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Abstract: The recycling of wastes to obtain value-added products is a great challenge in  the sustainable 
economy. In our studies, a mixed precursor containing aluminium scrap from end – of – life vehicles and TiO2 

Degussa P25 was used to prepare TiO2 modified Al photocatalyst through solid state reaction. Al scrap and 
TiO2 Degussa P25 in the ration of n(Ti) / n(Al) = x (x = 0.0 - 2.5), and acetylacetonate and Tween 80 was mixed 
under magnetic stirring and sintered using a conventional furnance at 550°C. DTA – TG – DTG, X – ray 
diffraction, Fourier – transform infrared, UV – Vis and photoluminescence spectroscopies were assed to 
investigate the thermal, structural, optical properties and photocatalytic activity. The effect of aluminium 
concentration on the characteristics of TiO2 Degussa P25 depending on the above instruments are studied. XRD 
revealed that the materials have crystal structure of anatase TiO2, rutile TiO2 and aluminium. The opto-
electronic properties show that Al addition shifted the absorption spectra toward the visible range. The 
photocatalytic performance of Al – TiO2 composites was quantified by the degradation of Allura Red solution 
under a visible condition. The highest photocatalytic activity (79.99%) was achieved for the sample containing 
0.5% Al and a higher concentration of Al particles shields the active centres of the semiconductor, thus reducing 
its photocatalytic activity. Aluminium scrap from end-of-life vehicles can be a source of raw material to be 
considered in semiconductor production. The spin-trapping technique evidenced that •O2- was the main 
species generated responsible for the Allura Red degradation. 

Keywords: Aluminiu scrap; end – of – life vehicles; composite material; photocatalysis 
 

1. Introduction 

End-of-life vehicles (ELVs) have become an emerging challenge associated with the rapid 
growth in the world economy and industrial development because of their large and increasing 
production volumes. Aluminium alloys are widely used in the automotive and aerospace industries 
due to their high specific strength and corrosive resistance. Because this alloys can no more satisfy 
the increasing requirements of the market, aluminium – matrix composite materials reinforced with 
solid particles, have attracted extensive attention, becoming more extensive studied [1–3] and 
aluminium scrap (old and new) [4–7] become the most widely recycled non-ferrous metals in the 
world [3,8,9].  

End-of-life vehicles (ELVs) have become an emerging challenge associated with the rapid 
growth in the world economy and industrial development because of their large and increasing 
production volumes. Aluminium alloys are widely used in the automotive and aerospace industries 
due to their high specific strength and corrosive resistance. Because this alloys can no more satisfy 
the increasing requirements of the market, aluminium – matrix composite materials reinforced with 
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solid particles, have attracted extensive attention, becoming more extensive studied [1,2,10] and 
aluminium scrap (old and new) [11–14] become the most widely recycled non-ferrous metals in the 
world [3,15,16].  

2. Results 

2.1. Precursor solution analysis 

2.1.1. Thermal analysis  

The thermal analysis TG–DTA–DTG was performed on the dried at room temperature, for 10 
days and heat treated at 150°C for 2h on 2.5%Al doped titanium precursor’s solution in the 
temperature range 20 – 1000°C at a heating rate of 10°C/min in an airflow (Figure 1) in order to 
establish the optimum crystallization temperature for the corresponding oxides. From the TGA 
curves weight loss is in majority characterized by two different zones. First, weight loss falling in the 
range 0 – 350°C due to moisture removal, decomposition of amorphous carbon from Tween 80 and 
acetylacetone. The second zone in the range 350 – 1000°C is due to several structural changes, such 
as conversion of the anatase phase of TiO2 in rutile, aluminium melting. 

  
(a) (b) 

Figure 1. The TG–DTA–DTG curves thermogram of the dried (150°C) titania precursors. 

2. 2 Nanopowder solution analysis 

2.2.1. X–ray diffraction analysis  

The XRD patterns of TiO2 Degussa P25 and Al - TiO2 composites after calcination at 500°C for 
2h, are shown in Figure 2. XRD diffraction patterns illustrate the fact that all titania samples contain 
the tetragonal anatase crystalline phase (PDF card 00-021-1272), rutile (PDf card 01-076-0318) and Al 
(PDF card 00-004-0787). The presence of this phases in the materials indicate the absence of a chemical 
reduction mechanism [17]. The absence of other peaks, specially of Al2O3 thin film which can be 
formed on surface due to easily oxidation of Al, means that formed alumina on the Al surface is non-
crystalline [18]. 

The Lee at el. [19] observed reduction of grain size and presence a lower crystallinity weaking 
intensity of the anatase (101) peak with increasing de Al contents, confirmed by Rietveld rafination.  
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Figure 2. XRD patterns of Al - TiO2 nanoparticles. 

In order to determine the effective crystallite mean size (Deff) the Warren - Averbach X-ray profile 
Fourier analysis of the (101) (2 = 25.209°), (004) (2 = 37.527) and (200) (2 = 47.874°) anatase peak 
profiles were processed by the XRLINE [20] computer program. The crystallite size distribution 
function was determined from the second derivative of the strain corrected Fourier coefficients [21]. 

By single X-ray profile Fourier analysis of Ag - TiO2 nanoparticles, the microstructural 
information such as the effective crystallite mean size, Deff  (nm), the root mean square (rms) of the 
microstrains averaged along the real space distance, 〈��〉����/� were obtained [22]. 

Rietveld type refinement for determination of elementary parameters of the cell was performed 
with the Powder Cell program [25], developed by Werner Kraus & Gert Nolze (BAM Berlin). 

The cell parameters of sample are close, due to the structural distortions that break the crystal 
continuity induced by Al3+ addition [26], but the a and c parameter change slightly, as results the cell 
volume changes. According with literature the influence of Al on the cell volume and unit cell are 
contradictory [27]: introduction of Al increase in the crystal lattice parameters a and c [28] or have 
opposite effect, depending on the sources of aluminium (salts, metallic aluminium …).   

Table 1. The effective crystalline mean size, D��� (nm), the root mean square (rms) of the microstrains 
averaged along the real space, 〈ε�〉����/�. 
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Al TiO2 
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TiO2 

rutile 

a [Å] c [Å] 

TiO2 Degussa P25  - 88.1 11.9 3. 8019 9.5353 137.83 24.805 7.54 

0.5% Al 1.607 87.9 10.49 3.800 9.5346 137.67 24.72 7.69 

1.0% Al 3.515 87.735 8.75 3.7935 9.5368 137.15 24.65 7.73 

1.5% Al 5.241 87.21 7.54 3.7936 9.5268 137.10 24.51 7.82 

2.0% Al 7.097 87.183 5.72 3.7838 9.5206 136.52 24.38 7.92 

2.5% Al 9.12 86.76 4.12 3.7863 9.5122 136.36 24.22 8.03 
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2.2.2. FT – IR spectroscopy  

FT – IR spectroscopy in the 4000 – 450cm-1 region (Figure 3) was carried out to estimate the 
variation in the functional groups, which influence the interface formed with the absorber layer and 
the electronic structure [27]. The vibrational mode peak present around 3000 to 3650cm-1 attributed 
to the hydroxy functional groups, which is present on the surface of  TiO2 and / or bonded to Al3+ 

[28]. The peak around 1600 cm-1 is associated with  anatase phase or Me – O, Ti – O, and Ti – O – Me 
stretching vibration [27,29,30]. The broadband between 450-1000cm-1 is related to the stretching 
vibration of Ti – O – Ti [31].  

 
Figure 3. FT – IR spectra of Al – TiO2 samples. 

2.2.3. UV -Vis spectroscopy  

Figure 4 reveals the infrared spectra of the samples. The absorption range of Al – TiO2 samples 
shows a red shift compared with undoped TiO2 due to Al incorporating into the titania framework 
and reduction of band – gap caused by the transition of sp electron of aluminium to the conduction 
band of TiO2 [32]. 

 
Figure 4. UV – VIS spectrum of Al modified TiO2 nanoparticle. 
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2.2.4. Optical band gap energy, Eg determination  

Based on the optical absorption edge obtained from the UV – Vis spectra, the energy band gaps 
(Eg) for the synthesized samples were estimated using the Tauc’s equation by plotting (Ahν)n, where 
A is the absorption coefficient, and hν is the photon energy.  The value of � =  �� , �� , 2 �� 3 depending 
on the nature of the electronic transition responsabile for absorption. Based on the obtained results 
that are given in Figure 5. The nedoped titania posses a band gap almost equal with the pure titania 
anatase ��� = 3.0 − 3.2��� [33]. This difference is due to the presence in this case of two crystal 
structure: anatase and rutil, which broaden the range of the absorption for TiO2 [34]. After de Al 
addition the indirect band gap (n = 2) is reduced from 2.98 to 2.82eV and for � =  �� (direct band gap) 
is 2.99 to 2.81eV, respectively. The shift in the absorbance implies a reduction in the bandgap due to 
the narrowing of the bandgap energy by Al addition and formation of intermediates states between 
the valence bands and conduction bands [3,27,35,36]. 

 
Figure 5. Extrapolation of the band gap energy for direct band gap. 

2.2.5. Morphology of nanocomposites 

The morphology of the as prepared samples is shown in Figure 6. The agglomeration was 
present due to strong van der Waals interaction, as was observed by Ray [37]. 
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(e) (f) 

Figure 6. Morfology of composites granule. (a) TiO2 Degussa P25, (b) 0.5% Al, (c) 1.0% Al, (d) 1.5% 
Al, (e) 2.0% Al and (f) 2.5% Al. 

The elemental composition of the   0 – 2.5% Al was determined through energy dispersive X-
rays analysis (EDX, Figure 7). EDX analysis revealed that amount of introduced aluminium varied in 
the range 2.8 to 28.2 wt% for all samples (Table 2).  

  

(a) (b) 
Figure 7. EDX spectra of the Al modified TiO2 nanoparticle. (a) 0.5% Al and (b) 2.5% Al. 

Table 2. Atomic percentage of Al modified TiO2 nanoparticles as prepared samples corresponding to 
EDX examinations. 

Sample Mass ratio (%) 
O Ti Al 

Al waste 47.1 - 52.9 
TiO2 Degussa P25 40 60 - 

0.5% Al 40.4 56.8 2.8 
1.0% Al 41.2 48.2 10..6 
1.5% Al 42.5 45.9 13.4 
2.0% Al 43 35.2 21.9 
2.5% Al 43.8 28.0 28.2 

2.2.6. Photoluminescence spectroscopy  

The PL spectra of Al – TiO2 nanoparticle with different amount of Al particles is illustrated in 
Figure 8. The emission band at 378nm is attributed to band – to – band excitation [38,39]. Emission 
around ~465nm is related to defect stress formed by oxygen vacancies [ ] and defect levels below the 
conduction band of titania nanoparticles [40] and blue-green emission at 485nm can be attribute the 
charge transfer from Ti3+ to oxygen anion in a [����]��complex  associated with oxygen vacancies 
at  the surface. This presence is originating from the intrinsic state rather the surface state [41].  

Additional peaks at 510 nm belongs to oxygen vacancies on the surface of titania nanoparticles 
[42]. 
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Figure 8. Photoluminescence spectra of Al - TiO2 nanomaterials. 

2.2.7. Photocatalytic activity determination  

In order to evaluate the photocatalytic activity of the Al modified TiO2 nanoparticles, the 
degradation of Allura Red in aqueous solution was carried out at room temperature under UV 
irradiation (365nm). To obtain a good dispersion and ensure absorption – desorption equilibrium, 
the solution was stirred for 1h in a dark position inside the photo-reactor before light irradiation.  

The efficiency of the photocatalysts for selected Allura Red degradation was calculated 

according to equation: � (%) =   ��� ����  � 100, where co is the initial dye concentration and Ct is 

the concentration of dye at time t (Figure 9). 

 

Figure 9. Photocatalytic degradation of Allura Red by Al – TiO2 nanostructures. 

As can be seen in Figure 9, 97.46% of Allura Red was photodegraded in the presence of 0.5 Al 
sample after 150 min, i. e. 1.65% times higher than commercial TiO2 P25 Degussa. The Degradation 
efficiency of all the samples are presented in Table 3. 

The photocatalytic process can be evaluated by the Langmuir –Hinselwood expression: −�� ������  = ��,, unde �� and �� are the dye concentration at time 0 and t (after irradiation), k (min-

1) is the pseudo - first order rate constant. The calculated rate constants and correlation coefficients 
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corresponding to Figure 10 are presented in Table 3. The acquired k values suggest that the best 
performance was obtained using 0.5% Al. 

 

Figure 10. Kinetics of Allura Red degradation. 

The calculated rate constants and correlation coefficients corresponding to Figure 10 are 
presented in Table 3. As can be see, 97.46% of Allura Red was photodegraded after 150 min, i. e. 1.65% 
times higher than commercial TiO2 Degussa P25. The acquired k values suggest that the best 
performance was obtained using 0.5% Al. 

Habibpanah et al. [43] reported also the reduction in titania photocatalytic activity due to 
increasing oxygen deficiency, which induce a faster rate of electron – hole recombination and leads 
to a reduced photocatalytic activity.  

Table 3. Photodegradation rate, apparent first-order rate constant (ki) of photocatalytic degradation 
and correlation coefficient (R2). 

Sample 
Photodegradation rate 

(%) 
��  ∙  10�� 

 
 

R2 

TiO2 Degussa P25 58.72 3.21 0.98442 
0.5% Al 97.46 9.70 0.98782 
1.0% Al 73.66 5.78 9.95895 
1.5% Al 61.51 6.29 0.92502 
2.0% Al 44.91 4.44 0.93028 
2.5% Al 40.11 4.94 0.89307 

Scavanger experiments 

To carry out this experiment, scavengers were added to the test solution under optimal 
conditions obtained as previous was descripted.  

Figure 11 shows the addition of vitamin C for ��� and tert butanol for ���, act as a scavengers 
exhibit photodegradation efficiency within 150 min. the percentage of Allura Red  degradation after 
150 min in the presence of vitamin C was 7.46%, and for tert-butanol was 4.06% (Figure 11), 
demonstrating the relevance of hydroxyl and single oxygen radicals to Allura Red. 
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Figure 11. Photocatalytic degradation of Allura Red solution containing scavengers. 

Effect of the solution pH on pollutant eliminations 

The acidity and basicity of the wastewater produced by industrial entities has an important role 
during heterogeneous photocatalysis since it affects the surface of TiO2 and the charge of substrates 
[44]. To examine the influence of pH value, NaOH and HCl were used to adjust de activity of the 
Allura Red – dispersed solution. Figure 12 indicates the photocatalytic degradation of Al – TiO2 
nanostructure at different initial pH value of 2, 6 and 11 under UV irradiation as a function of test 
time. 

 

Figure 12. Effect of initial solution pH on Allura Red. 

Photocatalytic cycling experiments 

To evaluate the stability and reusability of the Al modified TiO2 based nanoparticles 
photocatalyst in Allura Red dye, the recycling experiments were carrier out for 3 runs. After each 
cycle the recovered photocatalyst was separated from the solution, and after washing several times 
with deionized water and dried, and reused in the degradation for the next time. As show in Figure 
13. the photodegradation efficiency reduced from 97.46% to 93.93%. The main reason behind this 
descending trend is the weight loss of the photocatalytic during the each run. This fact indicates that 
the samples still maintain a relatively high photodegradation capacity and good reusability after 3 
runs under visible light irradiation and constant experimental conditions. The Allura Red dye 
degradation efficiency is well – preserved above 96.93%, as mentioned, even three cycles, indicating 
excellent stability of the photocatalyst in the degradation of Allura Red. 
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Figure 13. The reusability of Al doped titania for degradation of Allura Red. 

Photocatalytic mechanism. Reactiv Oxigen Species (ROS) Generation 

To identify the reactive species generated by 0.5%Al sample, EPR coupled with spin trapping 
technique was used. After 25 min of irradiation with  UV light a complex spectrum was obtained. 
To separate contribution of generated ROS, a simulation of the spectrum was performed. The best 
simulation contain a linear combination of the following spin adducts: •DMPO‒CH3 (aN = 13.2 G, 
aH = 8.2 G, , aH = 1.8 G, g = 2.0098 relative concentration 58%), •DMPO‒O2- (aN = 12.7 G, aH = 10.2, 
aH = 0.8 G, g = 2.0098, relative concentration 19%), and nitroxide-like radical (aN = 13.6 G, g = 2.0098, 
relative concentration 23%). The •DMPO‒CH3 adduct is form by the interaction between the 
produced •OH radical and the DMSO solvent. Consequently, the sample generates both •OH and 
•O2- radicals, the main species being •OH.  

The other specie observed is the nitroxide radical resulted by cleavage of the N-C bond and ring 
opening of DMPO [45]. 

3. Materials and Methods 

3.1. Materials and sample preparation 

This novel method can be divided in two basic steps: (i) obtaining of aluminium waste from end 
– of – life vehicles, (ii) pure and TiO2 modified materials preparation.  

3.1.1. Aluminium waste from end – of – life vehicle 

The shredding phase was obtained, after car collecting and dismantling, using the Shredding 
installation, Lindemann mark.  

The shredder installation is specifically for the processing of large metal waste, parts, and sub-
assemblies from end-of-life vehicles. For testing, the shredded phase resulting from the chopping 
plant was used with average dimensions of 3x4 mm in cross section and 50-60 mm in length. 

The preparation of the crushed phase consisted of the removal of foreign bodies and their 
compactation using a manual press. Molds of easy-to-handle material with a small specific surface 
were obtained, to avoid losses through oxidation. 

The melting of the aluminum waste thus prepared was carried out in a flame furnance, with a 
crucible of 3 kg capacity. The time of a processing batch to obtain recycled aluminum were 2.5 h. To 
avoid contamination of the liquid alloy bath with oxides and gases from the environment were used 
specific covering materials. The slag formed during melting was removed twice: the first time when 
the melt was completely formed and the last time before exiting the furnance, for an alloy as clean as 
possible. The aluminum alloy was cast at a temperature of 720 °C, in molds from the forming mixture 
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resulting in simple parallelepiped samples 20x22 mm and 300 mm long. The cast and cooled samples 
were debited and prepared for machining. 

Aluminum powder was obtained by cold machining process of the sample on a universal milling 
machine. 

3.1.2. Preparation of Al – TiO2 nanoparticle.  

The TiO2 based materials were produced by solide state reaction. As starting chemical were 
used: P25 TiO2 commercial powder (Degussa AG, Germany), acetylacetone (Merck, Germany) and 
Tween 80 (Merck, Germany). Titania nanopowder (5g) was dispersed into 10ml deionized water, 
adding then 1.2 ml mixture of acetylacetone : Tween 80 (1:2 volumetric ratio) in order to obtain a 
better dispersion and particle uniformity and Al waste in the ration of n(Ti) / n(Al) = x (x = 0.0; 0.5; 
1.0; 1.5; 2.0 and 2.5). The homogenous obtained by mixing the reagents with a magnetic stirrer is 
keeped 5 days at 20° and the is sintered using a conventional furnance at 500°C, 2h, with a 
temperature ramp of 10°C/min.  

3.2. Characterization 

Thermal analysis (TG–DTA–DTG) was recorded with a Mettler-Toledo Thermogravimeter 851e 
equipment. The TG–DTA–DTG was performed in air, in the temperature range 20–1000°C using 
upgraded computer controlled equipment. About 38,679 mg of sample was heated in Pt-holder with 
another Pt-holder containing a-alumina as reference material. The sample was heated at a rate of 
10°C/min from ambient temperature to 1000°C in static air. 

The XRD was recorded on the BRUKER D8 Advance X-ray diffractometer, working at 45kV and 
45mA. The CuKα radiation, Ni filtered was collimated with Soller slits. A germanium 
monochromator was used. The data of the X-ray diffraction patterns were collected in a step-scanning 
mode with steps of Δ2θ = 0.01°. Pure silicon powder (standard sample) was used to correct the data 
for instrumental broadening. The Warren - Averbach X-ray profile Fourier analysis of the (101), (004) 
(200) and (204) anatase peak profiles were processed by the XRLINE [20] computer program in order 
to determine the effective crystallite mean size (Deff). The crystallite size distribution function was 
determined from the second derivative of the strain corrected Fourier coefficients [21]. FT-IR spectra 
of the powder samples using KBr pellet technique, in the absorbance mode have been recorded using 
JASCO FT/IR-6100 Fourier Transform Infrared Spectrometer in the 400 - 4000cm-1 wavenumber range 
with a resolution of 2cm-1. 

For the morphology of samples, a Scanning Electron Microscope Hitachi SU8230 scanning 
electronic microscope (Tokyo, Japan), using 30 kV, 15 mm working distance. The instrumental 
analysis of the sample composition was determined by Oxford Instruments EDS System (Oxford, 
UK) and AZtech software (Greeley, CO, USA). 

Optical UV–VIS absorption spectra were recorded on the PERKIN-ELMER LAMBDA 45 
spectrophotometer (JASCO International Co., Ltd., Tokyo, Japan), equipped with an integrating 
sphere assembly of 200–900 nm. This characterisation method was used to determine the band gap 
energy of the Al – TiO2 samples and to know its relationship with the amount of Al used. The band 
gap was estimated from the Tauc’s equation.  

Photocatalytic measurements were performed by immersing the 0.5 mg samples in the Allura 
Red solution (co = 2 x 10-5)  irradiated with UV lamp (15 W) emitting at 365 nm.  

The absorbance of the Allura Red solution was measured using a T80+ UV–VIS, Pro Instruments 
Ltd. Spectrophotometer (Leicestershire, UK). The effect of the initial 2–11 pH solution on the 
degradation of Allura Red, under a UV lamp (15 W) emitting at 365 nm for 150 min was also 
determined.  

5,5-dimethyl-1-pyrroline N-oxide (DMPO, Sigma-Aldrich, Merck, KGaA, Darmstadt, Germany) 
was used as a spin-trapping reagent. The nanoparticles (10 mg) were dispersed in DMSO (1 mL) and 
homogenized in an ultrasound bath (30 min) before use. DMPO of 0.2 mol/ concentration was added 
to the suspension. The samples were prepared immediately before measurements and transferred 
into the quartz flat cell optimized for liquid measurements. 
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5. Conclusions 

Aluminium scrap from end – of – life vehicles modified TiO2 nanoparticle was succesfully 
synthesized by solid state reaction and its capability to photodegrade the Allura Red dye was 
evaluated in different conditions in therms of pH value, in presence of scavengers and the recycling 
experiments for 3 runs.  

XRD calculations also showed that the a and c parameter of TiO2 anatase change slightly, as 
results the cell volume changes. The opto-electronic properties shows that Al addition shifted the 
absorption spectra toward the visible range. The highest photocatalytic activity (79.99%) was 
achieved for the sample containing 0.5% Ag. A higher concentration of Al particles shields the active 
centers of the semiconductor, thus reducing its catalytic activity.  The Langmuir – Hinselwood 
kinetic model can be efficiently applied for describing the Allura Red photodegradation under UV 
irradiation. The •OH are the main species generated and responsible for Allura Red degradation. 
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