content of the GTR powder before and after plasma treatment. The presence of 

oxygen compounds on GTR surface was confirmed by XPS analysis 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 

O/C (%) 12.54 15.80 

In the work of Vilela et al. 2018 [151], surface treatment of 1.19–4.76 mm GTR was done using 

air plasma of 12 kV power and 0.06 A for exposure time ranging from 5–20 min. The plasma 

treated GTR was included in the wood–cement composites by varying its content between 5–20 

wt. % relative to the total weight of wood particles. The developed wood–cement panels were 

cured for 28 d at 20 ℃ for 24 h and using calcium chloride as an accelerator. FTIR technique 

was used to confirm modification process with peak appearance of C–O bonds at 1100–1200 cm-

1 and a reduction in bands at 1400 cm-1 due to breaking of C=C bonds during post–treatment with 

air plasma. SEM images showed that the level of surface roughness increased with plasma 

exposure time and 20 min treatment was chosen to manufacture the panels. Compact ratio and 

dimensional stability of the panels were reported to be higher than the reference sample. The 
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overall mechanical properties of the panels improved because of good interfacial bonding 

between rubber and cement after air plasma treatment. 

Cheng et al. 2015 [152] investigated the time effects of modifying surface of car and truck GTR 

with low temperature plasma. The low temperature plasma, model OPS–OMEGA–DT03 was 

employed to modify the GTR particles. The thin and even layer of the GTR sample was placed 

inside the reaction chamber. The copper sulfate was used to dry the air that was used during 

plasma discharging and the 60 and 100 W power was employed for 150 s at each power level. 

The concrete/GTR composites were cured at 30 °C for 7 d. SEM images of the treated GTR 

showed an increase in surface roughness for the samples with samples that were treated for 

longer times displaying decreased hydrophilicity as indicated by decreased dispersity in water. 

The FTIR result of the raw GTR and of the treated GTR after 1, 10 and 20 d of storage time were 

run and analyzed. All characteristic peaks were observed including –C=C– at 1640 cm-1, –C=O 

at 1720 cm-1 and a broad –OH absorption band at 3440 cm-1 as previously reported [62,153]. The 

–OH band was stronger for treated samples than the one for untreated samples and increased in 

strength with time. XPS results presented in Figure 12 showed a 0.36 % increase in the oxygen 

carbon ratio on the GTR sample after plasma treatment, this ratio was observed to increase after 

10 and 20 d which was ascribed to increasing –OH groups on the GTR surface [152]. 

Additionally, results showed presence of two peaks, O1sA and O1sB, which were assigned to 

reduced binding energy of –C=O and higher binding energy 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 GTR after 1 (b), 10 (c) and 20 (d) d of 

storage time. The oxygen to carbon ratio increased with storage time after low plasma treatment 

due to presence of –OH groups on the surface of GTR. Reprinted with permission from Cheng et 

al. 2015 [152]. 

2.4.2. Microwave treatment 

Microwave has also been successfully used in the treatment of the surface of GTR and its 

efficiency is depended on the chemical composition and carbon content of GTR, exposure time 

and magnetron power [154–158]. All these factors affect the extent of devulcanization process 

including both devulcanization and post-devulcanization temperatures [144,159–161]. 
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Colom et al. 2016 [144] studied the impact of microwaves on GTR with three different particle 

sizes, 275, 400 and 425 µm, with carbon black content of 32.1, 34.9 and 36.9 %, respectively. 

Microwave energy of 700 W was applied to 15 g of GTR and the sample was stirred at 20 rpm 

with exposure times of 3 and 5 min and the recorded temperature values after the treatment were 

225 ℃ and 297 ℃ respectively. The char obtained after microwave treatment was analyzed 

using FTIR technique and the results showed that zinc oxide decomposed whereas silicon oxide 

(SiO2) did not degrade. SiO2 absorption bands at 1096 cm-1 was chosen and used as a reference 

peak as suggested by other studies [162,163] and the relative absorbance of other components in 

treated GTR were determined based on it. Based on FTIR spectra of treated GTR for both 3 and 

5 min, there was chain scissions of methine (=CH–) group (1412 cm-1) on the main polymer 

backbone and methyl (–CH3) groups (1383 cm-1) on the side chains, however methylene (–CH2) 

groups (1452 cm-1) remained intact after the treatment as presented in Figure 13. This 

observation was related to the bond energy values of the groups with –CH2 having the highest 

energy compared to the two groups. Furthermore, the absorption peaks of carbon–sulfur (–C–S) 

bond and S–S bridges at 603 and 524 cm-1, respectively decreased significantly post-treatment 

with microwave. Cross–link density increased with microwave treatment exposure time for all 

the particle size, for example, 425 µm particle size increased from 4.4 ×10-4–8.8 × 10-4 mol/cm3. 

The expectation was a reduced cross-link density since the bonds or chain are being broken, 

however, the authors postulated that there is revulcanization taking place which rebuilt the S–S 

bridges due to residual sulfur in the GTR. TGA provided more insight about chemical 

composition of treated GTR as oils and additives evaporated at temperature of 50–320 ℃ and 

NR decomposed at 320–410 ℃, whereas SBR peak remain constant with exposure time. The 

content of carbon black decreased as a function of microwave exposure time due to thermo-
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oxidation of the main chain which resulted with a release of CO2 during the treatment. SEM 

images showed increased level of roughness on the surface of treated three particle sizes with 

increase in exposure time and 400 µm size had some pores and holes. This behavior suggested 

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

 

Figure 13: FTIR spectra of 400 µm GTR particle size (GTR A) as a function of microwave 

exposure time for wavenumber region of 1500–850 cm-1. GTR A0, GTR A3 and GTR A5 are 

samples treated for 0, 3 and 5 min, respectively. FTIR results showed that methyl (–CH3) groups 

on the side chains are destroyed as indicated by their decreasing concentration, however 

methylene (–CH2) on the main polymer chain remained intact after the microwave treatment. 

Reprinted with permission from Colom et al. 2016 [144] 

Garcia et al. 2015 [164] used longer microwave exposure time and treated 60 g of 60 mesh GTR 

with a higher microwave energy of 820 W for 3, 5, 6 and 7 min. Prior to the treatment, GTR 

particles were homogenized for 10 min using a twin-roll mill at room temperature. Gel content of 

the treated GTR was decreased with a longer microwave exposure times due to chain scission of 
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–C–S bond and S–S bridges. The results of FTIR showed that the absorption peak of –C–S bond 

at 1076 and 1006 cm-1 were only observed in untreated and 3 min-treated GTR and the authors 

further observed that polysulfidic bonds decreased whereas monosulfidic bonds were unaffected 

as the latter have higher bond energy [165]. Glass transition temperature (Tg) of the treated GTR 

samples decreased with increasing microwave exposure time and it was postulated that carbon 

black had restricted the movement of NR molecules shifting the mobility of the chains to higher 

temperatures as it was suggested by another study [166]. SEM images showed smoother surfaces 

for treated GTR samples with increase in microwave exposure time, and small pores and large 

voids were noticed for a sample treated for 6 and 7 min. The study concluded that the microwave 

exposure time determines the degree of devulcanization process and a special efforts should be 

taken to avoid revulcanization during microwave treatment of GTR.  

In bitumen application, 40 mesh GTR particles were treated in microwave oven at energy of 800 

W for 90 s [167]. GTR content in 10–20 wt. %. was mixed with asphalt in high-shear mixer at 

temperature of 180–190 ℃ and stirred at 2000 rpm for 60 min. FTIR revealed that there was a 

weak chemical reaction post-treatment with microwave as there was disappearance of absorption 

peak for sulfur additives and partial breakage of S–S bonds of vulcanization cross–links at 1031 

cm-1. The gel permeation chromatography results showed that modified GTR/asphalt binders had 

higher molecular weight due to swelling reaction between GTR rubber and asphalt molecules. It 

was suggested that asphalt migrated into the rubber particles of rubber using a reaction 

mechanism shown in Figure 14. The onset temperatures from TGA shifted to lower values and 

there was a decrease in thermal enthalpy of treated GTR samples due to broken cross-linked 

bonds during microwave treatment. Atomic force microscopy (AFM) images showed a ‘bee-like’ 

structure for a neat asphalt but upon adding the treated GTR, smooth surface of the binder was 
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obtained. There were several micropores and cracks on GTR surface which increased contact 

area for asphalt molecules and this behavior had little effect on storage, loss modulus, complex 

modulus and pavement rutting parameter of the binders. 

 

Figure 14: Reaction mechanism for crumb rubber modified asphalt (GTRMA) before and after 

microwave treatment, where AGTR is activated GTR. The micropores and cracks were observed 

for microwave treated GTR and asphalt molecules was assumed to penetrate through them into 

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

Microwave radiation of GTR from truck and passenger car tires was done for different exposure 

times [158]. To achieve homogeneity on to the GTR particles, the microwave was fitted with a 

motorized stirrer. 30 g sample of 390 µm GTR was placed in the microwave oven with 

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

GTR was incorporated in NR matrix using a batch mixer at 70 °C, and the composites were 
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cross-linked at 160 ℃ and characterized. The microwave energy was reported to result in partial 

devulcanization of GTR and generated unsaturated carbon–carbon (C=C) bonds which partake in 

cross-linking. FTIR showed that absorption peak of C=C bond from 1596–1600 cm-1 decreased 

with irradiation time regardless of GTR source. However, the microwave treatment was more 

efficient for truck tire GTR and resulted in NR/GTR composites with higher cross-linking 

density. The thermal stability of NR/GTR composites with GTR from passenger car tires was 

increasing slightly with increase in GTR while the opposite was seen for the GTR from truck 

tires due to higher SBR content in passenger car tires. The tensile properties of the truck tire 

GTR/NR composites improved after microwave treatment because of high NR content in truck 

tires making adhesion much stronger. 

In other work, microwave energy was used to modify the surface of 390 µm GTR for inclusion 

into composites of nitrile butadiene rubber (NBR) and NR [109]. In this work, 60 g of GTR was 

treated with 700 W and 80 rpm using a microwave oven fitted with a custom-made stirrer for 3, 

5 and 10 min. GTR content used in the composites was 10, 30 and 50 phr and GTR was mixed 

with NBR and NR at 70 ℃ in batch mixer. The sulfur curing occurred at 160 ℃ for 12 min and 

these optimum cure conditions were determined elsewhere [158]. The microwave energy was 

found to devulcanize the surfaces of GTR and these modified GTR proved to partake in the 

vulcanization reactions with the virgin NBR and NR matrix. There was 19 % increase in 

Young’s modulus for composites with 50 phr of GTR treated for 5 min and this behavior was 

attributable to good adhesion among modified GTR, NBR and NR components. However, GTR 

treated for 10 min resulted into reclaiming of rubber as C–C bonds of polymer backbone were 

also destroyed and could not be revulcanized. SEM images for composites with high amount of 

NBR revealed that NBR provided a lower compatibility with GTR as compared to NR.  
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Aoudia et al. 2017 [168] treated 2.7 g of 125–630 µm GTR with microwave power of 350, 500, 

650, 750 and 900 W for exposure time of 15 and 60 s and 10 wt. % of GTR was mixed with 

bisphenol epoxy resin for 15 min with the addition of 45 wt. % of hardener. The composites 

were prepared by mixing epoxy resin and GTR in a batch mixer for 15 min and compounded and 

using the glass molder. FTIR showed a decrease of the C–S and S–S absorption peaks in the 

region 750–400 cm-1 with increase in the microwave power. This decrease was associated with 

the scission of the cross-links on the GTR surface by the microwave energy. Flexural stress at 

break for epoxy/GTR composites increased with increase in microwave treatment energy as 

shown in Figure 15. The improvement in mechanical properties was attributed to a better 

adhesion between epoxy resin and GTR due to chemically induced functional groups on GTR 

surface post–treatment. 

 

Figure 15: Flexural stress at break for the epoxy resin/GTR composites as a function of 

microwave treatment. The results of untreated GTR and devulcanized ground tire rubber 

(DGTR) are presented. Microwave treatment on GTR surface introduced polar components that 
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were compatible with epoxy resin to enhance flexural stress of the treated composites. Reprinted 

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

Microwave treatment of waste tires for recycling has been recently reviewed by Formela et al. 

[169]. This work was focused on the processing parameters, devulcanization/pyrolysis efficiency 

and quality of obtained products. Most of papers confirmed that the optimization of microwave 

power and exposure time are key parameters for efficient modification of GTR for 

environmental friendly composites. The main advantages and limitations of this method have 

been summarized in Table 3. 

 

 

Table 3: Advantages and limitations of microwave treatment of GTR. Adopted from Formela et 

al. 2019 [169]. 

Advantages  Limitations 

Heating in the material volume High cost of professional microwave 

reactors 

Short-time of process Problems with efficient mixing 

Solvent-free and environmental-friendly process Hot spots issue 

Precise control of MW energy dosage by Problems with volatile 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 by a reactor as a result of radioactive decay 

of an atomic nucleus, this energy has been used to etch the surface of GTR introducing 

hydrophilic groups which help improve compatibility with polar matrices. Ethylene vinyl acetate 

(EVA) modified with gamma irradiated GTR exhibited improved mechanical properties with 

increase in irradiation dose [139]. In the work of Herrera-Sosa et al. 2015 [55] GTR was 

irradiated with gamma radiation source at 200 and 300 kGy with a ratio of 4 kGy/h using 

irradiator Gamma Beam 651–PT loaded with 60Co. 7–20 mesh GTR was incorporated in the 

concrete mix, followed by casting into molds. The samples were cured for 28 d prior to 

mechanical testing. Effects of GTR loading, GTR mesh size and irradiation dose on the 

properties of the samples were investigated. In this study, it was observed that concrete 

containing untreated GTR had much lower unit weights as opposed to the control samples while 

concrete samples containing irradiated GTR showed an increase in the unit weight which slightly 
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decreased upon increasing the irradiation dose but still higher than the control sample; up to 5 % 

increase was reported [55]. The increase in the unit volume was ascribed to poor mixing because 

of lumps formed during mixing of the concrete mixture with unmodified GTR. Both compressive 

strength and splitting tensile strength were found to decrease as a function of increasing in GTR 

content for both irradiated and non-irradiated concrete samples, as presented in Figure 16. This 

was ascribed to the promotion of aeration levels of concrete containing GTR and as such prone 

to micro–cracking hence lowering the compressive strength of the concrete samples containing 

GTR. The increase in radiation dose resulted in gradual rise in the compressive strength due to 

hardening because of irradiation and as such resulting in increased compressive strength while 

for splitting tensile, a slight decrease was observed at 200 kGy and upon increasing the 

irradiation dose to 300 kGy. This was ascribed to high functionality imparted onto the GTR 

particles at high irradiation doses meaning compatibility between the GTR and concrete was 

better at 300 kGy. The surface morphology of GTR modified concrete was evidently rough for 

non–irradiated samples as evidenced by non-uniformly distributed particles on the surface. Post 

irradiation at 200kGy, the surfaces of concrete samples appeared smoother due to cross–linking 

between the GTR surfaces and the concrete and the GTR particle distribution was much more 

improved. However, upon increasing the radiation dose further, the surfaces showed some cracks 

which were associated with possible polymer chain scission on the surfaces of GTR. 
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Figure 16: Compressive strength (a) and splitting tensile strength (b) of concrete with waste tire 

particles of 0.85 mm (20 mesh) and 2.8 mm (7 mesh). The increase in radiation dosage resulted 

in gradual increase in compressive strength of the composites due to hardening. Reprinted with 

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

Gamma irradiation dose ranging from 200, 250 and 300 kGy have been used to ionize the 

surfaces of the GTR to improve its adhesion properties when used as partial replacement for 

silica aggregate in cement composites [148]. The use of the irradiator Transelektro LGI–01 

IZOTOP with 60Co, at a dose rate of 2.5 kGy/h, was employed and the irradiated GTR particles 

were mixed and cured into cement concrete composites at concentrations of 1, 3 and 5 wt. %. 

The GTR particle sizes studied were 0.85 mm and 2.8 mm. Table 4 shows the cement concrete 

formulations used and the various amounts of irradiated GTR incorporated, where the masses of 

cement concrete, water and crushed rock were kept constant at 78.7 g, 51.2 g and 196.8 g, 

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

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

Table 4: Concrete mix proportions and 28 d compressive strength for 2.8 mm GTR. The 

radiation dosage and GTR content resulted in improved compressive strength for gamma 

radiation-treated GTR composites. Reprinted with permission from Martínez-Barrera et al. 2020 

[148]. 

Code Silica Sand 

(g) 

Waste tire 

particles (g) 

Waste tire 

particles (%) 

Compressive strength 

(MPa)# 

C0 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 Martínez-Barrera et al. 2020 [148]. 

Blends of SBR, GTR and polyfunctional monomers namely trimethylolpropane trimethacrylate 

(TMPTMA) and trimethylolpropane triacrylate (TMPTA) were prepared and cross-linked via 

gamma radiation of up to 100 kGy [170]. The composites were prepared by a two-roll mill at 60 

°C and a batch mixer at 120 °C for 15 min, followed by compression molding at 150 °C. The 

study reported an increase in the tensile strength and hardness with radiation dosage up to 100 

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

contents compared to the composites with TMPTMA.  

In other study, GTR was exposed to gamma irradiation at 100, 200 and 300 kGy doses and 

incorporated into asphalt at 5 wt. % and 10 wt. % [171]. It was found that the results of the 10 % 

of GTR treated with gamma rays at 300 kGy had higher temperature stability, low temperature 

ductility and good anti-aging performance. This observation was with the highest adsorption of 

asphalt molecules by GTR treated with gamma rays.  

3. Advantages and Limitations of Surface Modification of GTR Composites 

The chemical surface etching modification methods for GTR discussed in this study are very 

diverse and some are proven to compatibilize GTR in various matrices (e.g. polymer, bitumen or 

concrete). Table 5 presents the effects of GTR source, its particle size, mixing techniques and 

treatment methods on the obtained results and observations of GTR composites. Several acids 

have been used for surface etching of GTR and high concentration H2SO4 has been found to be 

the most effective. Based on Table 5, ozonation and radiation treatment methods have been 

preferred as they are solvent-free. The effectiveness of these treatment methods depends on 

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

 There are challenges with regards to some GTR chemical modification methods, for instance, 

most of the methods require complex reaction set ups, processes and long treatment times. For 

gamma irradiation, it must be noted that some studies recommended extended periods for 

treatment of GTR, up to 3 d, before it could be incorporated in the matrix [55]. This method is 

clearly not ideal for industrial applications as it leads to prolonged waiting times which could 

potentially mean economic losses to the company. The aged GTR has carboxylic acid 

Jo
urn

al 
Pre-

pro
of

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


45 
 

functionality on its surface hence when incorporated in the concrete mixture, it is known to react 

with the alkaline content of the cement, eg. Ca(OH)2, hence contaminating its structure. This 

necessitates pre-treatment of GTR with bases such as NaOH is common to convert the acid on 

the surface to a sodium salt. Another issue with both acid etching and hydroxylation treatment 

methods is post-treatment step that requires neutralization. This step always adds cost to the 

surface treatment of GTR. 

The summary of the matrices modified with GTR of various surface functionalities is shown in 

Table 6. From the studies examined in the current review, most research works have focused on 

construction and thermoplastic industries. Overall, the potential applications of modified GTR 

composites are in automotive, construction and building applications such as road pavements, 

roofing, isolations, and vibration absorbance. 
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Table 5: Summary of the effects of GTR source, particle size, mixing techniques and treatment methods on the results and 

observations of GTR composites. 

Application Matrix GTR particle 

size & source 

Mixing 

technique 

Treatment 

method 

Results and observations of the on 

composites 

Ref 

Construction Concrete 300–600 µm of 

the rubber tire. 

Compression 

molding  

Oxidation The optimal conditions for oxidation 

reaction were temperature of 250 °C and 

O2/N2 ratio of ≤ 0.04. 

[125] 

 Cement 25.5–50.8 mm of 

the car and truck 

tires. 

Cast, 

demolded and 

cured 

Hydroxylation The flexural strength of the composites 

decreased after NaOH treatment, and it 

was noticeable with larger GTR particle 

size. 

[133]  

 Concrete 7 and 20 mesh of 

the rubber tire. 

Compression 

molding 

Gamma 

radiation 

For similar GTR content in the composites, 

splitting strength increased with smaller 

particle size (7 mesh) and increase in 

radiation dosage to maximum of 300 kGy. 

[55] 

Thermoplastic HDPE 400–600 µm the 

of rubber tire. 

Two-roll mill; 

Compression 

molding 

Acid etching. The surface roughness, micro pores and 

cavities of GTR increased with H2SO4 

treatment compared to HNO3 and HClO4. 

[115] 
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 PP 3–5 mm of the 

rubber particle. 

Batch mixer; 

Compression 

molding 

Acid etching Compressive yield strength of the H2SO4–

treated GTR composites was superior to 

untreated ones for the similar GTR 

content. 

[117] 

 HDPE 400–500 µm of 

the car and truck 

tires. 

Batch mixer; 

Injection 

molding 

Oxidation The optimum DCP content for GTR 

surface oxidation was 2 wt. %. The lower 

and higher DCP contents gave partially 

cured and over-cured composites, 

respectively. 

[122] 

Elastomers NBR & 

NR 

Average value of 

390 µm for car 

and truck tires.  

Batch mixer; 

Compression 

molding 

Microwave  The microwave exposure time of 10 min 

resulted into surface modification and 

reclaiming of polymer backbone of GTR. 

[109]  

 NR Average value of 

390 µm for car 

and truck tires. 

Batch mixer; 

Compression 

molding 

Microwave The tensile properties of the truck tire 

composites improved after microwave 

treatment compared to car tire composites 

due to high NR content in truck tires. 

[158] 

 SBR 80 mesh of the 

rubber tire. 

Two-roll mill; 

Batch mixer; 

Compression 

Gamma 

radiation 

The gel content of the composites 

increased with an increase in radiation 

dosage up to 75 kGy and levelled off at 

[170] 
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molding 100 kGy. 

Thermosets PVC resin 160–205 µm of 

the cryogenic 

rubber tire. 

Batch mixer; 

Two-roll mill 

Acid etching  The tensile strength of the composites 

increased with TCI content up to 3 wt. % 

and thereafter it decreased due to 

formation of chlorinated layer on the GTR 

surface. 

[120] 

 Polyester 

resin 

0.85–1.70 mm of 

the cryogenic 

rubber particle. 

Compression 

molding 

Hydroxylation NaOH reacted with zinc stearate in waste 

rubber to form washable sodium stearate 

that created wider micro-crack and more 

micropores on rubber surface. 

[138] 

 Bisphenol 

epoxy 

resin 

160–205 µm of 

the side wall 

rubber tire. 

Batch mixer; 

Glass molding 

Microwave Flexural stress at break of the composites 

increased with microwave power up to 750 

W and thereafter it decreased at 900 W. 

[168] 
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Table 6: Summary of GTR modification methods for a specific matrix and resulting composite properties. Most studies on the surface 

modification of GTR have been employed in construction industry and followed by thermoplastic applications. 

Application Matrix Modification methods Improved Co mposite Properties Ref 

Construction Concrete Hydroxylation; gamma 

radiation; Oxidation 

Elastic modulus; compressive strength; 

fracture energy; flexural strength; 

splitting tensile strength. 

[11] [55] 

[125] [130] 

[133] [148] 

 Cement paste Oxidation; hydroxylation Adhesion strength; compressive 

strength. 

[123] [132] 

 Wood-cement Plasma Compact ratio and dimensional stability 

of the panels 

[151] 

Thermoplastic HDPE Oxidation; acid etching. Tensile strength; elongation at break; 

impact energy; adhesion strength; 

melting enthalpy energy 

[75] [115] 

[116] [122]  
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 LDPE Oxidation Elongation at break; impact energy. [122] 

 PP Acid etching Compressive yield strength; adhesion 

strength. 

[117] 

Road Pavement Paving binder Oxidation; microwave. Elastic recovery; storage modulus. [124] 

 Asphalt binder Microwave storage stability; Loss modulus; 

pavement rutting parameter 

[167] 

Rubbers NBR and NR Microwave  Adhesion strength; Young’s modulus. [109]  

 NR Microwave Tensile properties [158] 

 SBR Gamma radiation Tensile strength; hardness; gel content [170] 

Thermoset PVC resin Acid etching  Elongation at break; tensile strength. [120] 

 Polyester resin Hydroxylation tensile strength; adhesion strength [138] 
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 Bisphenol 

epoxy resin 

Microwave Flexural stress at break increased with 

microwave energy 

[168] 
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4. Conclusions and Future Trends in GTR Composites 

Uncontrolled disposal of waste tires into the environment is a huge, global problem, which 

enforced industry and researchers to searching new direction of waste tire recycling. Application 

of ground tire rubber (GTR) into various matrices and development of environmentally-friendly 

composites is one of possibility to solve this burning issue. Unfortunately, GTR is incompatible 

with most matrices, especially hydrophobic matrices such as cement, concrete and hydrophilic 

polymers, due to its hydrophobicity and cross-linked nature. 

In this work, an overview of surface chemical modification methods for GTR was reviewed as 

summarized in Table 7. The chemical modification of the GTR with simple bench top chemicals 

such as acids, bases, and with strong oxidizing agents proved to compatibilize the GTR with 

various matrices. The research evolved into radiation methods for surface modification. These 

methods introduce, among others, the peroxides and the hydroperoxides groups onto the GTR 

surface, making GTR compatible with most polar matrices such as cement. It has also been 

found that various approaches can be considered in modifying the surface of GTR for 

compatibilization with the same matrix. For instance, compatibilization of GTR with 

cement/concrete has been achieved via hydroxylation and radiation methods. However, we found 

the literature to be lacking in studies that assesses various GTR modification methods on one 

type of matrix in the same study. We believe that such studies could further advance knowledge 

and aid the end user in making the decision pertaining to the GTR surface modification method 

that gives better properties without incurring extra manufacturing costs. 

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

main targets: i) research and development of novel, low-cost and green modifiers of GTR; ii) 
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studies of scaling up from batch methods to continuous methods in order to verify laboratory 

results and their possible industrial applications; iii) investigation of efficiency of 

modified/functionalized GTR as function of time (to solve the storage stability issues); iv) 

characterization of liquid and volatile by-products formed during modification/functionalization 

of GTR and evaluation of their impact on environment and human health (lack of such data can 

be a strong limitation in application of selected method at industrial scale). 
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Table 7: Summary of the surface etching chemical methods, experimental conditions and analysis techniques used to confirm surface 

modification of GTR. Plasma, microwave and gamma radiation are solvent-free and environmental friendly surface modification 

methods for GTR. 

Chemical 

Methods 

Modifier agent Experimental Conditions Test to confirm modification and 

attained properties 

Ref 

Acid etching H2SO4, HNO3 and 

blend of the two 

acids 

GTR particles with size of < 200, 200–500 and 

>500 µm were immersed in acidic solutions for 2 

min at room temperature and neutralized by NaOH 

solution. 

DSC and SEM were used. Tensile 

strength increased with < 200 µm GTR 

particle size for HDPE composites. 

[116] 

H2SO4 acid 

 

GTR with particle size of 3–5 mm was immersed in 

97 wt. % of acid for 1 min and neutralized by 

NaOH solution at room temperature. 

SEM and FTIR were used. Slight 

improvement in yield strength of PP 

composites. 

[117] 

TCI acid 160–205 µm GTR was immersed in methanol 

solution of 1, 3 and 5 wt. % of acid for 20 min and 

rinsed with distilled water at 25 ℃. 

FTIR and XPS were used. Elongation at 

break improved with 5 wt.% acid for 

thermoset composites. 

[120] 
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Oxidation DCP 400–500 µm GTR was immersed in cyclohexane 

solvent with 0.1–2.0 wt. % of peroxide for 2 h and 

the solvent was evaporated. 

In–situ SEM and DSC were used. There 

was improvement of fracture energy for 

HDPE composites. 

[122] 

KMnO4 40 mesh GTR was immersed in (1) acidic medium 

of 5 wt. % of KMnO4 for 2 h and (2) sodium 

bisulfite solution for 0.5–1 h at 60 ℃. 

FTIR and contact angle were used. 

There was 41 % increase in adhesion 

strength for concrete composites. 

[123] 

NaClO 40–100 mesh GTR was stirred in 1.4 M of NaClO 

solution for 3 h at 40 ℃. GTR was dried and 

grinded prior to use. 

SEM and FTIR were used. Elastic 

recovery improved by 60 % for asphalt 

composites. 

[124] 

Hydroxylation  NaOH 35 mesh of GTR was immersed in saturated 

solution of hydroxide for 20 min and rinsed with 

distilled water at room temperature. 

FTIR and contact angle were used. 

Enhanced fracture energy and toughness 

properties for cement composites. 

[130] 

NaOH and 

Ca(OH)2 

GTR with particle size of 2.36 and 4.75 mm was 

immersed in NaOH and Ca(OH)2 solutions with 

Light microscope was used. There was a 

poor interfacial bonding for cement 

[134] 
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pH=10 and 12, respectively for 4 min. composites. 

NaOH Waste rubber crumb with size of 0.85–1.70 mm 

was soaked in 10 wt. % of NaOH solution for 2 h 

and rinsed with distilled water at room temperature. 

Contact angle, FTIR and SEM were 

used. Improvement of tensile strength 

for polyester composites. 

[138] 

Plasma Plasma model DT-

03 Suzhou OPS 

Plasma Technology 

120 µm GTR powder was carried out by using a 

plasma surface treatment apparatus model. The 

high-frequency generator was turned on for 180 s. 

Treated GTR dispersed better in water 

and XPS confirmed the presence of 

oxygen containing species on the GTR 

surface. 

[146] 

Air plasma of 12 

kV power 

GTR was treated with air plasma of 12 kV power 

and 0.06 A for 5–20 min. 

FTIR technique was used to confirm 

modification of GTR. Surface roughness 

increased with plasma exposure time. 

Compact ratio and dimensional stability 

of the panels increased after treatment. 

[151] 

Low Temperature 

Plasma of 60 and 

The low temperature plasma was employed to 

modify the GTR powder at 60 and 100 W power 

Surface roughness for the treated GTR 

powder increased. The FTIR and XPS 

[152] 
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100 W power was employed for 150 s at each power level.  results showed new functional groups 

on GTR sample after plasma treatment. 

 

Microwave 

(MW) 

MW power of 700 

W 

MW Exposure time of 3, 5 and 10 min. 

60 g of GTR with average particle size of 390 µm 

was stirred with speed of 80 rpm 

FTIR and SEM were used. There was 19 

% increase in Young’s modulus for 

NBR/NR composites. 

[109] 

MW power of 800 

W 

MW Exposure time of 90 s. GTR with particle size 

of 0.35 mm was stirred with speed of 2000 rpm. 

FTIR, TGA and AFM were used. There 

was a slight improvement in pavement 

rutting parameter for asphalt composites 

[167] 

MW power of 350–

900 W 

MW Exposure time of 15 and 60 s. 2.7 g of GTR 

with particle size of 200–250 µm was used. 

SEM and FTIR were used. There was 

increase in flexural stress at break for 

epoxy resin composites. 

[168] 

Gamma 

radiation 

Gamma Beam 651–

PT with 60Co. 

200, 250 and 300 kGy at a dose rate of 2.5 kGy/h 

was used to treat GTR of both 7 mesh and 20 mesh 

Increased unit volume, improved 

aeration, decreasing compressive and 

splitting tensile strength for composite. 

[55] 
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Transelektro LGI–

01 IZOTOP 

200, 250 and 300 kGy at a dose rate of 2.5 kGy/h 

was used to treat 7 mesh and 20 mesh GTR. 

Improved elastic modulus and 

deformation with increase in radiation 

dose 

[148] 
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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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