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SUMMARY 
 
The Advanced Oxidation Process (AOP) with OH radicals are the most efficient to mineralize 
organic compounds, and there are various methods to generate OH radicals as the use of ozone, 
hydrogen peroxide and ultra-violet radiation and ionizing radiation. The irradiation of aqueous 
solutions with high-energy electrons results in the excitation and ionizing of the molecules and 
rapid   (10-14 - 10-9 s) formation of reactive intermediates. These reactive species will react with 
organic compounds present in industrial effluent inducing their decomposition. Titanium dioxide 
(TiO2) catalyzed photoreaction is used to remove a wide range of pollutants in air and water 
media, combined to UV/VIS light, FeO2, and H2O2, but as far as known there is no report on the 
combination with ionizing radiation. In some recent studies, the removal of organic pollutants in 
industrial effluent, such as Benzene, Toluene, and Xylene from petroleum production using 
ionizing radiation was investigated. It has been observed that none of the methods can be used 
individually in wastewater treatment applications with good economics and high degree of 
energy efficiency. In the present work, the efficiency of ionizing radiation in presence of TiO2 to 
treat industrial effluent was evaluated. The main aim to combine these technologies is to improve 
the efficiency for very hard effluents and to reduce the processing cost for future implementation 
to large-scale design.  
 
 
I. BACKGROUND 
 
The development of cost effective and clean processes through pollution prevention and waste 
treatment with enhanced efficiencies is an important chemical task. Destructive methods of 
pollutant removal have been investigated nowadays. The oxidation processes with OH radicals 
are the most efficient to mineralize organic compounds, and there are various methods to 
generate OH radicals as the use of ozone, hydrogen peroxide and ultra-violet radiation (AOP - 
Advanced Oxidation Process). The most efficient method for generating OH radicals in situ is 
the interaction of ionizing radiation with water. The irradiation of aqueous solutions results in 
the excitation and ionizing of the molecules and rapid   (10-14 - 10-9 s) formation of reactive 
intermediates. The most reactive species are the reducing radicals solvated electron (e-

aq), and H. 

atoms and the oxidizing radical hydroxyl, OH. These reactive species will react with organic 
pollutants present in liquid effluent inducing their decomposition. The primary products from 
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water irradiation tend to react with the functional groups present in an organic molecule rather 
than with the molecule as a whole [2, 3, 4, 5, 9].  In industrial effluent the removal efficiency can 
vary because of the presence of radical scavengers, such as O2, bicarbonate/carbonate ions, 
nitrate ion, methanol, and it is therefore, difficult to predict a priori the removal efficiency of the 
various organic solutes due to irradiation. 
 
The electron beam processing has shown high effectiveness in removing organic compounds in 
complex effluents. The degradation yield of the substrate depends on its starting concentration, 
hence the process was more effective when high number of organic molecules was present, 
because the reaction among reactive transients produces more radicals and the process continue, 
but it is not a direct proportion [2, 3]. 
 
The photo catalysis or photochemical degradation processes are gaining importance in the area 
of wastewater treatment. Various chalcogenides (oxides, such as TiO2, ZnO, ZrO2, CeO2 etc. or 
sulfides such as CdS, ZnS, etc.), have been used as photo-catalysts so far in different studies 
reported in the literature. The mostly investigated photo catalyst for the degradation of organic 
pollutants is TiO2.  This is a remarkably active, cheap, non-toxic, and chemically stables over a 
wide pH range and is not subject to photo corrosion. The photo catalytic degradation of 
pollutants by means of irradiated TiO2 with ultraviolet (λ<413 nm), is well documented in the 
literature. It has been described that oxidation takes place by either indirect oxidation by surface-
bound hydroxyl radicals or directly via the valence-band hole.  The photo catalytic mechanism 
occur at the surface of semiconductors and this indeed substantially enhances the rate of 
generation of free radicals and hence the rates of degradation [1, 6]. 
 
Titanium dioxide (TiO2) catalyzed photoreaction is used in studies to remove a wide range of 
pollutants in air and water media, combined to UV/VIS light, FeO2, and H2O2, but as far as 
known there is no report on the combination with ionizing radiation. In some recent studies [3], 
the removal of organic pollutants in industrial effluent, such as Benzene, Toluene, and Xylene 
from petroleum production using ionizing radiation was investigated. It has been observed the 
necessity of very high absorbed doses when very raw effluents must be treated, in this way none 
of the methods can be used individually with good economics efficiency.  
 
The aim of this work was to study the efficiency of ionizing radiation in presence of TiO2 to treat 
industrial effluent with high organic pollutant concentration. The main objective to combine 
these technologies is to improve the efficiency for high contaminated effluents and decreasing 
the required  absorbed doses for future implementation to large-scale design.  
 
II. EXPERIMENTAL 
 
Industrial effluent with high organic pollutant concentration was used for this study, and the 
radiation processing was performed in two ways, using electron beam accelerator and gamma 
irradiator.  
 
 
Radiation Processing 
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The electron beam irradiation was performed using the Electron Beam Facility with a 1.5 MeV, 
Dynamitron, from Radiation Dynamics Inc. The irradiation was performed in a batch system 
using Pyrex glass and  50kGy, 100kGy and 200kGy absorbed doses. The irradiation parameters 
of electron beam accelerator were: 4.0 mm sample width, scan of 112cm (94.1%) and stream 
velocity of 6.72 m/min. 
 
For gamma irradiation the industrial effluent samples were mixture with 0.1, 0.2, 0.5 and 1.0g/L 
of TiO2 in powder form, Degussa P-25 catalyst, hybrid mixture of rutile (approx. 70%), anastase 
form. The samples without and with TiO2 were irradiated with following absorbed doses 10 kGy, 
20kGy, 30 kGy and 50 kGy. Irradiation were carried out at room temperature using a 
Gammacell-type, Cobalt-60 gamma irradiator in a batch system and Fricke dosimetry was 
employed to determine the absorbed dose rate of the system. The vials were completely filled 
without headspace. 
 
Chemical Analysis 
 
The organic analysis, before and after irradiation processing, were performed using Gas 
Chromatography associated to Mass Spectrometry using the Shimadzu, model GCMS QP-5000, 
with Head Space concentrator, 20 mL of volume sample and the following conditions: 
• Capilar column  DB5, 
• Mass detector operation in electron impact mode (EI), using 1.50 kV of ionising voltage and 

temperature 250oC, 
• Interface temperature 240oC and continue operation mode (SCAN), 
 
The discoloration of the samples after irradiation was evaluated by spectrophotometric analysis, 
using the UV-Vis Spectrophotometer model UV-1601, Simadzu Co. 
 
 
 
III. RESULTS AND DISCUSSION 
 
 
The chemical characterization showed the presence of a large variety of organic compound in the 
effluent which quantification was very difficult, due to calibrated standard necessity. Then it was 
made an evaluation according to the peak area, and the results are presented in the Figure 1, 
where the degradation of the compounds after electron beam irradiation can be seen.  It can be 
also observed, after irradiation, the formation of simpler chain organic compounds, such as 
tridecane, undecane, methileicosane, dioctilesther, triacontane, and estananetetraisopropil.  
 
After electron beam processing, the organic compounds content showed a substantial reduction, 
but with very high-absorbed doses, e. g., an absorbed dose of 100 kGy was necessary to remove 
more than 90% of all organic compounds and 200kGy to remove 99%. When the sample was 
processed with gamma radiation, a removal of 99% was reached with an absorbed dose of 
approximately 50 kGy (Table 1). The most likely for the difference in removal efficiencies is the 
difference in the dose rate between the two types of irradiation’s systems. The lower dose rate of 
the 60Co irradiation produces lower concentrations of the important reactive species OH. and eaq, 
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which results in a higher fraction of radical/contaminant reaction and thus better removal. Also, 
higher dose rates and the consequent greater density of tracks and spurs may contribute to 
greater overlap and increased chance of radical-radical recombination [4, 7]. 
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Figure 1. Main organic compounds in the industrial effluent and their removal after e-

beam irradiation in different absorbed doses 
 
 
 
For the second step of the study, when TiO2 was used and the samples were gamma irradiated, it 
was only considered the organic compounds Benzene, Toluene, and Xylene, which concentration 
were higher than the others compounds and because the quantitative method was established for 
them. 
 
The obtained results of removal efficiency using different absorbed doses and Titanium Oxide 
concentrations are showed in the Table 1.  It was expect that TiO2 combined to ionizing radiation 
would increase the removal of the BTX, but the synergistic effect showed not linear form. The 
lower concentration of TiO2 (0.1g/L and 0.2g/L) increased the BTX removal efficiency for 
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10kGy and 20kGy of absorbed doses, but for higher doses it didn’t make any difference and in 
higher concentrations (1.0 g/L) the removal efficiency decreased. When higher absorbed doses 
were applied the removal efficiencies of ionizing radiation alone or combined with TiO2 were 
almost the same. 
 
From literature [7, 8, 9] it appears that Benzene and Xylene should be removed by radiation 
processing with the same efficiency, while Toluene would be removed least efficiently [9]. This 
assumption would be true if water quality does not affect the distribution of the reactive species. 
Thus, in distilled water, the OH radicals would be the radicals most responsible for the removal 
of 93-97% of Benzene and Xylene and 83,5% of Toluene. However, in the case of Toluene, the 
hydrogen radical could account for up to 16% of the removal. This may be significant in 
explaining the increased removal of Toluene relative to the other solutes when only ionizing 
radiation was used and when combined to Titanium Oxide the increase of efficiency was not 
significant.  
 
 

Table 1. BTX removal efficiency in industrial effluent after gamma irradiation 
 in presence of  TiO2

 
 

REMOVAL  
(%)  

Absorbed Dose  (kGy) 

 
 

ORGANIC 
COMPOUND 

 
 

TiO2 
 (g/L) 

0.0 10.0 20.0 30.0 50.0 
0.0 0,00 14.29 28.57 94.76 99.52 
0.1 0,00 11.76 23.53 94.71 98.24 
0.2 0,00 11.76 52.94 96.47 98.82 
0.5 0,00 14.29 57.14 96.43 99.29 

 
 

Benzene 
1.0 0,00 14.29 21.43 95.71 99.29 
0.0 0,00 26.19 44.29 66.19 96.19 
0.1 0,00 27.78 33.95 59.26 95.06 
0.2 0,00 20.78 56.49 66.23 98.70 
0.5 0,00 19.08 55.73 79.39 99.77 

 
 

Toluene 

1.0 0,00 17.53 12.37 49.48 99.69 
0.0 0,00 12.50 27.08 63.19 93.06 
0.1 0,00 12.00 38.00 68.00 94.00 
0.2 0,00 12.33 86.30 94.52 99.59 
0.5 0,00 16.67 71.67 99.50 99.50 

 
 

Xylene 

1.0 0,00 13.33 66.67 99.00 99.00 
 
 
 
 
The presence of TiO2 also increased the discoloration of the industrial effluent, it can be 
observed by the spectra presented at the Figure 2, that show the scan mode of absorbance by the 
wavelength of the sample irradiated with 50kGy absorbed dose and different concentration of 
TiO2. Significative reductions occur when 0.1 g/L and 0.2 g/L were additioned, but with higher 
concentration the results showed similar. 
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Figure 3. UV-Vis Spectra of industrial effluent sample combined to TiO2 and irradiated 

with 50kGy absorbed dose 
 
 
 
 
IV. CONCLUSION 
 
 
Besides the high necessary absorbed doses, it is a promising process for future field 
implementation because, the high complexity of the effluent become its treatment by others 
technologies, very expensive and not so efficient. The combination of ionizing radiation and 
Titanium  Oxide  showed  enhance the efficiency of the process, but the ideal concentrations 
have to be defined since the effect is not linear. Evaluations comparing the relative decrease in 
costs have to be made. 
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