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ABSTRACT 

Reused tyres whose surfaces were treated with various chemical acids, such as H2SO4, HNO3 and HClO4, were 
used as reinforcement in HDPE-reused tyre composites. Their mechanical properties (e.g. tensile strength, 
Young’s modulus, toughness and elongation at break) were studied to evaluate how surface treatments may 
improve compatibility between the two components. The effect of chemical modifications on the surface of 
reused tyres was monitored by FTIR, the determination of mechanical properties and SEM. The importance of 
rubber treatment can be assessed by comparing the results of treated and untreated composites and neat HDPE. 
Reused tyre rubber, added to the HDPE in small quantities, acts as a filler, improving the stiffness and providing 
a more brittle behaviour. Nevertheless, a rubber content above 10%, using either untreated rubber or rubber 
treated with HClO4, gives lower values of Young’s modulus than neat HDPE. Elongation and toughness values 
are also lower. Treatment with H2SO4 and HNO3 improves the ability of rubber to interact with the HDPE, 
increasing the material’s stiffness. The treatment with H2SO4 was the most effective, whereas HClO4 did not 
improve the material’s properties. 
 
 
1. INTRODUCTION 
 
Used tyres are a major problem in Europe. Used tyres and end-of-life (EOL) tyres are tyres 
that have completed their functional life and cannot be used for automobiles. Until recently, 
they were either buried with other industrial waste in landfill sites or stockpiled in huge 
dumps that could easily contain millions of tyres. It has been estimated that around one billion 
tyres are withdrawn from use in the world every year. In Europe, this figure is approximately 
250 million tyres. Of these tyres, around 60% are recovered in some way and the rest end up 
in landfills [1-3]. Currently, there are various means of recovery: reuse, rethreading, 
recycling, landfill engineering and energy recovery. The European Tyre Recycling 
Association and the European Committee for Standardisation have initiated a project aimed at 
establishing common standards for four materials made from used tyres. In this paper, we 
propose a new composite material that has a polyolefin matrix and is reinforced with reused 
tyres, which is another way of reducing the stock of used tyres. 
 
The mechanical properties of polymer materials, such as toughness, impact strength, 
elongation at break, etc., determine their potential applications. Rubber has been widely used 
to toughen polymeric materials, because it acts as a stress concentrator that induces energy 
dissipation. The properties of elastomer-thermoplastic composites depend on the properties of 
the individual components and on their interfacial compatibility. In order to improve the 
interaction between the components, various chemical acids, such as H2SO4, HNO3 and 
HClO4, were used as rubber surface modifiers. The effect of chemical and physical 
modifications of the surface of the reused-tyre rubber on the composite’s performance was 
monitored by determining its mechanical properties and by using Fourier transform infrared 
(FTIR) spectroscopy and scanning electronic microscopy (SEM). 
 
 
2. METHODOLOGY 
 
Materials  
High-density polyethylene (HDPE), supplied by REPSOL-YPF, with a melt flow index of 
1.35 g/min and a density of 960 kg/m3, and reused tyres supplied by Alfredo Mesalles-Spain 



were used to make the composites. Three oxidant acids (H2SO4, HNO3 and HClO4) were used 
as reagents for the pretreatment of rubber. 
 
Preparation of composites 
The tyre rubber was previously micronized (400–600 µm average particle size) and dried in 
an oven at 100ºC for 24 hours. Four rubber-HDPE compositions (5, 10, 20 and 40 wt%) were 
then prepared from untreated and acid-treated rubber. The mixing process was carried out in a 
two-roll mill heated at 153ºC. To limit the polymer’s degradation, the mixing was carried out 
for no longer than 3 minutes for each compound. Neat HDPE samples were subjected to the 
same process in the two-roll mill so that they had the same thermal history as the rubber-
reinforced polymer. Composite sheets (150 x 150 x 2 mm) were randomly prepared by hot 
press moulding at 100 kN and 170ºC for 15 min. The cooling step was carried out under 
pressure and water was employed as a refrigerant.  
 
Pretreatment of micronized rubber with oxidants acids 
The rubber was treated with sulphuric, nitric and perchloric acid following these steps: (a) 
immersion in concentrated acids for 1 min; (b) removal from the acid bath and reaction in air 
for 2 min; (c) neutralisation of the acid using hot distilled water and ammonium hydroxide 
(15 wt% ammonia); and (d) washing with distilled water to pH 7 at room temperature. 
 
Mechanical testing  
Tensile tests were carried out to determine the evolution of Young’s modulus, toughness, 
tensile strength and the percentage of breaking deformation versus tyre-rubber content and 
surface modification. For this purpose, the ASTM-D-412-98 Standard was applied using a 
universal machine, Adhamel Lmargy DY-34. It was fitted with an extensometer laser type 
Class B-2 (Hounsfield 500 L). The testing speed was 20 mm/min and the maximum error in 
the determination of Young’s modulus was 0.0002 mm/mm. Samples were 4 mm wide and 
measures were taken as indicated in the aforementioned standard, at a temperature of 23 ± 2ºC 
and a relative humidity of 50 ± 5 %. Toughness was calculated from area measurements. 
Statistical analysis was conducted on the mechanical testing data to determine the significance 
of the values for Young’s modulus, toughness, tensile strength and the percentage of breaking 
deformation. Five replicate samples were analysed, and average and standard deviation 
percentages were calculated . 
 
Fourier transform infrared spectroscopy 
Fourier transform infrared (FTIR) spectra were obtained by means of a Nicolet 510 M 
spectrometer with CsI optics. Samples of the powdered rubber (400–600 µm average particle 
size) were ground and dispersed in a matrix of KBr (9 mg finely divided rubber in 300 mg 
KBr), followed by compression at 167 MPa to consolidate the formation of the pellet. 
Reduced absorbance values were used in order to avoid the spectral differences arising from 
the preparation of KBr pellets. To calculate the reduced absorbance, the absorbance value of a 
given band of the spectra is divided by that of an invariable band. 
 
Scanning electron microscopy 
Scanning electron microscopy (SEM) was used to qualitatively examine the surface etching of 
the powdered rubber produced by the oxidant acids. The surfaces of the samples were 
examined with a Zeiss DSM 960 scanning electron microscope. Dry samples were coated 
with a thin layer of carbon before observation under the microscope, in order to increase the 
samples’ conductivity. 



 

3. RESULTS AND DISCUSSION  

Mechanical properties 
 
The mechanical performance of various surface treatments on reused tyres (e.g. sulphuric, 
nitric and perchloric acids) in filled HDPE composites is shown in Table 1. The mechanical 
properties of untreated composites are also compared to those of modified composites. The 
data shown in the table indicate that the mechanical properties of the composites change 
significantly with an increase in reused tyre content.  
 
 

Table 1. Mechanical properties of the HDPE-tyre rubber composites (ASTM D 412-98) studied 
 

Rubber 
content 

Young’s modulus 
(MPa) 

Toughness 
(J) 

Elongation 
at break (%) 

Tensile strength (MPa) 

HDPE 
0% 421  (3.44%) 49.42  (5.87%) 999.63  (1.43%) 18.7  (6.23%) 

HDPE-tyre rubber untreated 
5% 535.85  (12.45%) 1.97  (10.07%) 40.89  (12.28%) 21.13  (13.05%) 

10% 433.52  (4.72%) 1.62  (8.78%) 28.07  (5.98%) 19.20  (4.60%) 
20% 387.17  (3.12%) 0.90  (7.77%) 19.26  (7.78%) 14.07  (5.22%) 
40% 202.10  (11.2%) 0.38  (11.48%) 18.75  (9.54%) 7.12  (10.72%) 

HDPE-tyre rubber treated with H2SO4
5% 521.10  (6.64%) 1.70  (11.76%) 27.9    (7.89%) 16.23  (4.59%) 

10% 523.27  (2.51%) 0.81  (9.23%) 19.66  (6.67%) 17.54  (8.27%) 
20% 635.40  (3.05%) 0.63  (10.43%) 10.66  (8.72%) 23.15  (6.19%) 
40% 728.51  (10.03%) 0.11  (5.31%) 5.51   (6.37%) 16.27  (3.29%) 

HDPE-tyre rubber treated with HNO3
5% 551.37  (4.24%) 1.84  (8.15%) 36.05  (13.23%) 17.76  (6.24%) 

10% 519.16  (1.67%) 0.76  (5.67%) 21.91  (7.20%) 14.75  (6.98%) 
20% 534.91  (3.01%) 0.85  (7.21%) 15.66  (5.03%) 13.92  (4.03%) 
40% 465.26  (6.61%) 0.24  (4.09%) 11.09  (3.29%) 8.67  (4.69%) 

HDPE-tyre rubber treated with HClO4
5% 435.83  (5.76%) 1.54  (10.17%) 11.72  (16.06%) 21.76  (9.81) 

10% 218.25  (3.97%) 0.27  (20.95%) 8.94  (16.35%) 5.78  (4.31%) 
20% 199.05  (2.18%) 0.22  (13.20%) 8.11  (10.205) 4.32  (4.29%) 
40% 121.00  (4.59%) 0.12  (20.70%) 6.70  (12.38%) 3.27  (5.81%) 

 
 
The tensile strength of untreated composites generally decreases as the reused tyre content 
increases. Figure 1 shows that, in comparison to the neat polymer, the tensile strength of 
treated composites only improves with an increase in reused tyre content in composites in 
which the reused tyre surface is treated with H2SO4. In contrast, the decrease is significantly 
greater in the HClO4-treated reused tyre surface (hereinafter RTS) composites than in HNO3-
treated RTS and untreated composites. Therefore, the use of HClO4 clearly reduces adhesion 
ability and physical contact at the interface. The RTS composites treated with H2SO4 show a 
completely different behaviour because tensile strength increases slightly when the filler 
component is present (i.e. there is an increase in tensile strength of 24% when 20% of reused 
tyre is incorporated). Consequently, the tensile strength is influenced by both the reused tyre 
content and the chemical modificator agent used. For a 40% reused tyre content, all the 
composites show a poorer behaviour in terms of tensile strength than neat HDPE.  
 
 
 



   
 

 
Fig 1 and 2  Tensile Strength and Young’s Modulus versus tyre content for untreated, treated with H2SO4, 

HNO3 and HClO4 HDPE-reused tyre composites. 
 
 
The effect of the modified surface of reused tyres on the Young’s modulus of composites is 
shown in Figure 2. In general, the Young’s modulus for all composites increases only when 
the content in reused tyres is about 5%. Nevertheless, the behaviour that follows the initial 
behaviour differs depending on the treatment applied: H2SO4 and HNO3 treatments provide a 
higher Young’s modulus than neat HDPE and than the corresponding values for untreated 
rubber composites, whilst treatment with HClO4 obtains lower values than the HDPE and 
composites made with untreated rubber (see Table 1). The increase achieved with H2SO4 is 
far greater than with HNO3 (73% as opposed to 11% when incorporating 40% of reused tyre). 
 

 
 

0

0,5

1

1,5

2

2,5

0 10 20 30 40 50

tyre content (%)

To
ug

hn
es

s 
(J

)

untreated

H2SO4

HNO3

HClO4

0

10

20

30

40

50

60

0 10 20 30 40 5

tyre content (%)

el
on

ga
tio

n 
at

 b
re

ak
 (%

)

0

10

20

30

0 10 20 30 40 50

tyre content (%)

Te
ns

ile
 S

tr
en

gt
h 

 (M
Pa

)

untreated H2SO4
HNO3 HClO4

0

100

200

300

400

500

600

700

800

0 10 20 30 40 50

tyre content (%)

Yo
un

g'
s 

M
od

ul
us

 (M
Pa

)

untreated H2SO4
HNO3 HClO4

0

untreated

H2SO4

HNO3

HClO4

 
Fig 3 and 4  Toughness and elongation at break versus tyre content for untreated, treated with H2SO4, HNO3 and 

HClO4 HDPE-reused tyre composites. 
 
This mechanical property (Young’s modulus and tensile strength) depend on the dispersion of 
reused tyre in the HDPE matrix because, in contrast with other toughened materials, the 



reused tyre is responsible for the decrease in deformation capacity within the elastic area [4, 
5]. In this case, the HDPE matrix, which is of a very plastic type, provides ductility, whereas 
the reused tyre, which is very rigid, exhibits a more brittle behaviour with a subsequent loss of 
toughness in the composite material (Figure 3). The elongation at breaking point (Figure 4) 
mainly depends on the reused tyre content, although composites made of rubber modified 
with chemical agents show worse results. This mechanical property decreases from 999 to 
41% (25 times lower) when only 5% of untreated reused tyre is incorporated. In the case of 
modified reused tyre, the elongation at breaking point is 34 times lower (for all oxidant acids).  
 
Scanning electronic microscopy of reused tyre surfaces 
 
Several SEM microphotographs of the rubber particles appear in Figure 5. Untreated particles 
show a smooth surface, which is not suitable for mechanical adhesion. HClO4 does not seem 
to significantly affect surface characteristics. This weak attack may explain the low values for 
the properties of materials subjected to this treatment. HNO3 and H2SO4 provide a rough 
surface, including the formation of micropores and cavities that help to improve the interfacial 
contact and the link between the matrix and disperse particles. The effect is particularly 
noticeable in the case of H2SO4, which is directly related to the mechanical performance of 
the materials containing rubber treated with this acid. The microroughness achieved with 
these treatments is related to the ability of the acid to degrade and remove part of several 
components of the reused tyre on the surface of the particle. 
 
 
 

a b 

 
 

c d 
Fig 5  SEM Microphotographs of used tyre rubber particles: a) untreated b) treated with HClO4   c) treated with 

HNO3  d) treated with H2SO4 

 
 



Spectroscopy study of surface treatment  
 
Chemical changes produced by acid treatments on rubber were studied by means of FTIR 
spectroscopy. Figure 6 shows a FTIR spectral area of 400–1800 cm-1 for the samples treated 
with HClO4, HNO3 and H2SO4 and compares these values to those for untreated tyre rubber. 
To obtain this spectrum, we chose the band at 1026 cm-1 assigned to carbon black [6, 7] as a 
reference. The spectral analysis of untreated reused tyre shows a weak band at 1739 cm-1 that 
is associated with the thermal oxidation that occurs as a result of the exposure of the surface 
to oxygen, and which induces the formation of an oxidation skin that includes carbonyls 
groups. The strong band at 1640 cm-1 is associated with C=C polyisoprene, the weak band at 
1540 cm-1 to zinc stearate (anti-adherent compound), bands at 1430 C with the scissoring 
vibrations of =CH2 (butadiene), the band at 875 cm-1 with the trans isopropenyl unit (-
C(CH3)=CH-) and the band at 470 cm-1 with S-S [6, 7]. 
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Fig 6   Spectra of reused tyre rubber particles: a) untreated, b) treated with HClO4, c) treated with HNO3,  d) 
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The study of FTIR spectra shows that treating the tyre rubber with sulphuric acid produced 
several chemical and degradative modifications on the tyre surface, mainly the formation of 
sulphonic acid, a decrease in double bonds (1640 cm-1), due to the degradation process of 
polybutadiene and other unsaturated components of tyre, and a decrease in content in minor 
components. These phenomena may be related to the disappearance of the weak bands at 
1739 and 1540, the decreasing of bands at 1430 and 875 and the appearance of new bands at 
1402, 1121 and 618 cm-1, which is indicative of the O=S=O stretching absorptions of 
sulphonic acid. These results are in agreement with previous studies by a range of authors [8, 
9]. Physical changes in the surface, such as the formation of microroughness and 
microporosities observed by SEM in Figure 5, which occur at the same time as the chemical 
modifications, are due to the partial degradation of several components observed.  



 
The treatment of rubber tyre with nitric acid presents similar results to the sulphuric acid 
treatment. As shown in Figure 6, the spectrum of samples exposed to nitric acid show a 
decrease of the same bands as those exposed to sulphuric acid (1739, 1640, 1540, 1430 and 
875 cm-1), plus an increase of the band at 1382 cm-1 assigned to N-N=O [7]. These spectral 
similarities are consistent with the similarities in the mechanical and topographical results for 
samples treated with these acids. Conversely, the spectrum of samples treated superficially 
with perchloric acid show less intense chemical modifications and a dissimilitude that agrees 
with the observed difference in mechanical performance and the physical modifications. 
 
The results of microscopy and spectrophotometry, which are summarised above suggest that 
the surface modification of tyres that have been subjected to different treatments influences 
their mechanical properties, and in some cases may also improve the interaction and 
compatibility between the HDPE matrix and reused tyre fillers. 
 
 
4. CONCLUSIONS 
 
From the study of the mechanical properties of the composites prepared we can draw the 
following conclusions: i) the addition of micronized reused tyre rubber to the HDPE in small 
quantities (5%) as a filler improves the stiffness and provides a more brittle behaviour; ii) a 
rubber content above 10%, using either untreated rubber or HClO4 treatment gives lower 
values for Young’s modulus than the original HDPE, and elongation and toughness values are 
also lower (this effect may be attributed to poor interfacial adhesion between the composite’s 
components); iii) treatment with H2SO4 and HNO3 improves the rubber’s ability to interact 
with HDPE, thus providing the materials with a greater stiffness, which may also be a 
consequence of the rigidization of the rubber after the acidic treatment because of the 
extraction of additives and degradation; and iv) the treatment with H2SO4 is the most 
effective, whereas the HClO4 does not improve the materials’ properties. 
 
SEM microphotographs show differences depending on the treatment followed. Treatments 
with H2SO4 and HNO3 produce a rough surface that is more suitable for mechanical adhesion, 
whilst HClO4 does not seem to affect the rubber surface. The results obtained for mechanical 
properties are justified in the light of these considerations. 
 
By studying the FTIR spectral bands, the main results obtained were the following: i) every 
treatment studied produces a specific chemical modification on the rubber, thus inducing the 
formation of specific groups; ii) several degradative effects appear in a similar way and do not 
depend on the acid used in the treatment (mainly the decrease in double bonds and the 
elimination of minor components and moieties); and iii) perchloric acid seems to produce 
fewer modifications than nitric or sulphuric acid. 

 
According to these results, in order to achieve a better mechanical performance in terms of 
rigidity, the sulphuric acid treatment seems to obtain the best results. The nature and intensity 
of the chemical modifications and the surface microroughness that it produces on the reused 
tyre rubber make it more suitable for adhesion with the matrix than any of the other 
treatments studied. 
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