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EDITORIAL NOTE 

 
In preparing this publication for press, staff of the IAEA has made up the pages from the 
original manuscripts as submitted by the authors. The views expressed do not necessarily 
reflect those of the governments of the nominating Members States or of the nominating 
organizations.  
Throughout the text names of Member States are retained as they were when the text was 
compiled.  
The use of particular designations of countries or territories does not imply any judgment by 
the publisher, the IAEA, as to the legal status of such countries or territories, of their 
authorities and institutions or of the delimitation of their boundaries.  
The mention of names of specific companies or products (whether or not indicated as 
registered) does not imply any intention to infringe proprietary rights, nor should it be 
construed as an endorsement or recommendation on the part of the IAEA.  

The authors are responsible for having obtained the necessary permission for the IAEA to 

reproduce, translate or use materials from sources already protected by copyrights. 
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FOREWORD 

 

Projection of global population growth, combined with industrialization, urbanization, and water 

intensive lifestyles, leads to the expectation of a global crisis of water supply. While water is a 

renewable resource, it is nevertheless a finite resource. Wastewaters carry chemical contaminants such 

as heavy metals, organic pollutants (halo compounds, phenols, polychlorinated biphenyls (PCBs), 

aromatics, azo compounds, etc.), petrochemicals, endocrine disruptors, pesticides and dyes, while the 

discharge of sewage and sludge gives rise to microbiological contamination of water bodies.  

 

The remediation of this global water pollution, especially by industrial and municipal discharges, 

requires efficient technologies for the decomposition of toxic substances and for disinfection. Ionizing 

radiation is an established valuable process for this purpose, as the radical initiated degradation can 

transform various pollutants into relatively lesser harmful substances. The ionizing radiation methods 

could rehabilitate wastewater to be reuse (e.g. firefighting, street washing, green park and horticultural 

irrigation, industrial cooling and washing cycles). R&D studies at several places in different Member 

States for these applications have been made to demonstrate the usefulness of radiation technology for 

such applications. The installation of the first full scale electron beam treatment in Republic of Korea, 

to treat textile wastewater has demonstrated that the process is a cost effective technology when 

compared to conventional treatment. Yet, more basic and practical work is necessary to realize the 

actual potential of the technology.  

 

The IAEA launched the Coordinated Research Project (CRP) on ―Radiation Treatment of Wastewater 

for Reuse with Particular Focus on Wastewaters containing Organic Pollutants‖ following the 

recommendation given in a Consultants meeting entitled ―The current status and future trends on 

radiation processing for remediation of organic pollutants in solid and aqueous environment‖ held in 

2008, and in the final meeting of the CRP on ―Remediation of Polluted Waters and Wastewaters by 

Radiation Processing‖ held during the years 2002 to 2006. This CRP is expected to enhance the 

capability of Member States in the use of radiation processing technology to treat wastewater 

contaminated with organic pollutants and support reuse of treated wastewater for urban irrigation and 

industrial purposes. 

 

The first Research Coordination Meeting (RCM) was held in the IAEA Headquarters from 2 to 6 May 

2011 and this report presents, in the first part, the current status of R&D in wastewater treatment using 

radiation technology, work plan of each country and the overall work plan for next 12-18 months, and 

collaborations for each participant institution in this CRP. Additionally, the conclusions and 

recommendations reached at this meeting are presented. The second part of this report consists of the 

full reports of the participants.  

 

The IAEA wishes to thank all participants of the Meeting for their valuable contributions, and Mr. 

Sunil Sabharwal for his contribution in this RCM and to Ms. Marion Linter for editing this document. 

The IAEA officer responsible for this Research Coordination Meeting was Ms. Maria Helena de 

Oliveira Sampa of the Division of Physical and Chemical Sciences.  
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Executive Summary 

 

Radiation Treatment of Wastewater for Reuse with Particular Focus on  Wastewaters 

Containing Organic Pollutants 

 

1. BACKGROUND  

 

Chronic shortages of water in arid and semi-arid regions of the world and environmental policy 

regulations have stimulated the use of appropriate technologies in treating wastewater for reuse, for 

example, in urban irrigation, industrial uses (cooling, boilers, and laundry), gardens and parks, 

cleaning purposes, etc. Additionally, water re-use is becoming increasingly important in large 

industrial centres, where water scarcity represents high operational costs for impounding and 

adduction. Industrial effluents often carry chemical contaminants such as organics, petrochemicals, 

pesticides, dyes and heavy metal ions. The standard biological treatment processes commonly used for 

wastewater treatment are not capable of treating many of the complex organic chemicals that are 

found in varying quantities in the wastewaters (e.g. persistent organic pollutants, POPs). Another 

important problem arising is the increasing presence of pharmaceuticals and endocrine disruptors 

compounds in municipal wastewater entering into the receiving stream, for which new treatment 

techniques and procedures are needed to remove excreted drugs before releasing the effluent into 

public waterways or reuse. Table 1 list the major pollutants presents in waste waters and sludges. 

Radiation-initiated degradation of organics helps to transform various pollutants into less harmful 

substances or reduced to the levels below the permissible concentrations. Studies in several Member 

States (MS) have demonstrated the usefulness and efficiency of radiation technology for treatment of 

different organic pollutants.  

 

The lack of comparative data in pilot scale studies using radiation technique (alone or in combination 

with other methods) is a major issue in further utilization of this method for wastewater treatment. 

There is a need to study further the radiation effects, reliability and cost on specific group of organic 

pollutants in cooperation with other stakeholders who are involved in using other technologies. 

Therefore, focus of  this CRP will be on (i) to study the effects, reliability and costs  of room 

temperature radiation processing technology and determine the optimized radiation dose and 

procedures, in combination with other processes, to treat wastewater contaminated with low and high 

concentration of organic compounds; (ii) to validate analytical methods to characterize and evaluate 

effects of by-products in treated wastewaters; (iii) to obtain data on radiation method to treat 

wastewater with different concentration of organic pollutants and compare it with data from 

conventional and novel technologies; (iv) to develop guidelines for selection of areas where the 

radiation treatment has high potential for rendering treated wastewater suitable for industrial and 

irrigation purposes. The Members States participating in the CRP are well equipped to carry out such 

studies in close collaboration with each other and the major facilities available are listed in Table 2. 

 

2. CRP OVERALL OBJECTIVE 

 

To enhance Member States capacity in applying radiation technology in combination with other 

techniques for improving environmental safety aspects through effective treatment of wastewater 

contaminated with organic pollutants and support reuse of treated wastewater for urban irrigation and 

industrial purposes. This is in line with the objective of the project 2.5.2.5 to enhance Member States 

capacity in applying radiation technology for managing agricultural and industrial waste and effluents 

and decontamination of biological agents. 
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Specific Research objectives: 

•       Compare radiation technology with conventional and novel technologies such as Reverse 

Osmosis, Ultra- and Nano- Membrane Filtration, Activated Carbon Adsorption, and 

Advanced Oxidation Process (AOP) as Ozonation, UV, Sonolysis, Fenton process, in 

regard to costs and effects for different application cases and local situations.     

•      Assess the analytical methods to characterize and evaluate the effects on micro-pollutant 

reduction as well as impacts of radiation by-products in treated wastewaters (aquatic eco-

toxicity studies). 

•      Study the effects, reliability and costs of room temperature radiation processing technology 

for specific groups of contaminants and specific application areas where the radiation 

technology is promising according to the assessment of existing knowledge. 

•       Determination of optimized radiation dose and procedures for different application cases, in 

combination with other pre- and post treatment processes for contaminated  wastewaters. 

•      Develop guidelines for selection of areas where the radiation treatment has high potential for 

rendering treated wastewater suitable for industrial and irrigation purposes including 

boundary conditions for successful application. 

 

2.1. Expected Research Outputs 

 

The CRP is envisaged to yield the following outputs: 

 

•  Procedures and technical requirements, including optimal radiation doses, for radiation 

treatment of wastewater contaminated with microbiological pollutants and organic 

compounds; scope for treatment of different pollutants in wastewaters. 

•  Improved analytical and biological methods to characterize and evaluate the effect of 

radiation and the effects of by-products in radiation-treated wastewaters. 

•  A comprehensive feasibility study comparing radiation technology and the conventional 

technologies to treat wastewater for reuse purpose.  

•         Guidelines for selection of areas where the radiation treatment has high potential for 

rendering treated wastewater suitable for industrial and irrigation purposes, in order to 

facilitate the utilization of this technology in interested Member States. 

 

The CRP is expected to enhance the capability of Member States in the use of radiation processing 

technology to treat wastewater contaminated with organic pollutants and support reuse of treated 

wastewater for urban irrigation and industrial purposes.  

 

3. CURRENT STATUS OF R&D IN WASTEWATER TREATMENT USING RADIATION 

TECHNOLOGY, WORK PLAN AND COLLABORATIONS FOR EACH 

INSTITUTION PARTICIPATING 

 

3.1. Algeria  

 

Summary 

In Algeria, insecticides like dichlorvos and chlorpyrifos–ethyle are widely used in agriculture and 

domestic activities for controlling pests and constitute an important source of water pollution.  In 

addition to pesticides, the environment is also polluted by the industrial effluents which often carry 

chemical contaminants extremely toxic and remain intact for long periods in the environment (PCBs, 

PCNs). The control of organic pollutant in water is an important measure in environmental protection. 

Previous works performed dealt with degradation of these pesticides by gamma radiation. It was 

shown that dichlovos in aqueous solution was completely degraded at the dose of 10kGy. Three by-

products formed during radiation degradation process of dichlorvos were identified by GC-MS; 

namely: Phosphoric acid, trimethyl ester; 2,chloroethenyl dimethyl ester phosphoric acid and o-methyl 

o-propyl isopropylphosphonate. 



Working Material 

9 

Working Document 

The same phenomenon occurred with chlorpyrifos-ethyle, which was completely degraded at the 

absorbed dose of 50kGy with the formation of by-products, the main of them identified were Diethyl 

trichloromethyl phosphonate and 2-hydroxy-3, 5, 6-trichloropyridine. 

Work plan 

 

 Study the effect of gamma radiation on the degradation of some manmade POPs such as 

pesticides, PCBs and PAHs, contained in simulated and real wastewater at different 

concentrations.  

 Develop a secondary method, such as adsorption to remove the POPs which could complete the 

treatment process. The search for adequate adsorbents will be oriented towards polymeric 

materials synthesized by gamma radiation such as crosslinked polyvinylpyrrolidone, 

polyvinylalcohol - polyacrylic acid blend (PVA-co AAC) and Polyacrylamide - polyacrylic 

acid blend (AAm- co – AAC). It is also planned to test some adsorbent materials based on 

natural polymers such as cellulosic material. 

 

3.2. Austria 

 

Summary 

Nowadays the occurrence of organic micropollutants in the aquatic ecosystem is a major concern since 

even modern wastewater treatment plants that are operated according to the best available technology 

(nitrogen removal) cannot completely remove the ample variety of micropollutants from wastewater 

and hence, even tertiary effluent discharge is a relevant source for these compounds in the aquatic 

environment. To improve the removal capacity advanced treatment steps are investigated. Some of the 

most important technologies are listed below: 

 Adsorption to activated carbon  

 Oxidation and advanced oxidation processes 

o Ozonation 

o O3/H2O2 

o UV/H2O2 

o etc. 

 Membrane Systems 

o NF 

o RO 

o UF/RO (e.g. Singapore) 

 

In order to investigate the implementation of an ozonation step for tertiary effluent a pilot plant was 

installed at a low loaded wastewater treatment plant. The study covered the investigation of process 

parameters, such as ozone dose, and hydraulic retention time (HRT), tests and analyses to control the 

efficiency of the process, such as micropollutant removal, inactivation of microorganisms, viruses and 

protozoa, and decolouration and the investigation of mutagenicity, ecotoxicity and endocrine effects 

(estrogenicity and androgenicity). The formation of by-products, both transformation products of 

micropollutants and by-products formed with the organic matrix of the wastewater is one of the major 

concerns regarding the application of ozone. In addition, it is of utmost importance to assess the risk of 

advanced wastewater treatment technologies in general.  

 

A comprehensive test battery of ecotoxicity, endocrinology and genotoxicity tests on various trophic 

levels was applied: 

 

Ecotoxicity tests: 

 green algae (algal growth inhibition, Pseudokirchneriella subcapitata (Selenastrum 

capricornutum, ALGALTOXKIT F
TM

)), ISO 8692:2004 

 daphnids (daphnia acute immobilization, DAPHTOXKIT F
TM

 MAGNA), ISO 6341:1996 

 zebrafish eggs with Danio rerio (fish embryo toxicity), DIN EN ISO 15088:2008 
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Endocrine effects (estrogenic and androgenic): 

 Competitive enzyme immunoassays 

 OECD 21-day fish screening assay for estrogenic and androgenic activity, and aromatase 

inhibition (OECD 2009) with wild-type Japanese medaka (Oryzias latipes) 

 

Genotoxicity tests: 

 bacterial tests (Salmonella/microsome assay, so-called Ames test) 

 plant bioassay (micronucleus assay with root tip cells of Allium cepa) 

 mammalian cells (single-cell gel electrophoresis, also called comet assay with primary rat 

hepatocytes) 

 

Apart from the usual application of eco-/toxicity tests, we chose a new approach for the toxicity 

assessment oriented towards REACH (Registration, Evaluation, Authorisation and Restriction of 

Chemical Substances; EC 1907/2006. EC 1907/2006. Regulation (EC) No 1907/2006 of the European 

Parliament and of the Council of 18 December 2006 concerning the Registration, Evaluation, 

Authorisation and Restriction of Chemicals (REACH), establishing a European Chemicals Agency, 

amending Directive 1999/45/EC and repealing Council Regulation (EEC) No 793/93 and Commission 

Regulation (EC) No 1488/94 as well as Council Directive 76/769/EEC and Commission Directives 

91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC). In the following figure a modified test strategy 

for mutagenicity according to REACH is shown. If the results of the test are negative, usually no 

further testing is needed, but if the results are positive, the next level of investigation is entered as 

shown in Figure 1. In our approach we applied all levels shown in Figure 1 for testing the strategy. 

 
Gene mutation test in bacteria

No further testing

+-

Micronucleus test

+-

No further testing Proceed on next level

+-

…

Comet Assay check bioavailability

check …

Proceed on next level

No further testing
 

Figure 1 Modified test strategy for mutagenicity; for more details on the REACH-test strategy, see 

http://guidance.echa.europa.eu/docs/guidance_document/information_requirements_en.htm?time=123

4285922#r7 

 

Results 

A wide range of the investigated micropollutants (PPCPs, EDCs, industrial chemicals) was eliminated 

below the limit of quantification or even detection, depending on their chemical characteristics (rate 

constants with ozone and the hydroxyl radical, respectively). 

 

With regard to ecotoxicity and toxicity no increase could be observed, and if there was an effect before 

ozonation, it usually decreased due to ozone treatment. Endocrine effects significantly decreased, 

which was shown by the resulst of the enzyme immunoassays. During the 21d fish screening assay 

(OECD 230, 2009) no negative effects on Medaka fish were observed. Moreover, no vitellogenin (egg 

precursor protein) was found in any of the exposed male fish (neither before nor after ozonation). 

Further histological investigations showed no estrogenic and androgenic effects on liver or gonads of 

exposed fish. 

 

Further details on micropollutant removal can be read in (Schaar, H., Clara, M., Gans, O. and 

Kreuzinger, N. (2010). "Micropollutant removal during biological wastewater treatment and a 

subsequent ozonation step." Environmental Pollution 158(5): 1399-1404), results on the impact of 

ozonation on the genotoxic potential are given in (Misík M., Knasmueller, S., Ferk, F., Cichna-Markl, 

http://guidance.echa.europa.eu/docs/guidance_document/information_requirements_en.htm?time=1234285922#r7
http://guidance.echa.europa.eu/docs/guidance_document/information_requirements_en.htm?time=1234285922#r7
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M., Grummt, T., Schaar, H. and Kreuzinger, N. (2011). "Impact of ozonation on the genotoxic activity 

of tertiary treated municipal wastewater." Water Research) and a paper on the ecotoxicity and 

endocrine effects is in submission (Altmann, D., Grillitsch, B., Schaar, H., Kreuzinger, N., Bartel, C., 

Schorkopf, D. L. P. and Möstl, E. (2011). "Impact of ozonation on the ecotoxicity and endocrine 

activity of tertiary treated wastewater." Water Research). 

 

3.3. Brazil 

 

Summary 

Studies on the assessment of acute toxicity and other biological effects of three different classes of 

organic contaminants generally present in wastewaters and water-bodies have been investigated in 

Brazil.  To apply ionizing radiation to remove toxicity on a real scale would be an important pass for 

some facilities of biological treatment in São Paulo, Brazil, as a preliminary stage. The control of 

toxicity is a legal recommendation. The target compounds to be studied during CRP project are: like 

anionic surfactants (SDS – sodium dodecyl sulphate and LAS – linear alquil sulphate), two reactive 

dyes (RB B – Remazol Black B; RO 3R Remazol Orange 3R) and two pharmaceutical (EE and 

Fluoxetin Hydrochloride). One of the pharmaceutical products is a hormone and the other one is an 

antidepressive drug (known as Prozac®). The methods for ecotoxicity studies utilizes very young 

living organism that are exposed to the products or their residues with time and physical standard 

condition at Laboratory. The following steps are related to the irradiation of them at a Linear 

Dynamitron Electron Beam Accelarator (batch system) and after irradiation the chemical and 

ecotoxicological determinations are repeated for obtaining the efficacy of the radiation proposed 

treatment for each of the contaminant group.  If low radiation is able to remove contaminants and 

reduce toxicity from wastewaters the total or part of their volume may be reused.  Partial results on the 

biological effects, reported as EC50 (ppm, 48h) when daphnids were exposed to the surfactants have 

already been obtained. These values were enhanced from 11.8 ppm to 70 ppm which resulted in a 

solution less toxic than when compared to the initial standard solution (untreated). Suzano Wastewater 

Treatment Plant in São Paulo is trying to improve the wastewater treatment in order to remove residual 

detergent after the secondary biological treatment. The dyes and pharmaceutical products are included 

in this CRP due to their local importance and presence in the aquatic environment and specialy due to 

their low biodegradability. 

 

Work plan 

 To apply toxicity and genotoxicity assays to effluents (standard solutions of reactive dyes; 

textile effluents); to determine the ideal irradiation condition (EB) – radiation dose for 

biological effects reduction and color removal; including real effluents. 

 To study the use of EB Irradiation to reduce pharmaceutical products residues and their 

biological effects from waters (EE-hormone and Fluoxetine (FH)).   

 To conclude the studies on the radiation processing of above residues in the presence of anionic 

surfactants; extensive to synergetic effects. 

 Demonstrate the results to SABESP, CETESB and University. 

 

3.4. China 

 

Summary 

Paper mill effluent is one of the most refractory industrial wastewater in China. The laboratory-scale 

experiments with gamma irradiation facility have shown that paper mill effluent can be effectively 

pre-treated or post treated by ionizing radiation technology. If this technology is combined with 

conventional methods, such as activated sludge and coagulation, the treated water can be reused for 

industrial application to reduce the fresh water consumptions obviously. The proposed research 

proposal is to study the effects, reliability and costs of electron beam radiation process for the pilot 

treatment of paper mill effluent which contaminated with low and high concentration of organic 

compounds. Another approach is to compare conventional technology with radiation processing 

technology and to determine the optimized radiation dose, by-products and procedures for different 
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application cases, in combination with other pre- and post treatment processes for paper mill 

wastewaters.  

 

Work plan 

• Study the effects and feasibilities of ionizing radiation technology for the treatment of paper 

mill effluent 

• Compare the optimized absorbed doses between gamma and electron beam irradiation facilities 

• Compare conventional technologies such as flocculation, biological and ozonation with 

radiation processing technology 

• Determine the combined processes of pre- and post treatment for paper mill effluent  

• Investigate the radiation induced toxicity and by-products of chlorophenols in the paper mill 

effluent 

• Removal of organics from municipal wastewaters containing chlorinated organic compounds 

including toxicity studies. 

 

3.5. Egypt 

 

Summary 
Destruction or removal of wastewater non-biodegradable organic pollutants like dyes is considered as 

a serious environmental   problem. In this study, radiation processing was used for remediation of 

polluted waters and wastewater especially those resulted from textile industry. The effect of ionizing 

radiation on Acid fast yellow G, Maxilon C. I. Basic, Reactive red SH.B and Direct blue 3B dyes was 

carried at different dye concentrations (25-150 mg/l). Almost complete degradation was achieved for 

low dye concentration (25-50 mg/l) at 1-3 kGy irradiation doses. Different dose rates (0.715, 1.08 and 

1.43 Gy sec
-1

, total dose 3 kGy) were used to degrade the investigated dyes. It was found that as the 

dose rate increases the dye degradation rate decreases. The pH value of the solutions has a 

considerable effect on the dye degradation rate, for all investigated dyes, the lower the pH, higher dye 

degradation rate. The removal of the abovementioned dyes was also investigated using different 

hydrogels that prepared by ionizing radiation as (N-vinylpyrollidone-acrylonitrile) copolymer 

hydrogel (NVP/MMA and its treatment one. The effect of time needed for the treatment of 

wastewater, pH and temperature of the feed solution on the absorption of dyes by hydrogels was 

investigated. The dye uptake for the NH2OH-treated hydrogel (NVP/AN) is higher than that untreated 

one. The time needed for hydrogel to adsorb large amount of dyes reaches to 5days.  By increasing the 

pH, the dye uptake decreases. As the reaction temperature increases the rate of dye uptake increases. 

 

Work plan 

 The target waste water will be effluent from textile dye industry.  

 Radiation-induced degradation of organic dye waste water under varying irradiation conditions 

in presence of additives like, oxidizing agent and/or catalysts such as TiO2, H2O2 and ozone 

will be investigated. This technique may enhance and accelerate the degradation process and 

reduce the dose required for degradation of radiation resistive dye.  

 Different analytical methods will be used to characterize and evaluate the effect of radiation and 

the effects of by-products in radiation-treated wastewaters.  

 Feasibility studies of the use of radiation technology will be compared with that for the 

conventional technologies of   treated   wastewater for reuse purpose.  

 Selection of areas where the radiation treatment has high potential for rendering treated 

wastewater suitable for industrial and irrigation purposes, in order to facilitate the utilization 

of this technology for other countries will be taken in consideration.  
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3.6. Hungary 

 

Summary 
The effluents of wastewater treatment plants (usually directly emitted to the environment) often 

contain the anti-inflammatory drug diclofenac (DCF). Hydroxyl radical (•OH) and hydrated electron 

(e-aq) reactive intermediates of water radiolysis effectively degrade DCF and strongly reduce the 

toxicity of solutions. •OH adds to one of the rings of DCF, hydroxylated molecules, 2,6-

atoms, the products are quinoid type compounds and 4-chloroacridine. At a 10
-4

 mol dm-3 DCF 

concentration 1 kGy absorbed dose is needed for degradation of DCF molecules, for mineralization (in 

presence of O2) one order of magnitude higher dose is required according to TOC (total organic 

carbon content) results. 

 

For irradiation of wastewater after biological treatment 1 kGy dose is suggested: at this dose DCF and 

other drugs or metabolites present at µg dm
-3

 level are eliminated together with microorganism 

deactivation.The experiments conducted here clearly show that diclofenac can be efficiently removed 

from water by applying irradiation technology. For practical reasons in the experiment DCF 

concentrations in the range of 10
-4

–10
-3

 mol dm
-3

 were applied. A dose of as low as 1 Gy could be 

enough for the destruction of DCF to desired level. These experiments have shown that irradiation 

with 0.5 kGy were more effective for disinfection of purified wastewater than chlorination. Besides, 

with the same dose about 50% of COD and BOD were removed and the total coli and faecal coliform 

content remaining after biological treatment also decreased to zero. 

 

Work plan 

 Continue the experiments with the degradation of various pharmaceutical compounds (e.g. 

paracetamol, chlorocid, ketoprofen, ibuprofen) in dilute solutions (kinetics, mechanism, COD, 

TOC, toxicity). 

 Experiments with treated wastewater to use irradiation for the degradation of toxic pollutants in 

low concentration (in cooperation with Budapest Sewage works). 

 Experiments to use combined (catalytic wet oxidation) CWO+EB treatment for highly toxic 

pharmaceutical wastewater in cooperation with a pharmaceutical factory.  

 

3.7. India 

 

Summary 

Sewage sludge constitutes the most critical and voluminous source of the end product of the 

conventional sewage treatment plant. The final disposal of the sludge is generally carried out in the 

following ways: incineration, sanitary landfill, disposal in the sea or disposal on agricultural Land. Of 

these, only the last option provides the opportunity of beneficially using the waste material. However, 

presence of harmful microorganisms in sludge necessitate hygienisation to render is safe for 

agricultural applications. The nutrient content of sewage sludge makes them useful as fertilizers or as 

soil conditioners if properly mixed with the surface soil. Sludge has the potential to be an excellent 

soil conditioner because the humus material in the sludge provides a good matrix for root growth, 

while the nutrient elements are released in approximately the right combination for optimal plant 

growth. Thus, recycling of the sewage sludge to agricultural land can be an important outlet provided 

it is carried out in a manner that protects human and animal health as well as environment at large.  US 

EPA guidelines have recommended that the number of E.Coli, an indicator bacteria for pathogens, 

should not exceed 1000 per gram of the dry sludge if it is to be applied for agricultural practices. The 

utilization of sewage sludge on a large scale and in a safe manner will necessitate development of 

technologies that can treat the sludge in a reliable, efficient and cost effective manner. 

 

High-energy ionizing radiation produces highly reactive intermediates that have the capability to react 

with the pollutants present in the water, both microbial as well as chemical, and result in disinfection 

and purification of contaminated waters.  Department of Atomic Energy (DAE) has designed, built 
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and has been operating, since 1992, a Sludge Hygienization Research Irradiator (SHRI), adjacent to 

the municipal sewage sludge treatment plant in Vadodara for reduction of pathogens in the sewage 

sludge. The plant has provided valuable experience regarding the design, operational parameters and 

irradiated sludge has been shown to be useful as enriched manure in agricultural practices.  

 

The operational experience of more than ten years with Sludge Hygienisation Research Irradiator 

(S.H.R.I.) has established that: 

• 3 kGy of absorbed dose in sewage sludge removes 99.99% of pathogenic bacteria 

consistently and reliably in a simple manner. 

 •The continuous operation of SHRI has been very smooth.  There have been no 

operation/maintenance problems since its commissioning. The plant can be operated even by 

non-radiation workers.  

•The irradiator system can be easily integrated with conventional treatment plant with 

flexibility of operation. 

 •Radiation processed sludge being free from pathogens has the potential to be used as manure 

in agricultural fields. While the continuous use of chemical fertilizers deteriorates the quality 

of the soil, the sludge enhances the quality and fertility of the soil as it contains useful soil-

conditioning materials. 

 

Work plan 

• Estimate residual  pesticides like DDT at various stages of conventional  waste water treatment 

• Study the effect of high energy radiation on these pesticides in real samples 

• Develop appropriate technology to demonstrate at a pilot scale. 

 

3.8. Italy 

 

Summary 

Water remediation issue has to be tackled by employing technologies economically convenient for a 

wide range of needs. Domestic, agricultural, industrial and municipal wastewater range from a 

consumption of few hundredths to a huge hundredth millions of liter/day. As Advanced Oxidation 

Processes, electron beam included, have a common initiator, the OH radical, approaches that compare 

the efficiencies and cost of different sources of energy, are desirable.  

Some types of pollutants were chosen among the class of N-methyl carbamates pesticides and 

surfactants with potential endocrine disrupter activity. Degradation of real wastewater from household 

appliances has been also investigated by employing standard detergents and clothes. This latter 

activity focused on innovative technological solutions for water re-used in future washing cycles. This 

research activity funded by the Italian Economic Development Ministry, aims at providing a new 

range of household appliances, characterized by a reduction in energy and water (ranging from 25% to 

30%) for all product lines, dealing with food preservation. 

In this work we basically exposed samples to three types of energy: UV light, ultrasonic waves, and 

-rays and electron beam). Remediation was studied both on isolated molecules 

dissolved in water or on real wastewater. The effect of some parameters were evaluated, focusing on: 

total dose, frequency of exposure, gas atmosphere (Air, O2, O3, N2O), and added compounds (H2O2,) 

as oxidation enhancers. Sample changes were monitored through UV-vis spectrometry, TOC, BOD5, 

and eco-toxicity by the luminescent bacteria method.  

Some data have been collected on the destruction of anionic and non ionic surfactants, and the 

reduction of COD for commercial or standard detergents. 

Provisional conclusions suggest that AOPs achieve a real oxidation of pollutants or convert bio-

refractory pollutants into biodegradable ones. AOPs efficiency is primarily determined by the 

production rate of OH. EB and UV/ozone technologies are the most efficient, but suitable for large 

installations and environmental accidents. Sonication methods may have a future for applications in 

small plants or domestic appliances. UV/H2O2 is a cheap and handy oxidative system, suitable for 

general applications. 
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Work plan 

 Exposition of industrial real and model systems to three types of energy will be 

carried out: ionizing radiation (-rays and electron beam), UV light, and ultrasonic 

waves. The influence of parameters like total dose, frequency of exposure, gas 

atmosphere (Air, O2, O3, N2O), and added compounds (H2O2, TiO2) as oxidation 

enhancers will be monitored with regard to: UV-vis, TOC, BOD5, COD and eco-

toxicity.  

 Application goal: development in the next two years of an UV bench demonstrator. It 

will be a reactor implemented with peroxide or metal oxide oxidation-enhancers for 

low loads of effluents. Comparison will be done with electron beam experiments. 

 At the same time, the investigation of similar systems with acustic cavitation will be 

conducted.  

 

3.9. Japan 

 

Summary 

Water environment has been polluted by industrial chemicals. Most of toxic industrial chemicals have 

been detected during these three decades and have been screened by some toxicity tests such as a 

single dose oral toxicity test, preliminary reproduction toxicity screening test and in vitro 

chromosomal aberration test. A part of the chemicals having the unique toxicity, so-called endocrine 

disrupting chemicals (EDCs), however, could not be evaluated by the conventional toxicity tests. 

EDCs have properties to mimic estrogen or disrupt the endocrine system in living bodies to give ill 

effects. Treatment of EDCs is not completely achieved in wastewater treatment plants since there is no 

efficient technique to remove trace amounts of EDCs at the present stage. Ionizing radiation can 

homogeneously produce hydroxyl radicals, which have strong electrophilicity and oxidize most of 

organic compounds, at the required concentration in water.  

 

Endocrine disrupting chemicals in wastewater were treated by ionizing radiation. 17 β-estradiol (E2) 

has the highest estrogen activity, and its concentration and activity were estimated by LC-MS and 

ELISA. E2 in water was degraded almost completely by irradiations up to 10 Gy. The estrogen 

activity of the sample solution still remained at a dose of 10 Gy, but decreased at 30 Gy to the lower 

than the threshold level of contamination to induce some estrogenic effects on the environment 

ecology. E2 was decomposed by hydroxyl radicals which are formed from water molecule by 

irradiation with γ-rays. The rate constant of the reaction of the hydroxyl radicals with E2 was 

estimated to be 1.6×1010 mol dm-3 s-1 by a comparison with the known rate constant for the reaction 

with phenol. p-Nonylphenols (NPs) is artificial compound released from factories and has estrogen 

activity. Concentration of NPs in water at 1 µmol dm-3 was decreased exponentially with absorbed 

dose when irradiated by 60Co γ-rays. Two products having molecular weight of 236 were detected by 

LC-MS analyses. The elimination of the estrogen activity of aqueous NPs solution including such 

irradiation products at 5000 Gy was confirmed by the yeast two hybrid assays. These results will 

provide fundamental data for the application of ionizing radiation for treatment of EDCs. 

 

Work plan 

 Wastewater containing endocrine disrupting chemicals (EDCs) such as 17 β-estradiol and p-

nonylphenols is treated by using oxidation of reactive species produced from water molecule 

by ionizing radiation. Decompositions of these EDCs are investigated and oxidation 

mechanisms are developed by chemical analysis method, for example HPLC and highly 

sensitive LC-MS.  

 The biological activity of irradiated model- and real-wastewaters including EDCs are 

evaluated by assays, for example, yeast two hybrid and enzyme linked immunosorbent assays. 

Decreases in biological activities of the wastewater are investigated by using ionizing 

radiation. Pharmaceuticals and antibiotics, which are persistent against activated sludge 

system, are also treated by ionizing radiation. 
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 Most of toxic organic pollutants are decomposed by oxidizing species produced in water 

under ionizing radiation, but halogenated organic chemicals are strongly persistent against 

oxidation. Room temperature ionic liquids as a new reaction field for reduction of the 

halogenated organic chemicals are investigated. 

 Pharmaceuticals and antibiotics are treated by a combination method of an activated sludge 

and ionizing radiations. The possibility and cost of the combination treatment for real 

wastewater are evaluated. 

 

3.10. Korea 

 

Summary 

The treatment of industrial wastewater with electron beam is one of the actively studied subjects for 

the environmental application in Korean industries. The wastewaters investigated at industry-base are 

from textile dyeing companies, petrochemical processes, papermill, leachates from sanitary landfill 

areas, explosive productions, and municipal wastewater treatment plant and so on. Those are 

summarized in the table bellow.  

Table. Wastewater investigated at Korea (Studies in industrial application) 

Wastewater(from)  Purpose of investigation Results 

Textile dyeing companies 

 

Removal of color and 

organic impurities 

Industrial plant constructed 

Improved removal efficiency 

Papermill 

 

Decrease in COD, color 

Increase in re-use rate 

Reduction in COD, color 

Commercial plant designed 

Leachate from landfill 

 

Removal of organic 

pollutants 

Bio-treatment efficiency 

improved 

Heavy metals Decrease in the contents in 

water 

Removal of Cd(II), Pb(II), 

Hg(II), Cr(VI) 

Power plant clean-up Decrease in the contents of 

organic acid in water 

Decrease in the contents of 

organic pollutants 

Explosive production Decrease in Color, COD, 

BOD, T-N for re-use 

Decrease in COD, T-N 

Re-use for production 

 

One of the important environmental problems is the reuse of wastewater to industrial and agricultural 

applications. The use of alternative disinfectants to chlorine for the wastewater treatment has received 

increasing attention in recent years to treat either liquid or solids streams within wastewater treatment 

plants for pathogens and trace organics (TOrCs). TOrCs refer to endocrine disrupting compounds 

(EDCs), pharmaceuticals and personal care products (PPCPs), and other trace constituents. Besides the 

production of disinfection by-products (DBPs), chlorine poses safety hazards for operational staff and 

shipping hazards. In addition to health and public welfare risks, chlorine has a minimal attenuation on 

TOrCs. Although several technologies have come to the forefront as an alternative to chlorine (e.g., 

ultraviolet [UV] and hydrogen peroxide), the majority of these technologies are chemically based, 

with the exception of UV. An attractive physical disinfection approach is by electron beam irradiation. 

 

Korea Atomic Energy Research Institute (KAERI) has set a national plan up for the development of 

advanced sewage treatment using radiation in 2007. During the first three years basic radiation 

application works on sterilization, decomposition of antibiotics and endocrine disruptor contained in 

effluent by using radiation were conducted in KAERI‘s laboratory. Several papers related to studies 

such as a study on the decomposition and mineralization of cefaclor by ionizing radiation, radiolysis of 

selected antibiotics and their toxic effects on various aquatic organisms, decomposition and 

detoxification of antibiotics by ionizing radiation,  degradation of sulfamethoxazole and 

chlortetracycline using UV, ozone and electron beam, and radiolytic degradation of antibiotics and 

enhanced biodegradability were published in national and international journals . Our research results 

showed that they were easily decomposed within low irradiation dose of 3 kGy and new chemicals 

were formed as by-products. However, some of irradiated antibiotics showed increasing of toxicity 



Working Material 

17 

Working Document 

compared to non-irradiated original chemical. From our previous research studies, it is clear that more 

elaborative studies have to be carried out on this subject.  

 

A mobile electron beam accelerator was constructed for the field study and demonstration of radiation 

application for environmental conservation in 2009. In 2010, field study on advanced sewage 

treatment with a MEB(Mobile Electron Beam) was conducted and the results obtained from study 

played an important role in the acquiring a certification on advanced treatment of sewage effluent by 

radiation, NET(New Environmental Technology), which is issued by Korea ministry of environment. 

For the further work, researches on decomposition of antibiotics and endocrine disrupters, by-products 

from irradiated antibiotics, and toxicity before and after irradiation of antibiotics will be kept going on 

in laboratory and field with MEB. This information will be very useful for the project by radiation 

treatment of wastewater for reuse with particular focused on wastewater containing organic pollutants.  

 

Work plan 

 On-site pilot scale treatment of wastewater from municipal plant will be applied to optimize the 

operation parameters by a skid mounted Mobile Electron Beam Plant (MEB) mounted in a 40‘ 

box metal cargo shipping container. Self-shielded 0.7MeV (20kW) electron accelerator with 

control and monitoring system together with water/air cooling system are the main 

constituents of the plant. Also the wastewater treatment facilities (pumps, gauges, reservoirs 

etc.) are included. This plant can treat up to 500m3/day with 2kGy at continuous operation 

mode. The approach addresses the fate of not just conventional indicator organisms (E. coli, 

Enterococcus, coliforms, and total coliforms), but also provides a framework to track and 

monitor the fate of alternate indicator organisms like the Bacteroidales, which are anaerobic 

and hence decay faster in ambient waters. Unlike traditional indicators, because they are host-

associated, a given Bacteroidales genetic marker can be used in the differentiation between 

human and nonhuman pollution and in the identification of specific animal sources – 

important information for source control and treatment programs. Both Enterococcous and 

Bacteroidales are currently being considered by U.S. EPA in their epidemiological studies to 

update existing ambient water quality criteria using quantitative PCR (qPCR) methodology.  

 For technologies entering the market place, it is crucial to have results for the inactivation of 

both conventional and alternate indicators since alternate indicators are beginning to enter the 

permitting arena. Although not currently permitted, TOrC removal is gaining momentum as a 

concern for many municipalities. Our approach investigates the efficacy of e-beam technology 

to remove TOrCs at doses used for indicators removal, as well as at environmentally relevant 

TOrC levels. 

 As describe above, with the on-site operation of mobile electron beam plant, the basic 

parameters to implement commercial scale disinfection plant for municipal wastewater 

treatment plant could be achieved. And the optimization of pre-treatment and post-treatment 

design parameters and evaluation of alternatives to address unforeseen problems resulting 

from the actual use of proposed treatment processes could be also expected. 

 Radiation studies on decomposition of antibiotics and endocrine disrupters, studies on the by-

products from irradiated antibiotics, and studies on the toxicity before and after irradiation of 

antibiotics. 

 Field demonstration for the reduction of antibiotics and toxicity in sewage treatment plant will 

be conducted.  

 

3.11.  Malaysia 

 

Summary 

Study on the effect of irradiation on textiles wastewater in the presence of food industry wastewater 

was conducted in 2010. This study found that electron beam radiation assists the degradation of 

organic pollutants in textiles wastewater during biological treatment as evidence by the increase of 

biodegradability index of textiles wastewater from 0.088 to 0.092 after irradiation. Radiation in 

combination with biological treatment was able to reduce COD of the textiles wastewater by 62.4%.  
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These positive finding will be used as guidance in the CRP Project entitle `Radiation Treatment for 

Recycling of Industrial Wastewater for Industrial Usage‘. In this project, radiation and biological 

treatment will be used to treat mixed industrial wastewater from the flood mitigation pond at Prai 

Industrial Zone in Penang. The Penang Department of Irrigation and drainage has built a retention 

pool in Seberang Prai to collect liquid waste from the surrounding industries as a measure to prevent 

flooding. It can contain up to 1.5 million liter water per day. Currently the collected wastewater is 

released to the sea. Previous study conducted by a university student (Norli, 2003) shows that the 

COD, BOD5 at 20oC and pH values of the waste water are 383mg/l, 243.6 mg/l and 6.5 respectively. 

Wastewater also contains oil and grease in the concentration of 89mg/l and two hazardous chemical 

namely 1,2,benzene dicarboxylic acids and bis 2-ethylhexyl ester.  Oil and grease will influenced the 

rate of microbial activities in the degradation of pollutant in wastewater. While the two hazardous 

chemicals was categorized as toxic hazardous chemicals as stated by Department of Environment 

(2002) in the Guidelines on the disposal of chemical wastes from laboratories. 

Preliminary work has shown that irradiation of the wastewater at 16.5 kGy, using 1.0 MeV and 3.0 

mA of electron beam, can reduce the COD values from 94.8 mg/L to 55.3 mg/L. The Color also 

reduced from 96.0 ADMI to 87.5 ADMI.  Therefore, further research is required in order to develop 

an integrated treatment system that is economical and effective for reutilization of the wastewater. 

Hazardous toxic chemicals are expected to be destroyed by irradiation.  

 

Work plan 

 Mixed industrial wastewater will be treated separately using radiation and biological processes 

to determine effective dose for degradation of organic pollutant (1- 10 kGy) 

 To monitor parameter such as pH, mix liquor suspended solid (MLSS) and food/microbe 

(F/M) ratio in biological treatment. 

 Mixed industrial wastewater will be treated using a combination of both radiation and 

biological treatment 

 To establish treatment process (radiation as pre or post treatment to biological treatment) 

 Measurement and analysis of sample (BOD5,COD,Color, toxic chemical compound, metals or 

Oil/grease)   

 

3.12. Poland 

 

Summary 

The study of wastewater treatment by radiation regarding chemical processes contribution and 

physical-chemical separation of highly concentrated nonorganic pollutants deposited in specific 

industrial waste are proposed. Laboratory stand should be build and the study should be performed to 

confirm possible mechanism of the sedimentation process of nonorganic pollutants during separation 

initiated by ionizing radiation. Evaluation from technical and economical point of view of this specific 

radiation technology and feasibility study preparation for industrial facility this type will be the main 

output at the final stage of the project.  

 

Work plan 

 Experimental industrial waste water effluents in relation to current needs of chemical industry;  

 analytical methodology selection; 

 laboratory equipment construction for effective electron beam implementation in radiation 

treatment process which should includes air system with controlled flow rate for irradiation 

vessel supply and instrumentation for electrical field introduction into the sedimentation 

process;  

 preliminary experiments to establish chemical reactions involvement and physical-chemical 

separation of nonorganic pollutants deposited in industrial waste, 

 evaluation of effective method for final product separation and purification, 

 selection of water recirculation and reprocessing systems, 

 technology optimization by process parameters optimal selection (dose level, aeration, 

electrical field), 
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 final product and additional residual products characterization, 

 evaluation of the market value and capacity of products demand, 

 determination of the optimal equipment type and size of radiation facility, 

 feasibility study preparation for industrial facility with evaluation this specific radiation 

technology from technical and economical point of view.  

 

3.13 Portugal 

 

Summary 

Cork industry is one of the activities with major economical impact in Portugal, accounting for about 

50% of the world's total cork production. The increasing importance of reducing the costs of 

production and the fact that of ionizing radiation can potentially achieve this goal led Fabricor 

(www.fabricor.pt) to show interest in being a potential end-user for this case study. To foresee the 

effective implementation of the technology in situ, the industry of accelerators equipment (Sociedade 

Avanço, S.A. www.avanco.pt) will be the partner which will assist in the irradiation optimization 

conditions and the development of the ionizing radiation equipments. The studies to implement this 

technology must demonstrate a technical benefit and clear economical advantage for the targeted 

Industry.  

Since 2001 the Radiation Technologies: Processes and Products Group has been doing studies on the 

impact of ionizing radiation in  the wastewater looking for the advantages and/or disadvantages of the 

technology application in different kinds of wastewater (e.g.: municipal, slaughterhouse, swine 

production, dairy products and cork industry). These studies covered several fields (e.g.: chemistry, 

microbiology and physics). 

The overall results show advantages on the use of ionizing radiation as a useful tool to complement the 

conventional treatment processes, helping microorganisms to use the radiolytic degradated pollutants 

(bioremediation). In the end of the treatment process, ionizing radiation could turn on the sludge and 

the wastewater safe for reuse by the inactivation of microorganisms allowing the use of treated 

wastewater as grey water. Due to the multidisciplinary approach of these studies, the main results are 

published in different types of publications. 

Concerning the work in progress, several studies have been performed in straight collaboration with a 

national cork industry (Fabricor S.A.). The aim of this work is to use ionizing radiation to improve 

phenolic and polyphenolic degradation in order to reduce the high toxicity of effluent waters due to the 

presence of these biorecalcitrant compounds. On the other hand, the possible reuse of treated cork 

wastewater as grey water to minimize the industry water consumption can be an economical and 

environmental achievable goal as long as the treated water quality is assured. 

Several of the major phenolic pollutants present in the cork wastewater from the boiling process are 

used as model compounds for treatment, such as gallic acid, ellagic acid, acetovanillone and esculetin. 

Different treatment processes have been proposed for their degradation or partial elimination, such as 

ultrafiltration, ozonation in combination with hydrogen peroxide or UV radiation, photo-Fenton 

system, and combinations of these referred techniques and chemical oxidation with biodegradation 

processes. However, the use of ionizing radiation has the major advantage of being a green technique 

since it does not employ the use of chemical additives.  

The radiolytic degradation of the above referred biorecalcitrant compounds are being studied in terms 

of the final stable oxidation products characterization. Radiolytic degradation studies with gallic acid 

have already been performed and showed the formation of non-aromatic molecules (e.g., aliphatic 

carboxylic acids) upon reaction with primary water radicals in presence of oxygen. In addition to the 

biorecalcitrant removal, the reuse of treated cork wastewater as grey water must guarantee the final 

cork stoppers quality. To this respect, one of the major concerns is the presence of 2,4,6-

trichloroanisole (TCA). It is the main responsible for the must/moldy odour in alcoholic beverages and 

is formed in cork stoppers by fungal methoxylation of 2,4,6-trichlorophenol. Therefore, the TCA 

presence is to be rigorously monitored due to its rather low odour threshold (few parts per trillion) and 

irradiation studies will be carried out to verify its degradability. Along with the proposed radiolytic 

degradation experiments, biodegradation studies are being performed to check if cork natural 

microbiota could help to reduce the pollutant load of these wastewaters in order to its reuse. 
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Work plan 

 The study of ionizing radiation (gamma and electrons) effects on the recalcitrant organic 

compounds present in the industrial wastewater, such as cork (bark and stoppers); 

 Explore the feasibility of radiolytic treatment as a technique suitable to increase the 

biodegradability of wastewater; 

 The validation of the analytical methods used to characterize and quantify the by-products 

formed in treated wastewaters; 

 The optimization of irradiation parameters (e.g.: type of energy, geometry, irradiation doses and 

dose rate) depending on the type and concentration of the organic compounds; 

 The comparison between the data obtained with the selected radiation technology at different 

concentration of organic pollutants, with those obtained from conventional technologies in 

order to predict the yields of efficiency of these technologies; 

 Technical and economical analysis of the potential use of treated water by ionizing radiation. 

 

3.14. Romania 

 

Summary 

Several potential water polluting industries with POPs drastically decreased their production in the last 

20 years in Romania, such as: Paper, Textile and Dye manufacturing industries. The water demand in 

Romania decreased in the last 20 years at half the value from 1990. Although rated as one of the 

countries with the lowest water resources in EU, Romania is not part of the countries with possible 

water shortages in 2025. The water demand in 2011 reported in Romania consists of: 15.8 % for 

population, 17.1 % for agriculture and 67.0 % for the industry. Sewage water is the main problem to 

be tackled, as Romania had reported in 2010 a degree of connection to sewer of only 54.28 % and a 

degree of connection to the sewage treatment plants of only 43.24 % (www.rowater.ro), which makes 

enough room for both conventional and non-conventional advanced water treatment technologies. 

Organochlorine pesticides and Polychlorinated Biphenyls are groups of toxic compounds, most of 

them being included in the Stockholm convention list of persistent organic pollutants. They are 

characterized by high chemical stability and may lead to marked changes in the aquatic ecosystem via 

bioaccumulation and biomagnification. Gamma radiolytic degradation is considered to be a promising 

treatment for their decomposition to environmental friendlier compounds. An ongoing radiolytic study 

is currently carried out on model wastewater samples spiked with organochlorine insecticides (as 

1,2,3-chlorobenzene and aldrin) and PCBs (as PCB no. 1 and 52). To identify most convenient 

irradiation conditions for wastewater treatment, samples were irradiated at different doses and two 

dose rates: 2 kGy/h and 30 kGy/h. The dependence of organochlorine insecticides concentration of 

dose and dose rate is monitored with gas chromatography coupled with an electron capture detector 

(GC-ECD), using ISO 6468:1996 protocols for sample preparation. The same irradiated samples are 

screened with gas chromatography coupled with mass spectrometry (GC/MS), in order to identify 

radiolysis products which may still be classified as persistent organic pollutants. Compound 

identification is performed via mass spectra deconvolution and retention index with AMDIS software 

and spectral matching with NIST 2005 GC/MS library. The results of the GC/MS screening will 

designate the radiolysis products for routine quantitative monitoring by GC-ECD.  

A molecular modelling study is developed to predict the most probable radiolysis products and it is 

correlated with the GC/MS results to speculate some preferential radiolysis pathways. 

 

Work plan 

 GC-ECD analysis of some organochlorine pesticides and polychlorinated biphenyls (PCBs); 

GC-MS screening of by-products resulted after irradiation treatment. 

 Determination of optimum absorbed dose for the gamma irradiation treatment of experimental 

models of municipal waste water contaminated (or spiked) with organochlorine pesticides and 

polychlorinated biphenyls (PCBs) by GC-ECD quantitative analysis according with ISO 

6468:1996 protocols. 

 Screening of microorganisms which survive after the irradiation treatment in water and sludge. 
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 Determination of optimum absorbed dose for the gamma irradiation treatment of experimental 

models of Dambovita river water (the main water source for tap water in Bucharest), 

contaminated (or spiked) with organochlorine pesticides and polychlorinated byphenils 

(PCBs) by GC-ECD quantitative analysis according with ISO 6468:1996 protocols. 

 Determination of optimum absorbed dose for the gamma irradiation treatment of experimental 

models of sewage sludge (Bucharest - Magurele), contaminated (or spiked) with 

organochlorine pesticides and polychlorinated byphenils (PCBs) by GC-ECD quantitative 

analysis; Method development for GC analysis for target POPs; 

 Determination of optimum absorbed dose for the gamma irradiation treatment of experimental 

models of municipal waste water contaminated with EDC and/or pharmaceuticals by HPLC 

quantitative analysis; 

 Determination of optimum absorbed dose for the gamma irradiation treatment of experimental 

models of sewage sludge contaminated with EDC and/or pharmaceuticals by HPLC 

quantitative analysis; 

 Method development for HPLC analysis for target POPs; 

 

3.15. Turkey 

 

Summary 

In the frame work of CRP project, Opium alkaloid factory effluents will be treated. Alkaloid 

wastewater has high COD value, which is changed from 30000 to 40000 regarding to seasonal 

variations. The main alkaloid products available in wastewater are morphine, codeine, noscapine, 

laudonosine, tebain, and papaverine. In our previous studies, it was demonstrated that the irradiation 

dose of 40 kGy is enough to disintegrate the alkaloids irradiated at air atmosphere. After 40 kGy 

irradiation, effluents were first subjected to anaerobic treatment and then to aerobic treatment. At the 

end of the treatment process COD value of effluents was decreased to 1780. In this CRP program, the 

results will be upgraded to pilot scale application and dose required for treatment will be tried to 

reduce by additional combined technique(s). In connection with irradiation dose study, treatment 

efficiency with and without biological treatment will also be evaluated. In addition, mechanism of 

degradation and dose mapping of prototype irradiation system in terms of experimental and Monte 

Carlo code will also be studied in CRP framework.  

 

Work plan 

Work plan of the project proposed is as follow: 

 Optimization of sample preparation and  analytic techniques for alkaloid industry effluents 

 Irradiations in different environments (oxygen, ozone, hydrogen peroxide) 

 Dose optimization studies 

 Characterization of alkaloid industry effluents 

 Designing, construction and installation of pilot scale irradiation prototype facility (up to 30 

m
3
/day) 

 Dose mapping of pilot scale irradiation prototype facility (experimental and theoretical) 

 

3.16. USA (Dr. William J. Cooper) 

 

Summary 

The presence of pharmaceutical and personal care products (PPCPs) in natural waters is an emerging 

environmental issue that has raised concerns among the public, scientists, engineers, and regulatory 

groups, because of their possible human health effects and ecological impacts, even at trace 

concentrations. Most PPCPs administered to patients are excreted either as metabolites or as 

unchanged parent compound into the environment, and it is not uncommon to dispose of outdated 

medicines ―down the drain.‖  Therefore, it is critical to develop a fundamental understanding of the 

oxidative and reductive treatment using advanced oxidation processes of PPCPs. In this study, the 

bimolecular reaction rates of PPCPs with hydroxyl radical and the solvated electron were determined 

using pulse radiation and steady state competition studies, respectively. These ROS reaction rates and 
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degradation mechanism provide fundamental information necessary to evaluate the potential use of 

Advanced Oxidation Processes (AOPs) for the destruction of TMP in water or wastewater treatments 

where •OH or 1O2 may be important reactive species.  The specific pharmaceutical chemical that was 

studied was trimethoprim. 

In additional studies which have been conducted over the past 20 years we have determined that the 

potential application of the electron beam process in water reuse will be in the area of residuals 

management.  The two different applications that we are studying are sludge and membrane retentate 

concentrates.  This present study focused on the reverse osmosis retentate at the Orange County Water 

Districts, Groundwater Replenishment System, and the largest indirect potable water reuse plant in the 

world.  We found that AOPs appeared to be an effective way of removing a number of 

pharmaceuticals and personal care products.  Further, it appears that the removal efficiency can be 

followed using excitation-emission matrix fluorescence spectroscopy. 

 

Work plan 

 Determine the dose required for the application of the electron beam process to destroy 

pharmaceuticalsin biosolids 

 Determine the major compounds of interest in water intended for non-potable and potable reuse. 

 Evaluate the reaction rate constants and reaction efficiencies of compounds not previously 

studied, to design an electron beam plant (as one unit process) 

 Determine the by-products formed, their potential biodegradability and toxicity. 

 Examine alternatives for monitoring and controlling electron beam treatment process. 

 

3.17. USA (Dr. Suresh Pillai) 

 

Summary 

Previous studies at the National Center for Electron Beam Research Texas A&M University in 

collaboration with scientists at Tulane University have shown that high energy (10 MeV) E-Beam is 

effective as a pathogen disinfectant and for destroying estrogenic activity in wastewater effluent. 

When E-Beam irradiation is combined with chemical oxidants such as ferrate and chlorine dioxide it is 

possible to disinfect the sludges and effluent, destroy estrogenic activity as well as achieve the 

stabilization of sludges.  We term this technology the E-Beam Chemical Oxidant (EchO) technology.  

The EChO technology is capable of destroying estrogenic activity in solids and sewage sludges as 

well. The EChO technology can also find application as a pre-conditioning treatment prior to 

anaerobic digesters.  The overall goal of this project is to commercialize the EChO technology 

 

Work plan 

 

 Identify the costs and benefits of incorporating EChO technology for inactivating pathogens, 

destroying estrogenic compounds and sludge stabilization 

 Compare the cost and treatment efficiencies of the E-Beam based treatment approach with other 

contemporary technologies such as RO, nano-filtration, and Activated Carbon Adsorption, and 

CAMBI
®
 

 Delineate the technical specifications, identify possible vendors, and build appropriate business 

models needed for the adoption and commercialization of this technology    

 

The specific summary of the overall work plan of each country is represented in Table 3 while 

the summary of the overall work plan of the CRP is presented in Table 4, and in Table 5 is 

presented the summary of collaborations.  
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4. CONCLUSIONS 

 

 Clear understanding of the intended use of the reclaimed water is essential and each  country 

should consult with the national standards/regulations to ensure that these thresholds are taken 

into consideration when developing the treatment process and which  toxicity assay to be used 

to assess the efficacy of the process. The participants agreed to work in consultation with 

national regulatory bodies for these studies. 

 Toxicity evaluation of the irradiation products constitutes an integral and important part of the 

whole programme. Collaborative work will be needed for Toxicity Evaluation studies.  As a 

process monitoring and control parameter, it may be good to use commercially available 

assays that are simple and easy to use.  

 For highly polluted waters, there is a need to examine the potential of combining different 

treatment processes or approaches and studies should also be aimed at assessing the potential 

of irradiation technologies to enhance or improve current technologies. 

 New analytical methodologies are needed for enhancing detection limits of the pollutants or 

their degradation products.  In the context of this CRP, it is essential to identify alternative 

approaches that are easy to use to identify by products. 

 Methods to process samples for measuring estrogenic activity need to be standardized. 

 When analyzing the treatment efficacies, the parameters to be evaluated should be carefully     

considered. In addition to the target analytes, the data should also include, for example, 

standard water quality measurements such as for example for wastewater BOD5, TSS, COD, 

VSS and TOC etc. For drinking water, measurements such as alkalinity, TOC, pH should be 

included while when dealing with municipal wastewater samples, standard microbiological 

parameters such as fecal coliforms, E.coli, Salmonella should be taken into consideration.  

The use of commercial assays should be encouraged. 

 For highly toxic compounds/chemicals that are at low concentrations, it is essential to 

characterize and identify the pollutants. 

 All CRP members should ensure that dosimetry is accurate and traceable. ASTM standard 

dosimetry should be used wherever applicable. Information regarding the dosimeter, the target 

dose, the measured dose should be recorded. Dose-mapping information is critical. 

 Create a Google group for this CRP. The CRP unanimously choose Marian from Romania as 

the lead for this activity. Every CRP member should create a Gmail account. 

 For feasibility studies, each CRP member should collect information that is critically needed for 

feasibility/economic analysis. For example, cost for electricity, land, labor, etc. Information 

regarding these can also be collected from UNIDO website and review the COMFAR. 

 

Collaborations 

 

5. RECOMMENDATIONS  

 

 The member states strongly recommend to the IAEA that role of ionizing radiation as a 

sustainable technology in producing reusable water from industrial and municipal effluents is 

highlighted in the general IAEA conference scientific session in September 2011. 

 The CRP member states recommend that linkages be developed with professional agencies such 

as IWA, engineering consulting companies, SAGNA (Standing Advisory Group for Nuclear 

Applications) so that this technology gets wide coverage. 

 The CRP member states recommend that demonstration projects at different scales such as 

mobile E-Beam platform, bench or pilot scale treatment facilities should be encouraged. 

 The development of various aspects of radiation technology for treatment of waste water can be 

carried out by the CRP participating scientists and engineers. However, the deployment of the 

technology at an appropriate level will need additional expertise. It is therefore recommended 

that the CRP include the expertise of an environmental engineer as a consultant for example at 

the next meeting. 
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 The participants acknowledged the need of disseminating their scientific results to professional 

societies in related areas and end user agencies through scientific seminars, discussion 

meeting, conferences and publications. 

 Portugal, Italy or Vienna are recommended as the possible venues for the next meeting of the 

CRP. 

 

Table 1. Summary of pollutants in water, wastewater and sludge 

 

 Wastewater  Solid 

Industrial 

Wastewater 

Water Municipal 

Wastewater 

Sludge Contaminated 

Soils 

Organic 

Matters 

(man-

made) 

Dyes, 

chemicals, 

surfactants, 

Alkaloids, 

pharmaceuticals 

Pesticides, 

endocrine 

disrupters,  

pharmaceuticals 

Pesticides, 

endocrine 

disrupters,  

pharmaceuticals 

Pesticides, 

endocrine 

disrupters 

PCBs, heavy 

oils, 

pesticides, 

petrochemicals 

etc. 

Organic 

Matters 

(natural) 

 organics from 

humic 

substances 

 organics 

from humic 

substances 

organics from 

humic 

substances, 

Inorganic 

Matters 

Heavy metals, 

minerals 

Heavy metals, 

T-N, T-P, 

minerals 

Heavy metals, 

T-N, T-P, 

minerals 

Heavy 

metals, etc. 

Heavy metals 

Micro-

biological 

- Bacteria, 

Viruses, 

Parasites, 

(Algae) 

Bacteria, 

Viruses, 

Parasites 

Bacteria, 

Viruses, 

Parasites 

Bacteria, 

Viruses, 

Parasites etc. 

Goals decreasing 

Toxicity, COD, 

BOD, S/S 

human activities, 

agricultural and 

industrial uses 

discharge to the 

environment, or 

re-use for 

human 

activities 

re-use for 

agricultural 

purpose 

decreasing 

toxicity, 

remediation 
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Table 2. Summary of radiation sources and analytical methodologies to be utilized  

 

 Source of Radiation Analytical tools 

Gamma 

ray 

E-Beam Others Chemical Toxicology Micro-

biology 

Computer 

Modeling  

Pulse 

Radiolysis 

Algeria ☺   ☺     

Brazil ☺ ☺  ☺ ☺    

China ☺ ☺  ☺ ☺ ☺   

Egypt ☺ ☺  ☺     

Hungary ☺ ☺ AOP ☺ ☺  ☺ ☺ 

Italy ☺ ☺ AOP ☺ ☺  ☺  

Japan ☺ ☺  ☺ ☺  ☺  

Korea ☺ ☺ AOP ☺ ☺ ☺ ☺  

Malaysia ☺ ☺  ☺     

Poland ☺ ☺  ☺   ☺ ☺ 

Portugal ☺ ☺  ☺ ☺ ☺ ☺ ☺ 

Romania ☺   ☺  ☺ ☺  

Turkey ☺ ☺  ☺ ☺  ☺  

U.S.A. (P)  ☺  ☺ ☺ ☺ ☺  

U.S.A. (C) ☺  AOP ☺      

 

 



Working Material 

26 

Working Document 

Table 3. Summary of work plan of studies in water, wastewater and sludge 

 

 Wastewater  Solid 

High Contaminated 

Industrial Wastewater 

Medium to Low Contaminated Sludge Contaminat

ed Soils 

 Textile 

Dyeing 

Paper 

mill 

Petro- 

Chemical 

Animal 

Waste 

Pharmaceutical Hospital Others Municipal Under-

ground 

Ballast 

Water 

EDC Others   

Algeria   ☺            

Brazil ☺       ☺       

China  ☺      ☺       

Egypt ☺    ☺          

Hungary ☺    ☺   ☺       

Italy ☺   ☺  ☺     ☺    

Japan        ☺   ☺    

Korea ☺   ☺    ☺ ☺ ☺ ☺   ☺ 

Malaysia            mixed   

Poland       inorganic      ☺  

Portugal            ☺   

Romania        ☺   ☺  ☺  

Turkey       Alkaloid        

U.S.A.(P)        ☺   ☺  ☺  

U.S.A.(C)        ☺     ☺  
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Table 4. Summary of Work plan  for CRP at a glance 

 

 Activities 

Fundamental 

and New 

analytical 

Feasibility 

studies 

Technology 

Demonstration 

and/or economic analysis 

Technology 

Deployment 

Algeria ☺ ☺ ☺  

Brazil ☺ ☺ ☺  

China ☺ ☺ ☺  

Egypt ☺ ☺ ☺  

Hungary ☺ ☺ ☺  

Italy ☺ ☺ ☺  

Japan ☺ ☺ ☺  

Korea ☺ ☺ ☺ ☺ 

Malaysia  ☺ ☺  

Poland  ☺ ☺ ☺ 

Portugal ☺ ☺ ☺  

Romania ☺ ☺ ☺  

Turkey ☺ ☺ ☺ ☺ 

U.S.A. (P)  ☺ ☺  

U.S.A. (C) ☺ ☺ ☺  

 

 



Working Material 

28 

Working Document 

Table 5. Summary of Collaborations 

 

 Alg Bra Ch Egy Hun Ita Jap Kor Mal Pol Por Rom Tur USA(P) USA 

(C) 

Algeria  T  CS  BP  CS  CS  CS   BP 

Brazil T    T, 

BP, 

M 

 BP, 

T 

   T    BP 

China       BP EA, 

CS 

     T  

Egypt CS     BP     T    BP 

Hungary  T, 

BP, 

M 

   EA  EA    BP    

Italy BP   BP CS  BP BP   T, 

EB 

BP, 

EB 

   

Japan  BP, 

T 

BP   BP  BP CS, 

BP 

  CS, 

BP, 

TG 

   

Korea CS  EA, 

CS 

   BP, 

CS 

 CS, 

EA 

   CS CS  

Malaysia  T CS    CS, 

BP 

D  CS      

Poland CS        TG  EB   D* EB 

Portugal  T  T CS CS  EB  EB    M BP 

Romania CS T   BP  CS, 

BP, 

TG 

EA, 

CS, 

EB 

  M BP  EA EA 

Turkey        EA, 

CS 

 BP    EA  

USA (P)   T         EA    

USA (C) BP BP        EB BP EA    

Toxicity Assays= T, Byproduct Analysis= BP, Dosimetry= D, Electron Beam =EB 

Microbiological Assays =M, Training=TG, Economic Analysis=EA, Complementary Studies: CS 

 

EcoToxicity Assays 

Acute Chronic 

Fresh Water fleas (Daphnia spp. Ceriodaphnia spp. Commercial assays 

Algal assays  

Vibrio fischeri assay Vibrio fischeri assay 

Pseudomonas putida Pseudomonas putida 

 

 

Estrogenic Activity Assay 

 

YES  

Yeast hybrid assay 

ZR-75 cancer cell line 
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REPORTS BY PARTICIPANTS OF THE COORDINATED RESEARCH PROJECT 
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APPLICATION OF GAMMA RADIATION FOR THE REMOVAL OF ORGANIC 

POLLUTANTS FROM WASTEWATER 

H. Meguenni, M. Mahlous, F. Rouane, R. Bensemanne, M. Rebaia, B. Mansour 

 

Division of Nuclear Applications, Nuclear Research Centre of Algeria, Algiers, Algeria 

 

1. WORKS PREVIOUSLY MADE 

Organophosphorus pesticides can persist in the environment for long period of time; they are detected 

in soil years after application, and frequently detected in surface water and ground water.  

 

Among the various techniques developed for pesticide degradation, gamma radiation appears to be a 

very promising one. Known as an efficient method for wastewater treatment, it reduces significantly 

the content of various pollutants in water by different mechanisms, such as chain oxidation, formation 

of insoluble compounds, coagulation of compounds and enhancement of biodegradability. 

 

The work already performed in our laboratory was dealing with the degradation of two 

organophosphorus pesticides by gamma radiation. The aim of work was to determine the effect of 

absorbed radiation dose on the degradation rate of dichlorvos (DDVP) and chlorpyrifos-ethyl (CPF-E) 

in aqueous solution and Chlorpyrifos in acetonitrile. Thus, major concern of these studies was 

addressed to the determination of by-products using GC-MS technique. 

 

1.1. Radiation degradation of 2.2 dichlorovinyl dimethyl phosphate (DDVP) in aqueous solution. 

 

The solution was irradiated to absorbed doses varying from 0.1 to 10 kGy, using a 
60

Co gamma 

source. The variation of dichlorvos concentration as a function of absorbed dose was followed by 

HPLC analyses. The results showed that the dichlorvos was completely degraded at the dose of 

10kGy.  
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FIG. 1. Irradiation effect on the concentration of DDVP 
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The identification of by-products formed during radiation degradation process of dichlorvos was made 

using (GC-MS). Three intermediates were identified namely:  

— Phosphoric acid, trimethyl ester (C1);  

— 2,chloroethenyl dimethyl ester phosphoric acid (C2)  ; 

— o-methyl o-propyl  isopropylphosphonate (C3). 

 

1.2.  Radiation degradation of Chlorpyrifos-Ethyle (CPF-E) in acetonitrile  

 

The solution was irradiated to absorbed doses varying from 1 to 50 kGy, using a 60Co gamma source. 

The variation of chlorpyrifos-ethyle concentration as a function of absorbed dose was followed by 

HPLC analyses. The results showed that the chlorpyrifos-ethyle was completely degraded at the dose 

of 50 kGy. 
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FIG. 2. Irradiation effect on the concentration of CPF-E. 

 

The CPF-E concentration in the solution decreased exponentially with the absorbed dose. The 

pesticide which completely disappeared is transformed into by-products, which were identified with a 

fit value higher than 70% in all cases, as  

— 2, furancarboxaldehyde, 5, cyclopentanol;  

— 2, hydroxy-3, 5,6-trichloropyridine; 

— Phosphoric acid, diethyl 3,5,6-trichloro-2-pyridinyl ester. 

 

1.3.  Radiation degradation of Chlorpyrifos-Ethyle (CPF-E) in aqueous solution 
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FIG. 3. Irradiation effect on the concentration of CPF-E. 
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The HPLC analysis, reveled an appearance of two peaks which are attributed to the metabolites 

resulted from the degradation of the CPF-E in aqueous solution, namely: 

— Diethyl trichloromethyl phosphonate  

— 2-hydroxy-3, 5, 6-trichloropyridine.  

 

The identification program of NIST and NBS libraries has identified the by-products formed with a fit 

value higher than 75% in all cases.  

So, we can conclude that gamma radiation is an efficient method to be applied for the degradation of 

pesticides present in water. But, the by products formed are still present in the medium treated by 

gamma irradiation. It is not excluded that, their toxicity could be higher than that of the parent 

compound.  

The challenge is to develop a secondary treatment that could be used for the removal of these by- 

products from water. 

In addition to pesticides, it is well known that, the environment is polluted by the industrial effluents 

which often carry chemical contaminants extremely toxic and remain intact for long periods in the 

environment (PCBs, PCNs, …), and those formed accidentally or eventually released as a by-product 

from various activities, such as industrial or combustion processes (i.e., PAHs and some others..).  

Removing the persistent organic pollutants (POPs) from wastewater by gamma radiation is the first 

stape which has to be followed by other conventional techniques, to bring down the concentration 

level of the by-products formed during the radiation process.  

The sorption technique is one of the several techniques that have been successfully employed for 

removing such toxic residues of by-products from the treated effluents.  

The continuous search for materials with improved specific properties was oriented towards the 

development of composites of synthetic and natural materials. Polymers have attracted great interest 

because they are easily and effectively produced in a wide variety of compositions, and exhibit 

specific sorption properties after modification with various functional groups.  

Currently, the work program of the CRP concerning the first year, is to proceed to studies first, the 

effects of gamma irradiation on the degradation of some manmade POPs such as pesticide, PCBs and 

PAHs, contained in water at different concentrations, than to develop a secondary method, which 

could complete the treatment. The adsorption phenomenon could be efficient in removing the 

persistent organic pollutants from wastewater.  

According to a survey conducted the use of pesticides, dichlorvos is the widely used one and always 

end in liquid effluents.  

Next step of the future program will deal with the removal of PCBs and PAHs, from wastewater by 

combined treatment: gamma radiation- adsorption. 

2. DESCRIPTION OF RESEARCH GOING ON AT OUR LABORATORY 

2.1. Development of adsorbents for organic pollutants 

2.1.1. Reagents 

Dichlorvos (2.2 dichlorovenyl dimethyl phosphate), analytical grade 97% purity, purchased from 

LIMARU (Belgium), was used without any further purification. The solvent was HPLC-grade 

(acetonitrile) supplied by MERCK, Darmstadt, Germany. Polyvinylpyrrolidone K90, Polyvinylalcohol 

40-88, polyacrylic acid and Polyacrylamide were purchased from Fluka, Switzerland. Deionized water 
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was used throughout the work. Stock solution of dichlorvos (1g/l) was prepared in deionized water, 

protected from light and stored at 4
0
C.  

2.1.2. Natural adsorbent  

Fibers of luffa have been washed thoroughly with water and then with deionised water to remove 

foreign impurities. They were then dried and stored in vacuum descicator to be used as adsorbent for 

further analysis. 

2.1.3. Equipment and method of characterization  

The concentration of the pesticide solution was determined by Water 501 model HPLC equipped with 

C18 column, UV-Vis detector. Deionized water and acetonitrile (50/50, V/V) solvent were used as 

mobile phase at flow rate of 1ml/min, and the selected wavelength was 215nm. 

2.1.4. Materials tested: 

— Polyvinylpyrrolidone (PVP) (10 % solution Crosslinked by gamma radiation) 

— Polyvinylalcohol - polyacrylic acid blend (PVA-co AAC) 

— Polyacrylamide - polyacrylic acid blend (AAm- co – AAC) 

— Cellulose 

 

2.2 Adsorption experiments 

 

The batch adsorption experiments were used to measure the adsorption of pesticide onto adsorbent 

surface. The experiments was performed in an Erlenmeyer flask .In this process 0.1g of adsorbents 

was put in 100ml Erlenmeyer flask containing 40ml of dichlovos solution at concentration of 1g/l and 

the solution was shaken at ambient temperature at 150 rpm during 24 hours.  Finally, the sample was 

filtered using whatmann filter paper; a 20µl of sample solution was then injected to HPLC under 

optimized conditions. The quantity of absorbed pesticide by the absorbent material is calculated in 

function of the peak height (cm) of initial concentration and the final concentration, after shaking. 

2.3 Results obtained 

 

At this stage, only preliminary tests are performed.  

Right now, the synthetic adsorbents tested did not give any satisfactory results. 

Concerning the cellulosic material, the tests are still going on. 
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RADIATION PROCESSING OF WASTEWATER AND POSSIBILITIES FOR REUSE 

S.I. Borrely, C.L. Duarte, M.F. Romanelli, D. R. Santos, A. S. Pinheiro 

 

Instituto de Pesquisas Energéticas e Nucleares, IPEN-CNEN/SP, São Paulo, Brazil 

 

Abstract   

During this CRP project our country is working on the assessment of acute toxicity and other biological effects 

of three different classes of organic contaminants that are always present in wastewaters and waterbodies.  To 

apply ionizing radiation to remove toxicity in a real scale would be an important pass for some facilities of 

biological treatment in São Paulo, Brazil, as a preliminary stage. The control of toxicity is a legal 

recommendation. The target compounds to be studied during CRP project are: like anionic surfactants (SDS – 

sodium dodecyl sulphate and LAS – linear alquil sulphate), two reactive dyes (RB B – Remazol Black B; RO 3R 

Remazol Orange 3R) and two pharmaceutical (EE and Fluoxetin Hydrochloride). One of the pharmaceutical 

products is a hormone and the other one is an antidepressive drug (known as Prozac®). The methods for 

ecotoxicity studies utilizes very young living organism that are exposed to the products or their residues with 

time and physical standard condition at Laboratory. The following steps are related to the irradiation of them at a 

Linear Dynamitron Electron Beam Accelarator (batch system) and after irradiation the chemical and 

ecotoxicological determinations are repeated for obtaining the efficacy of the radiation proposed treatment for 

each of the contaminant group.  If low radiation is able to remove contaminants and reduce toxicity from 

wastewaters the total or part of their volume may be reused.  Partial results on the biological effects, reported as 

EC50 (ppm, 48h) when daphnids were exposed to the surfactants were obtained. These values were enhanced 

from 11.8 ppm to 70 ppm which resulted in a solution less toxic than when compared to the initial standard 

solution (untreated). Suzano Wastewater Treatment Plant in São Paulo is trying to improve the wastewater 

treatment in order to remove residual detergent after the secondary biological treatment. The dyes and 

pharmaceutical products are included in this CRP due to their local importance and presence in the aquatic 

environment and specialy due to their low biodegradability.   

 

1. OBJECTIVE OF THE RESEARCH 

Scarcity of water in some regions of the world has gained attention and different technologies have 

been considered and studied for recalcitrant pollutants degradation. Because of the importance of 

water reuse and needs of improving wastewater treatment the ionizing radiation is being investigated 

for multiple situations.  

Our objective focuses on the irradiation of anionic surfactants, some reactive dyes and two 

pharmaceutical products (fluoxetine hydrochloride and 17α etinilstradiol). The evaluation of acute 

toxicity on those substances, before and after irradiation, is the major step of the work and the 

response to be achieved is how much irradiation reduces biological effects? The radiation efficiency to 

decompose the above componds is also the target of the propesed project. Furthermore, studies include 

the investigation of radiation processing of their mixture (dyes + surfactant; pharmaceuticals + 

surfactant).  

 

Introduction 

The possibilities of using ionizing radiation for improving water and reuse it is becoming a widly 

discussed issue in many countries as well as is in several other AOP process due to the needs of 

controlling the hundreds of pollutants discharged to the wastewater facilities and the evidences of 

emerging pollutants into waters.  

 

In Brazil one of the groups of compounds pointed out as emerging contaminants has been the 

pharmaceutacials (medicines) residues. Evidences in waters and wastewater have been reported and 

their low biodegradation is an important concept and reason to use a powerfull technology once 
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pharmaceuticals products are continuously dispersed into the environment as a result of human and 

veterinary use.  Assessment of pharmaceutical products effects over the aquatic ecosystems is a major 

task, as these systems are the most impacted sites after the continous dumping of heavy loads of 

environmental contaminants. A large number of bioindicators and test organisms may be useful but 

some have been applied widely (water flea, fish, algae etc). The most applied living organisms in 

Brazil for toxicity assessment are Daphnia similis crustacean, Danio rerio fish, green algae and Vibrio 

fischeri bacteria.   

 

The standard methods for Ecotoxicology assays in Brazil were organized by ABNT (Brazilian 

Association for Technical Standards). They were written on the basis of OCDE and ISO and taking 

into account the native species and their descriptions and life cicle, sensitivity of organisms, hardness 

of regional waters
 [1]

.   

 

This study will focus on the radiation processing of standard solutions containing anionic surfactants 

(SDS and LAS), reactive dyes (RB B5 and RO 3R, remazol black and remazol orange, respectively), 

and two pharmaceutical products (fluoxetine hydrochloride and etinilstradiol hormone). The acute 

toxicity of these compounds has been measured and some irradiation experiments were carried out.  

 

Regarding dyes manufacture in Brazil cotton is the principal type of fiber to be colloured and the 

reactive dyes are suitable for it. More than 10.000 different compounds were commercialized as dyes 

and pigments. Nearly 12% of processed dyes are lost to aquatic environment. On the other hand from 

the amount of dyes which is lost to the environment three different chemical forms may be released: 

sulphatoethylsulphone, vinylsulphone and hidroxiethyl-sulphone. 

 

The assessment of effects over the aquatic ecosystems are a major task, as these systems are the most 

impacted sites after the continuous dumping of heavy loads of environmental contaminants. A large 

number of bioindicators and test organisms may be applied and also the type of expected effect: 

toxicity, genotoxicity, mutagenic, carcinogenic. Not allways acute effects are observed for a given 

specie but some other researchs may give complete different answer. Sometimes one contaminant may 

be less toxic than many others or even may not be toxic on the acute level. Nevertheless when in the 

environment the degradation products may be transformed into a mutagenic substance.  

 

Some other organic compound may induce malformation on fish or modify completely the feeding 

behaviour of some other species, for instance. At figure 1 the malformation induced by byphenils in 

fish can be observed (Sciencexpress, 2010). The paper focused the mechanistic basis of resistance to 

PCBs in Atlantic Tomcod from the Hudson River). In São Paulo the induced mutagenic effects by 

reactive dyes were reported at Ribeirao dos Cristais and the effects seem to be worst after biological 

degradation.  

 

Regarding the studies realized at Instituto de Pesquisas Energeticas e Nucleares, IPEN-CNEN/SP, 

several types of samples have been submitted to radiation, joint collaboration with SABESP (local 

sanitation company) were developed and recently the pharmaceutical residues have been in a central 

discussion once they have been found even at treated water for public supply. Some few examples of 

recent published papers concerning radiation application onto different matrix of residues or effluents 

are presented at Table1 
[3,4,5,6,7,8,9,11,]

. 
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FIG. 1. The potency of organic compounds to induce malformation on fish 
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TABLE 1 - Type of sample-matrix submitted to radiation as a possible treatment technique  

 

Type of sample 

  

 

Title of study – Year of publication 

 

Authors 

Lubricating oil residues Sulphur removal from used automotive lubricating oil by 

ionizing radiation. 

Atoms for Peace – An Internat J. 2010 3:50-55 

Scapin et al, 

2010 

Detergents in water Radiation processing of detergents and possible 

environmental benefits 

Nukleonika 2009; 54(2):61-64 

Borrely et al, 

2009 

Solids residues 

(packages) 

Decontamination of ametryne HDPE packaging using 

EBA. 

Radiat. Physics and Chem. 2009; 78(2): 725-728 

Duarte et al, 

2009 

Textile effluents and dye 

solutions 

 

Toxicity and colour reduction for azo dyes submitted to 

electron beam irradiation. 

INAC Conference. 2007, p.154-159 

Pinheiro et al, 

2007 

Solids residues 

(packages) 

 

Study of degradation of chlorpyrifos by ionizing 

radiation. 

Radioanal. and Nuclear Chem. 2006; 270(1): 1-10 

Mori et al., 
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2. MATERIALS AND METHODS 

2.1. Sample solutions determination and irradiation – Anionic surfactants 

Samples of the surfactant were prepared by diluting dodecyl sodium sulfate, from MallinckrodtOR

, 

with distilled water up to 100 mg/L. The determination of DSS was carried out by UV Vis after 

chloroform extraction in the presence of methylene blue as active substance (MBAS Standard 

Method). 

Electron Beam Irradiation: an industrial electron beam accelerator, model Dynamitron, 1.4 MeV beam 

energy and variable current up to 25 mA was used and the applied radiation doses were 3.0 kGy, 6.0 

kGy, 9.0 kGy ande 12.0 kGy.  

Similar procedures were followed for the studies carried out for LAS surfactant.   

2.2. Toxicity assessments  

Young individuals of Daphnia similis were exposed to different concentration of surfactants (from 

5.00 mg/L to 80.00 mg/L), during 24 h and 48 h. The concentrations that could lead to the 

immobilization of 50% of the organisms (EC-50%) were calculated from the number of immobile 

organisms per sample concentration and by applying statistical tests with the program Trimmed 

Spearman Karber (CETESB, 1986). The experiment with the bioluminescent bacteria Vibrio fischeri 

was performed with the Microtox
 

System, model M-500 from Microbics, exposing the samples to 

concentrations between 0.50 mg/L and 45.45 mg/L during 15 minutes. The statistical analysis was 

carried out with proper statistics program by Microbics (version 7.82), that calculates the values of 

EC-50% based on the reduction of the light emitted by the microorganism after exposure (CETESB, 

1987). The evaluation of the irradiation process on the reduction of the acute toxicity of samples 

containing the surfactant was performed by transforming the obtained values of EC-50% into Toxic 

Units (TU) that are directly proportional to the toxicity, through the ratio 100/EC-50%. The percentage 

of the reduction of acute toxicity between the raw and the irradiated sample were calculated from the 

TU values for each radiation applied dose.  

2.3. Dyes solution irradiation and Toxicity assessments  

The preliminary results were obtained using similar procedures described at 2.1 and 2.2 and the dyes 

substances were obtained from a regional company as 133% of dye – representing the commertial 

product to be used by the textiles manufacture in southeast and south regions of the country. 

2.4. Pharmaceuticals 

Few experiments were made for the EE and FH and this last was exposed to Hyallela azteca amphidod 

for 96 hours
[2]

 . 

 

3. RESULTS 

As mentioned before the project comprises three different classes of organic contaminants: anionic 

surfactants, reactive dyes and pharmaceutical products as residue. Their acute toxicity data were 

organized at Table 3. On the other hand radiation applied studies were concluded only for the 

surfactants and data is shown at Table 2. 

 

The acute toxicity data from table 3 ilustrate how sensible one given specie of daphnids (D.similis) is 

to pollutants in the laboratory conditions and the values may be quite different even for the same 
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contaminat group as it was observed for the reactive dyes. Important is to point out that there is a 

recommendation of the environmental agencies that more than one living organism have to be exposed 

to the studied products or environmental matrix, even when monitoring is the case. It is easy to 

observe different numbers for percentual toxicity removal assessed for more than one species when 

radiation was applied and toxicity measured. The efficacy of radiation process may vary for each 

living species exposed. The same is observed for different techniques of wastewater treatment.   

 

The UV-Vis spectra for Orange Remazol is presented as Figure 2, showing 2.5 kGy as a enough dose 

for colour reduction of this dye. 

 

TABLE 2 – Acute toxicity removal (D.similis)  X radiation dose 

 

Dodecyl Sodium Sulfate – D S S  

 

              Acute Toxicity – D. similis – 24 hours 

 

  Dose (kGy)     EC50 (%, v/v)     Toxic Unit   Toxicity 

  Reduction (%) 

       0         11.81 

 

         8.71           0 

       3         69.13 

 

         1.47         83.12 

       6         70.33 

 

         1.42         83.69 

       9         52.12 

 

         1.92         77.95 

      12         38.08 

 

         2.63         69.80 

 

Similar results were obtained for V.fischeri when it was obtained 95.77 % removal of acute toxicity 

with 9.0 kGy (Borrely et al, 2009). 
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TABLE 3 - Acute toxicity results for the three different classes of contaminant on D.similis* and 

H.azteca** 

 
 

Contaminants Group  

 

 

Organic Compound 

  

 

    EC50 (ppm, 48h) 

confidence interval 

(95%) 

 

 

Anionic surfactants 

 

DSS 

 

LAS (acid)  

 

 

11,81 

 

7.84 

 

 

 

(9.12-15.25) 

 

(6.32-8.65) 

 

 

Reactive dyes 

 

RB B (black) 

 

RO 3R (orange)  

 

 

 

96.21* 

 

4.41* 

 

(65.24-154.53) 

 

(3.43-5.73) 

 

Pharmaceutical 

 

(medicines residue) 

 

FC 

 

EE2 

 

 

0.83** 

 

1.97* 

 

 

 

(0.28-2.59) 

 

(1.77 – 2.19) 

RB B – Remazol Black B; RO 3R Remazol Orange 3R (sulphatoethylsulphone)   

DSS - Dodecil sodium sulphate; LAS – linear alkyl benzene  
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FIG. 2. Colour removal of organic dye when irradiated 

 

The ecotoxicity assessment is very effective once the environmental aspects of textiles are very 

complex and include production, processing, transport, usage and recycling. Textiles are made from a 

variety of materials and can contain a large number of chemicals which are used during production of 

fibers, for preservation and colouring. In case of irradiating a complex real effluent maybe it will 

demand different radiation doses. 
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Abstract 

 

Chlorophenols as one of hardly biodegradable and the representative anthropogenic pollutants in mill effluent 

was investigated. The degradation of aqueous 50 mg.L
-1

 2-CP, 4-CP and 2,4-DCP under reducing conditions has 

been studied by γ-irradiation. The reaction constants of e
-
aq with 2-CP and 4-CP showed that they were almost 

same. Within the same family of chlorophenols, the chlorine removal rate of 2,4-DCP was by far faster than that 

of 2-CP or 4-CP. In the reductive decomposition of 2,4-DCP, 4-CP and Cl
-
 were as detected the major products 

while 2-CP and phenol increased slowly. Relationship curve between –ln[c/c0] of CPs, ln[c0/c0-c] of Cl
-
 and 

radiation dose were showed.  

 

Keywords: Chlorophenols, Reductive degradation, Dechlorination, γ-radiation 

 

1. INTRODUCTION 

 

Kraft mill bleaching plants represent a significant source of anthropogenic chlorinated organic 

compounds in the liquid effluents. Chloro-organic compounds are formed during the bleaching of 

Kraft pulp with chlorine and chlorine dioxide. The quantity and characteristics of the chloro-organic 

compounds depend on the chemicals used, and the manner in which they are applied during bleaching. 

Phenolic compounds, and especially chlorophenols, are highly toxic and hardly biodegradable and one 

of the most common anthropogenic pollutants found in mill effluent. The existing methods for treating 

pulp mill effluent, such as activated sludge and aerated lagoon treatment, may not be adequate for 

compliance with stringent regulations. Thus, advanced oxidation processes (AOPs), such as Fenton 

reaction, UV photocatalysis, ozonation and ionizing radiation, have been widely studied in the 

treatment of CPs. In particular, radiation treatment using gamma-rays or electron-beams has been 

found to be efficient for degradation of a wide range of toxic organic contaminants 
[1-8]

.  

 

The degradation of ionizing radiation on halogenated aromatic compounds has been studied mainly in 

order to establish the free radical pathways. In pH range of 6~8.5, radiolysis of air-free water leads to 

the formation of a suite of radical species [reaction (1)]. 

 

H2O → (2.8) ·OH + (2.7) e
-
aq + (0.6) ·H + (0.45)H2+(0.72)H2O2 + (3.2)H

+
aq + (0.5)OH

−
aq (1) 

 

The numbers in brackets (G values) indicate the relative number of each species formed per 100 eV 

absorbed energy. These reactive radicals react with each other and with other ions and solutes present 

in the solution. The chemical reactions initiated by the three highly reactive species (·OH, e
-
aq, ·H) are 

principal important with respect to ionizing radiation process in aqueous solutions. Especially, the 

hydrated electron (e
-
aq) is the strongest known reducing agent (reduction potential–2.9 V) and reacts 

very rapidly with halogenated organic compounds through dissociative electron capture 
[9-18]

. The 

following reactions of are typical examples. 
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CHCl3 ＋ e
-
aq  →  ·CHCl2 ＋ Cl

﹣
                K=3×10

7
 m

3
 mol

-1
 s

-1
     (2) 

CHCl3＋ ·H  →  ·CHCl2+ Cl
﹣ 

+ H
+
                K=1.1×10

4
 m

3
 mol

-1
 s

-1
    (3) 

ClCH2COOH＋ e
-
aq  →  ·CH2COOH＋ Cl

﹣
         K=6.9×10

6
 m

3
 mol

-1
 s

-1
    (4) 

ClCH2COOH＋ ·H  →·CH2COOH + Cl
﹣ 

+ H
+
          K=7.2 m

3
 mol

-1
 s

-1
        (5) 

 

From reactions (2) to (5), it can be concluded that the dechlorination with e
-
aq were much higher than 

·H reacted with the most chlorinated organic. The objectives of the present paper were the 

identification and quantitative determination of the hydrated electron radiolytic products as well as the 

dechlorination in dependence of the absorbed radiation dose. Reductive reaction conditions have been 

applied and the influence of parameters such as the number of chlorine atoms and the position of 

chlorine atoms on the degradation pathways was discussed. In addition, the kinetics and G-value of 

chlorophenols (2-CP, 4-CP and 2,4-DCP) and Cl
﹣
 were also discussed 

 

2. MATERIALS AND METHODS 

 

2.1. Materials 

2-CP, 4-CP, 2, 4-DCP and other reagents were obtained from Beijing Chemical Co. Inc., China. All 

chemicals were of analytical grade or the highest purity available from the supplier. The chlorophenols 

solutions with initial concentration of 50 ppm were prepared with double-deionized water. In order to 

investigate the reducing reaction of e
-
aq, the aqueous were pre-saturated with highest purity of nitrogen 

gases (99.99 %) for at least 20 minutes in the presence of 0.2 mol/L n-butanol. The initial pH values 

were adjusted as 9 with 0.1mol.L
-1

 of NaOH or H2SO4. 

 

All irradiation experiments were performed upon a gamma irradiator, located at Institute of Nuclear 

and New Energy Technology (INET), Tsinghua University. The 
60

Co-γ-source holder consists of 16 

source rods, with a total activity of about 1.3×10
4
Ci. In our irradiation experiments, each time 25 mL 

of CPs solution placed in the 
60

Co irradiated field with a specific distance and time to achieve 

absorbed doses range from 0.2 to 5 kGy. Irradiation dose rate determined by means of a Fricke 

dosimeter using G (Fe
3+

) =15.6. All experiments were carried out at ambient temperature. 

 

2.2. Analytical equipments and methods 

The analysis of substrate degradation was carried out using HPLC (Agilent 1100 Series, L-4000 UV-

vis detector, Eclipse XDB-C18 column (5µm, 4.6×150mm), eluent gradient: CH3OH/H2O=60/40; flow 

rate: 1mL/min; the absorption was measured at 280 nm; the injection volume: 20µL); 

 

The concentration of Cl
﹣ 

was monitored by using Thermo Dual Star dual-channel ion concentration 

measuring instrument (9617 ionplus Sure- Flow).  

 

3. RESULTS AND DISCUSSION 

 

3.1 Radiation degradation of CPs 

In order to study the radiolytic products resulting from e-aq attack on aqueous 2-, 4- and 2,4-CP (50 

mg.L-1), experiments were carried out in N2 saturated solutions at pH = 9, containing n-butanol (0.2 

mol. L-1) as ·OH scavenger[19] [reaction (6-7)]. The rates of degradation of the substrates as well as 

the formation of chloride and the intermediate products were shown in Fig. 1. Phenol was the only 

major organic product detectable by HPLC.  
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OH ＋C4H9OH → CH2C(CH3)2OH ＋ H2O                   (6) 

e
-
aq ＋ ClC6H4OH →Cl

-
 ＋ C6H4OH                          (7) 

 

From the data in Fig.1, it was obvious that the most efficient degradation takes place with 2, 4-DCP, 

followed by 4-CP slightly higher than that of 2-CP. At a dose of 3 kGy, the decomposition efficiency 

was 28.9 %, 35.5 % and 86.9 % for 2-CP, 4-CP 2,4-DCP when their initial concentration was 50mg.L
-

1
, respectively. The same tendency can be seen in the formation of free chloride. Within the same 

family of chlorophenols, the chlorine removal rate of 2,4-DCP was faster than that of 2-CP or 4-CP. 

For instance, at the dosage of 0.5 kGy, the G(Cl-) of 2-CP, 4-CP and 2,4-DCP were 0.0558, 0.0659 

and 0.193 μmol.J-1, respectively. 

 

Fig.1 The decomposition of 2-CP, 4-CP and 2,4-DCP and formation of free chloride on the absorbed 

dosages. (a) decomposition of CPs (b) free chloride release 

 

In order to demonstrate the influence of the halide number and position on the reductive 

decomposition process, the yields of substrate degradation together with those of Cl- and phenol are 

summarized in terms of G-values for an absorbed dose of 0.5 kGy in Table 1. 
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Table1. G-values obtained at 0.5 kGy for γ-radiolysis of N2-saturated 50mg.L
-1

 2-, 4- and 2,4-DCP 

solutions in the presence of 0.2 mol.L
-1

 n-butanol at pH 9  

 

Substrate                     G-value (μmol.J
-1

)    

  degradation Cl
-
 Phenol   

2-CP  0.0607 0.0558 0.0317   

4-CP  0.0669 0.0659 0.0493   

2,4-DCP  0.153 0.193 0.0198   

 

From Table 1, at the dosage of 0.5 kGy, the decomposition of all substrates, including 2-CP, 4-CP and 

2,4-DCP equals to that of chloride formation, respectively. On the other hand, G(2-CP) value was 

almost same as G(4-CP) while G(2,4-DCP) showed as two or three times high as G(2-CP) or G(4-CP). 

Comparing the ratio of G-values for phenol formation to substrate decomposition, this is 

approximately 50 % for 2-CP, 75% for 4-CP. In the case of 2,4-DCP, only about ten percent of 

decomposed substrate is converted into phenol. Fig.2 showed the decomposition of 2,4-DCP upon the 

absorbed doses range from 0.2 to 5 kGy. It can be seen that 4-CP and Cl
-
 were as detected the major 

intermediate products while 2-CP and phenol increased slowly. The above results indicate that the 

number and position of the chloride atom may significantly influence the dechlorination process. As 

for the reductive hydrated electron induced decomposition of 2-CP and 4-CP, the positions of the 

chlorine atoms did not affect the removal rate of these compounds. While in the reduction of 2,4-DCP, 

the most possible dechlorination pathway was first taken place in the neighboring chloride atoms. 

However, this conclusion should be further tested in the other chlorophenols.  

 

Fig.2 Concentration/dose dependence curves obtained from irradiated aqueous solutions of 50 mg.L
-1

 

2,4-DCP in the presence of 0.2 mol. L
-1

 n-butanol, pH = 9, saturated with N2. 

 

3.2 Kinetics of reductive degradation of CPs  

Fig.3 and 4 shows that relationship curve between –ln[c/c0] of CPs, ln[c0/c0-c] of Cl
-
 and radiation 

dose. It could be seen that the corresponding –ln[c/c0] and ln[c0/c0-c] versus dose were linear. The 

linear relationship demonstrated that the degradation followed a first-order kinetics equation and the 
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rate constant could be determined from the slope of the straight line (k). Table 2 listed the values of 

KCPs and KCl- of the resulting linear equations. The rate constant of different CPs was in the following 

order: 0.688(2,4-DCP)＞0.139(4-CP)≈0.140 (2-CP).  

 

 

Fig.3. Relationship curve between –ln[c/c0] of CPs and radiation dose. 

 

 

Fig.4. Relationship curve between ln[c0/c0-c] of Cl
-
 and radiation dose. 

 

Table 2 the rate of degradation KCPs and chloride formation KCl- 

 

 KCPs    KCl-    KCPs / KCl-  

2-CP  
0.140 0.104 1.346 

4-CP  
0.139 0.133 1.045 

2,4-DCP  
0.688 0.349 1.970 
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4. CONCLUSION 

The reaction mechanisms of the radiation-induced dechlorination of chloro-organic compounds 

are rather complicated and are still not completely understood. This research has investigated the 

reductive degradation and dechlorination of 2-CP, 4-CP and 2,4-DCP in aqueous solution. The 

following conclusions may be outlined. By comparison between the reaction constants of e
-
aq with 2-

CP and 4-CP showed that they were almost same. This indicated that the positions of the chlorine 

atoms did not affect the removal rate of these compounds. Within the same family of chlorophenols, 

the chlorine removal rate of 2,4-DCP was almost as five times as fast that of 2-CP or 4-CP. 

Furthermore, by investigation of the intermediates of 2,4-DCP decomposition, 4-CP and Cl
-
 were as 

detected the major products while 2-CP and phenol increased slowly. This somewhat indicated that the 

most possible dechlorination pathway for 2,4-DCP was first taken place in the neighboring chloride 

atoms. 
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Abstract 

 

Destruction or removal of wastewater non-biodegradable organic pollutants like dyes is considered as a serious 

environmental   problem. In this study, radiation processing was used for remediation of polluted waters and 

wastewater especially those resulted from textile industry. The effect of ionizing radiation on Acid fast yellow G, 

Maxilon C. I. Basic, Reactive red SH.B and Direct blue 3B dyes was carried at different dye concentrations (25-

150 mg/l). Almost complete degradation was achieved for low dye concentration (25-50 mg/l) at 1-3 kGy 

irradiation doses. Different dose rates (0.715, 1.08 and 1.43 Gy/sec- total dose 3 kGy) were used to degrade the 

investigated dyes. It was found that as the   dose rate increases the dye degradation rate decreases. The pH value 

of the solutions has a considerable effect on the dye degradation rate, for all investigated dyes, the lower the pH, 

higher dye degradation rate. The removal of the abovementioned dyes was also investigated using different 

hydrogels that prepared by ionizing radiation as (N-vinylpyrollidone-acrylonitrile) copolymer hydrogel 

(NVP/MMA and its treatment one. The effect of time needed for the treatment of wastewater, pH and 

temperature of the feed solution on the absorption of dyes by hydrogels was investigated. The dye uptake for the 

NH2OH-treated hydrogel (NVP/AN) is higher than that untreated one. The time needed for hydrogel to adsorb 

large amount of dyes reaches to 5days.  By increasing the pH, the dye uptake decreases. As the reaction 

temperature increases the rate of dye uptake increases. 

 

Keywords (radiation, degradation, dyes, wastewater, treatment) 

 

INTRODUCTION 

Treatment of wastewater is a serious environmental problem. Many of the wastes are not readily 

biodegradable and complete removal in many cases is a relatively expensive process. The standard 

biological treatment processes commonly used for wastewater treatment are not capable of treating 

many of the complex organic chemicals that are found in varying quantities in the wastewaters. 

Incomplete removal is a serious health hazard. The removal of organic pollutants such as dyes from 

textile wastewater is a major environmental problem because of the difficulty of treating such water by 

conventional methods. Colored waters are also objectionable on aesthetic grounds for drinking and 

other municipal and agricultural purposes. Dyes released into the environment in industrial effluents 

are from two major sources, the textile and the dyestuff industries.  A necessary criterion for the use of 

these dyes indicates that they are highly stable in light and during washing as well as to microbial 

attack [1, 2].  Most of these dyes are synthetic in nature and are classified based on their chemical 

structures into 6 different classes as azo, anthraquinone, sulfur, indigoid, triphenylmethane and 

phthalocyanine derivatives. There are four major technologies available to remove dyes from water, 

oxidation, adsorption, flocculation-precipitation, and membrane technology. 

 

Some groups have used various adsorbents for the removal of acidic and basic dyes from aqueous 

solutions. Ionizing radiation proved to be more effective for treatment of these wastewaters than 

ordinary conventional methods. Radiation-initiated degradation of organics helps to transform various 

pollutants into less harmful substances or reduced to the levels below the permissible concentrations. 

Some studies dealing with the use of gamma radiation in the treatment of wastewaters have shown that 



Working Material 

51 

Working Document 

the most considerable effect, that is the degradation of the waste molecules (dyes) by the primary 

products formed during the radiolysis of water, is accompanied by the oxidation of a part of organic 

substances and is a function both of pH and oxygen concentration in the solution [3-10].  

 

This report aimed to degrade and remove some dyes like Acid fast yellow G, Maxilon C. I. Basic, 

Reactive red SH.B and Direct blue 3B into less harmful substances or reduce them to the level below 

the permissible concentrations. 

  

Materials and methods 

Acrylonitrile (AN), and N-Vinyl-2-pyrrolidone (NVP) (Merck, Germany) of purity 99 % were used 

without further purification.  

 

Dyestuffs 

Acid Dyes: 

 Isma acid fast yellow G    Molecular formula (C23H18O7N4S2ClNa)  

    Molecular weight = (584.5)    λmax = 402 nm 

H3C SO2O N=N C

C

N

NCOH

CH3

Cl

NaO3S

 

Acid fast yellow G    Molecular formula (C16H13O4N4SNa)  

        Molecular weight = (381)       λmax = 406 nm 

 

N N

C

C
C

N

N

OH

CH3

SO3Na

 

Direct Dyes: 

Direct blue 3B      Molecular formula (C34H24O14N6S4Na4) 

        Molecular weight = (960)        λmax = 578 nm 

 

 

NN N N

SO3NaNaO3S

NH2 OH

SO3NaNaO3S

OH NH2

 

 

 

Reactive Dyes:  

Reactive red SH.B    Molecular formula (C25H18N4O10S3Na3Cl) 

 

              Molecular weight = (734.5)                 λmax = 532 nm 
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SO3Na
NHOH

SO3NaNaO3S

N N

NH

Cl

 

Maxilon C. I. Basic (yellow 45) Molecular formula (C21H22N3SCl)  

              Molecular weight = (383.5)              λmax = 435 nm 

 

N
C

C (CH3)2

H3C Cl

CH=CH

N

C-CH3

S
HN

 
 

3. Gamma Radiation Source: 

The samples were irradiated with the Co-60 gamma rays at a dose rate ranging from 7.9 to10.3 

kGy / h.  

4. Spectrophotometric Analysis:   

Ultraviolet Spectroscopy (UV):  

Analysis by UV spectrophotometer was carried out using Milton Roy spectronic 1201 in the 

range from 190 to 900
o
A. 

 

Results and Discussion 

Radiation Degradation of dye solutions 

In the present study, an attempt was made to degrade aqueous solutions of some dyes using ionizing 

radiation. Factors affecting the radiolysis of the dyes such as the dye concentration, irradiation dose, 

dose rate, and pH of the solutions were investigated. 

 

Effect of Concentration and Irradiation dose 

 

The effect of gamma radiation dose (kGy) on the four dyes (Acid fast yellow G, Maxilon C. I. Basic, 

Reactive red SH.B and Direct blue 3B) was carried at different dye concentrations (25-150 mg/l) and the 

results are shown in Figs. (1-4). Almost complete degradation was achieved for low dye concentration 

(25-50 mg/l) and a dose of 1-3 kGy was enough to achieve this goal. The effect of gamma-radiation on 

the degradation of the dyes differed according to the type and structure of the dyes. Both acid and basic 

are more sensitive to radiation than the reactive and the direct dyes. This may be attributed to the 

existence of benzene rings in the structure of the dyes. It is well known fact that the existence of more 

benzene rings in a compound makes it more resistance to radiation effects.  
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Figure (1): Relationship between the remaining concentrations (mg/l) of acid fast yellow G  

                      dye and gamma irradiation dose (kGy) at pH=7 

 

 

 

Figure (2): Relationship between the remaining concentrations (mg/l) of direct blue 3B dye  

                      and gamma irradiation dose (kGy) at pH=7 
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Figure (3): Relationship between the remaining concentration (mg/l) of Reactive red S.H B  

                     dye and gamma irradiation dose (kGy) at pH=7 

 

 

Figure (4): Relationship between the remaining concentrations (mg/l) of Maxilon C. I. Basic dye and 

gamma irradiation dose (kGy) at pH=7 
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Effect of Dose Rate 

 

The dose rate effect on dye degradation was also investigated at different dose rates (0.715, 1.08 and 

1.43 Gy/sec- total dose 3 kGy). The general trend for the degradation process is that the lower the dose 

rate, the higher the dye   degradation rate (Figure (5). Similar behavior was reported by Suzuki et 

al.[11]. This effect may be due to the bimolecular termination of radicals which leads the major 

oxidation reaction.  

 

 

 

 

Figure (5): Relationship between gamma irradiation dose rate (Gy/sec) and the degree of  

                   degradation (%) of the different dyes, at initial concentration = 100 mg/l. 

 

Effect of pH 

Figures (6-7) show the effect of pH of dye solution on the degradation (%) at dye concentration of (100 

mg/l)  as a function of irradiation dose in the range from 1 to 30 kGy. The pH value of the dye solution 

has a considerable effect on the degradation rate of the dye at various irradiation doses and it varies 

according to the type of the dye. The observed behavior of the influence of pH on the degradation rate 

should be expected, based on the acid and base properties of the primary radical species and the 

structure of dye.   
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Figure (6): Relationship between the degree of degradation (%) of Acid fast yellow G dye  

           and gamma irradiation dose (kGy) at different pH, at initial concentration=100 mg/l. 

 

Figure (7): Relationship between the degree of degradation (%) of the Direct blue 3B dye  

        and gamma irradiation dose (kGy) at different pH, at initial concentration=100 mg/l. 

 

One can concluded that the radicals formed during irradiation process are considered as mainly 

responsible for dye degradation. They lead in fact to the formation of other radicals that are able to react 

or transform and form either similar products of greater molecular complexity at different oxidation 

stages. In any case, the structure changes always involve diminished dye absorptive, as saturated 

conjugated bonds constituting the chromophores are entirely or partially destroyed and products appear 

either colorless or less intensely colored than the original substance.  It was observed that the pH of the 

dye solution decreases after irradiation. This drop in pH was explained on the basis of the radiolysis 
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products forming organic acids, which lead to the decrease in the initial pH. Organic acids were detected 

as degradation products of the dye molecules to lower molecular weight compound. 

Hydrogels Prepared by Radiation for Waste Dyes Treatment  

 

The degraded dyes could be uptaken by different techniques among them; using copolymers hydrogels. 

The following study is designed to investigate the efficiency of prepared hydrogels such as: (NVP/AN) 

treated, (NVP/AN) and (NVP/MMA) copolymers in the removal of some dyes as direct, reactive and 

acid dyes from wastewater. 

  

Hydrogels of different functional groups such as (NVP/MMA), (NVP/AN), and treated (NVP/AN) 

hydrogels were prepared using ionizing radiation The ability of such hydrogels to  adsorb different kind 

of  dyes (acid, direct, and reactive dyes) was investigated . The adsorption of the dyes on the prepared 

hydrogels was investigated at various pH values using equilibrium studies. The concentration of the dye 

is ranged from 25-100 mg/l. 

 

Effect of treatment time  

 

Time needed for the treatment of wastewater dye is an important factor from the economical 

point of view. The effect of treatment time on dye uptake was investigated (Fig. 8).   Results show that 

the dye uptake increases with time to reach its maximum after 5 days. This behavior is observed for all 

dyes investigated here (Isma Acid fast yellow G, Direct blue 3B and Reactive red SH.B dyes).   

 

 

Figure (8): Effect of treatment time on Acid fast yellow G dye uptake using different prepared 

hydrogels, Initial feed concentration 100 mg/l and pH 7. 
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Effect of Initial Feed Concentration 

 

The effect of initial feed concentration of different dyes is investigated and shown in Figure (9). It can 

be seen that the dye uptake initially increases with the feed concentration up to 200 mg/l. Thereafter, it 

tends to level off. This behavior was observed for all types of dyes investigated and also for different 

hydrogels used for adsorption of dyes. The treated (NVP/AN) hydrogel possesses higher affinity 

towards dye uptake and the lower one is (NVP/MMA) hydrogel. 

 

 

 

Figure (9): Effect of initial concentration of Acid fast yellow G dye uptake on the dying ability of 

different hydrogels, Treatment time 6 days. 

 

Effect of Temperature  

 

The temperature of medium is an important factor in determining the dye uptake by hydrogels. Figure 

(10) shows the relation between the amount of dye uptake and temperature. It can be seen that the dye 

case of direct dye and 8 hours in case of acid and reactive dyes. The kinetic energy of the dye molecule 

increases as the temperature increases leading to higher diffusion of the dye molecules into the hydrogel 

dyeing sites.  
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Figure (10): Effect of temperature of Acid fast yellow G dye solution on the uptake ability  of different  

hydrogels, Treatment time 6 days. 

 

Effect of pH of the Feed Solution  

 

The effect of pH of the dye solution on the adsorption ability of hydrogel was investigated.  From the 

results it can be seen that, the direct and reactive dyes uptake decreases with increasing pH until it 

reaches its minimum value at pH = 10. Meanwhile, the dye uptake for the NH2OH-treated hydrogel is 

higher than that for untreated hydrogel (Figure 11). It is well known that the change in pH of the dye 

solution would affect the structure of the dye as well as the structure of the polymeric material itself. 

The dye uptake by hydrogel is due to the electrostatic attraction force between the dye and the 

polymeric material and any change in either charge would affect the uptake percent.  
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Figure (11): Effect of pH of Reactive red S.H B dye solution on uptake ability of different hydrogels, 

initial feed concentration 100 mg/l 

 

Future work plan includes: 

- Remediation using radiation processing of polluted waters and wastewater specially those resulted 

from textile industry will be done   to establish optimal treatment methodologies to decontaminate 

actual samples wastewater. 

- Radiation-induced degradation of organic dye waste water under varying irradiation conditions in 

presence of additives like, oxidizing agent such as H2O2 and   ozone will be investigated. This 

technique may enhance and accelerate the degradation process and reduce the dose required for 

degradation of radiation resistive dye.  

-Different analytical methods will be used to characterize and evaluate the effect of radiation and the 

effects of by-products in radiation-treated wastewaters.  

-Feasibility studies of the use of radiation technology will be compared with that for the conventional 

technologies of   treated   wastewater for reuse purpose.  

- Selection of areas where the radiation treatment has high potential for rendering treated wastewater 

suitable for industrial and irrigation purposes, in order to facilitate the utilization of this technology for 

other countries will be taken in consideration. 
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Abstract 

The effluents of wastewater treatment plants (usually directly emitted to the environment) often contain the anti-

inflammatory drug diclofenac (DCF). The paper investigates DCF elimination using irradiation technology. 

Hydroxyl radical (

OH) and hydrated electron (eaq


) reactive intermediates of water radiolysis effectively 

degrade DCF and strongly reduce the toxicity of solutions. 

OH adds to one of the rings of DCF, hydroxylated 

molecules, 2,6-dichloroaniline and quinoid type compounds are the products. eaq

 adds to the ring with chlorine 

atoms, the products are quinoid type compounds and 4-chloroacridine. At a 10
-4

 mol dm
-3

 DCF concentration 1 

kGy absorbed dose is needed for degradation of DCF molecules, for mineralization (in presence of O2) one order 

of magnitude higher dose is required according to TOC (total organic carbon content) results. For irradiation of 

wastewater after biological treatment 1 kGy dose is suggested: at this dose DCF and other drugs or metabolites 

present at g dm
-3

 level are eliminated together with microorganism deactivation. 

 

1. OBJECTIVE OF THE RESEARCH 

Sewage treatment plants emit the treated water mainly to rivers, lakes. The emitted water contains 

various non-biodegradable, toxic organic compounds, e. g. pharmaceuticals; therefore rivers are 

polluted by these pharmaceutical compounds. Advanced oxidation processes, among them high-

energy irradiation, are suggested to be used to eliminate these impurities from the water.  

 

Our objective is focused on the radiation induced degradation of the most frequently used 

pharmaceuticals, like analgesics, anti-inflammatory drugs. 

 

2. INTRODUCTION 

Biologically resistant organic compounds like pharmaceuticals pass through the conventional 

wastewater treatment plants without significant decrease in their concentration. This is especially 

important in areas that practise indirect water reuse, where sewage effluent is released to streams and 

rivers that are in turn used as a source of raw water for the production of potable supplies for 

communities living downstream. Concerns have been raised over the potential adverse effects of 

pharmaceuticals on public health and aquatic environment. Advanced oxidation processes, among 

them ionizing radiation treatment are likely promising for efficient degradation of pharmaceuticals in 

water and wastewater. During the past three decades, research on the impact of chemical pollution has 

focused almost exclusively on the conventional ‗priority‘ pollutants [i.e. persistent organic pollutants 

(POPs)] and this has been extensively reviewed recently [Birkett and Lester, 2002; Ayscough et al., 

2000].  

 

Persistent organic pollutants (POPs) are a subset of the more comprehensive term persistent 

bioaccumulative and toxic chemicals (PBTs). POPs commonly stands for organic (carbon-based) 

chemical compounds and mixtures that share four characteristics. They are semivolatile, stable under 

environmental conditions (half-lives of years to decades), fat-soluble, and possess the potential for 

adverse effects in organisms. Many POPs are organochlorine compounds. Among the priority POPs 

are the pesticides aldrin, chlordane, DDT, dieldrin, endrin, heptachlor, mirex, and toxaphene 
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(chlorobornanes); the industrial chemicals polychlorinated biphenyls (PCBs) and hexachlorobenzene; 

and the unintentional by-products dioxins and furans.  

 

Today, these compounds are less relevant for many countries because emissions have been 

substantially reduced through the adoption of appropriate legal measures and the elimination of many 

of the dominant pollution sources. The focus has consequently switched to compounds present in 

lower concentrations but which nevertheless might have the ability to cause harm. One of the 

interesting characteristics of many of the chemicals that might cause this type of pollution is that they 

do not need to be persistent in the environment to cause negative effects [Ayscough et al., 2000]. This 

is because their high transformation and removal rates can be offset by their continuous introduction 

into the environment, often through sewage treatment works [Suter and Giger, 2001]. The most 

important compounds belonging to these types of chemicals are the pharmaceuticals. The issue of 

pharmaceuticals (and their metabolites) in the environment, notably the aquatic compartment, has been 

a growth area in environmental chemistry for several years [Jones et al., 2001].  

 

Diclofenac (2-(2,6-dichlorophenylamino)phenyl acetic acid, DCF) is one of the most popular non-

steroidal anti-inflammatory drugs used to treat painful diseases. Although the ecotoxicity of DCF is 

relatively low, in combination with other drugs present in water, the toxic effect increases 

considerably. Prolonged exposure in the aquatic environment causes adverse effects in the ecosystem. 

Usual wastewater treatment plants are ineffective in eliminating DCF, most part of the compound 

released by the households passes through the treatment plants without any change (Greenwood Jones, 

2007; Packer et al., 2003). 

 

Recently several advanced oxidation processes have been tested as alternatives to destroy DCF in 

water. Ozonization (Huber et al., 2003; Sein et al., 2008; Coelho et al., 2009) was showed to be 

effective in degradation, it promoted biodegradability, however, was rather ineffective in 

mineralization. The degradation of DCF was also investigated in TiO2 photocatalysis (Rizzo et al., 

2009; Hohmann et al., 2007; Calza et al., 2006), UV/H2O2 treatment (Vogna et al., 2004; Pérez-

Estrada et al., 2005), in electro-oxidation (Zhao et al., 2009), in sonolysis using also TiO2 and SiO2 

catalysts (Hartmann et al., 2008). 

 

In this work we study the possibility of DCF elimination using irradiation technology. Besides 

clarifying the mechanism of degradation such technological characteristics as chemical oxygen 

demand (COD), total organic carbon content (TOC) and toxicity is also investigated.  

 

3. MATERIALS AND METHODS 

 

3.1. Chemicals and equipment  

 

Diclofenac and 2,6-dichloroaniline were obtained from Sigma-Aldrich. All other chemicals were 

purchased from Spectrum-3D or Carlo Erba.  

Irradiation was carried out at room temperature by a 
60

Co -irradiation facility with 1.5 kGy h
-1

 dose 

rate.  

 

The irradiated samples were evaluated either by taking UV-Vis spectra using a JASCO 550 UV-Vis 

spectrophotometer with 1 cm cell, or by HPLC separation (using Nucleosil 100 C18 5 m, 150.4 cm
2
 

column, Technokroma) and by detection using a Jasco MD-2015Plus diode array detector (Pálfi et 

al., 2007). The flow rate was 1 cm
3
 min

-1
 and the injection volume 20 µl. The solvents employed were 
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0.05 mol dm
-3

 acetic acid in water and acetonitrile mixture 55/45 at isocratic elution. In product 

identifications Agilent Technologies Quad 4610 HP/MS system was also used. 

The COD values were measured by a Behrotest TRS 200 COD system, while in TOC investigations 

Shimadzu TOC-VCSN equipment was used. 

 

The acute toxicity of the aqueous solutions was determined by Microtox, a luminescent bacteria test 

(Zona and Solar, 2003; Sixt et al., 1995; Farré et al., 2001) applying a LANGE LUMIStox 300 

equipment.  

 

3.2. Reaction systems  

 

In water radiolysis the main reactive intermediates are hydroxyl radical (

OH) and hydrated electron 

(eaq

), hydrogen atom yield (H


) is low (Spinks and Woods, 1990): 

 

H2O  

OH(0.28) + eaq


(0.28) + H


(0.06)     (1) 

 

The values in brackets are the yields in mol J
-1

 units (G-values). In order to study the reactions of 

OH separately N2O saturated solutions are applied; in such solution eaq


 is converted to 


OH in the 

reaction: 

 

eaq

 + N2O + H2O  


OH + eaq


 + N2       (2) 

 

The reactive intermediates and their yields in these solutions are 

OH 0.56 µmol J

-1
, H


 0.06 µmol J

-1
. 

The reaction of hydrated electron with DCF is studied in N2 saturated 5 vol.% tert-butanol containing 

solution. 

OH radicals react with t-butanol forming rather inactive t-butanol radicals: 

 

OH + (CH3)3COH  H2O + 


CH2(CH3)2COH    (3) 

 

In air saturated solution due to the low solute concentration applied, H

 and eaq


 practically entirely 

react with O2, 

OH radicals and the HO2


/O2


 pair are the possible reactive intermediates. The O2


/ 

HO2

 pair has low reactivity with aromatic compounds (Jovanovic et al., 1995). 

 

eaq

 + O2  O2


         (4) 

H

 + O2  HO2


         (5) 

O2


 + H3O
+
  HO2


 + H2O.  pKa = 4.8     (6) 

 

4. RESULTS 

 

4.1. Degradation as studied by spectrophotometry 

 

The band between 250 and 300 nm in DCF UV absorption spectrum is characteristic to aromatic 

compounds. When 

OH is the reaction partner (irradiation in N2O saturated solution, Fig. 1a) the 

decrease of absorbance is smaller than with reaction partner eaq

 (N2 saturated, t-butanol, Fig. 1b). 

When we interpret these results we have to take into account that some of the products of 

OH reaction 

have similar absorption spectra as DCF. In both 

OH and eaq


 reactions a slight shift of the absorption 

band to longer wavelength is observed. This shift may be due to formation of products with altered 

structure as compared to that of the starting compound. 
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When both eaq

 and 


OH (N2, Fig 1c) or both 


OH and O2


/HO2


 (air, Fig. 1d) react with DCF the 

degradation of the starting molecules is fast, the products formed show a wide absorption band 

between 300 and 500 nm. The dose dependence of the absorption spectra is similar in the two cases. 
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FIGURE 1. Absorption spectra of 10

-4
 mol dm

-3
 DCF solution irradiated with 0–4 kGy doses.  

 

The dose dependence of the absorption spectra obtained when both eaq

 and 


OH are reaction partners 

(Fig. 1c) is different as a combination of the dependence shown in Fig. 1a and Fig. 1b. The tail 

towards the visible range on Fig. 1c may be due to reactions of eaq

 or its reaction products with the 

products of 

OH reaction. This tail is also observed in air saturated solution (reaction partner 


OH and 

the O2


/HO2

 pair, Fig. 3d). eaq


 is strongly (standard reduction potential -2.9 V vs. NHE), O2


 is a 

slightly (-0.33 V) reducing intermediate (von Sonntag, 2006). The formation of products causing the 

tail may be due to reductive reactions. 
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4.2. Separation of products by HPLC 

 

Fig. 2 shows the chromatograms taken in 5×10
-4

 mol dm
-3

 DCF solutions using the most characteristic 

wavelength. The insets show the absorption spectra at the maxima of the chromatographic peaks. 
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FIGURE 2. HPLC chromatograms of 1 kGy irradiated 5×10
-4

 mol dm
-3

 DCF solutions in 

OH 

reaction (a), in eaq

 reaction (b) in 

•
OH + eaq


 reaction (c), and in air saturated solution (


OH and 

O2


/HO2

 reaction) (d). 

 

Under the conditions used DCF elutes at 9.4 min. In 

OH reaction there are two main products at 4.6 

and 6.7 min. and several others showing smaller absorption. The spectra of main products show the 

characteristic aromatic molecule absorption band in the 250–320 nm range. In 

OH induced oxidation 

(in ozonization and Fenton reaction) hydroxylated DCF molecule and dichloroaniline were suggested 

as main products (Sein et al., 2008; Rizzo et al., 2009; Vogna et al., 2004; Hartmann et al., 2008). The 

6.7 min. peak by using authentic sample was identified as 2,6-dichloroaniline. The 4.6 min product 

based on the mass number detected in HPLC-MS was identified as OH group substituted derivative of 

DCF. Among the possible variations, 5-hydroxydiclofenac is suggested to form with highest yield 

(Sein et al., 2008). 

When eaq

 is the main reaction partner (N2 + t-butanol) the 4.6 min. peak does not appear, and the 6.7 

min. peak is small. There are two strong new peaks on the chromatograms with elution times 10.8 and 

19.5 min. In the absorption spectrum of the product at 19.5 min. there is a wide absorption band with 

maximum at 370 nm. This is probably a quinoid type compound (Martini and Nachod, 1951); 

formation of these type molecules is suggested in advanced oxidation processes (Sein et al., 2008). 

Some of the products with smaller peaks in the chromatograms show also similar spectral 

characteristics. 
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The product eluted at 10.8 min. has different absorption spectrum as the other products. It has a sharp 

peak at 245 nm and wider band at 350 nm. This compound was not observed under oxidative 

conditions. Formation of this product is connected to eaq

 reaction, and therefore to reductive reactions. 

Based on the MS data and the UV spectrum this compound was identified as 4-chloroacridine.  

 

 
 

When the reaction partners are eaq

 and 


OH the products of both reactions appear on the 

chromatograms. In this solution the 10.8 min. peak is very strong. 

In air saturated solution (

OH and O2


/HO2


 reaction) the hydroxyl-DCF (4.6 min.) yield is higher, the 

2,6-dichloroaniline (6.7 min.) yield is lower than that found in 

OH reaction, and the peak at 19.5 min. 

also appears. 

 

Samples with 5×10
-4

 mol dm
-3

 DCF concentration used for product identification were irradiated with 

doses up to 2 kGy. The products yields first sharply increased with the dose, however, at 2 kGy a 

tendency of product degradation was also observed. 

 

The spectral characteristics of the solutions with reaction partners eaq

 and 


OH or 


OH and O2


/HO2


 

are similar (Fig. 1c and 1d). Both have the long tail towards the visible range with a maximum around 

350 nm. However, the chromatogram of the sample irradiated in the presence of air (

OH and 

O2


/HO2

) does not show the 10.8 min peak. The absorbance in 320–450 nm range with reaction 

partners eaq

 and 


OH or 


OH and O2


/HO2


 (Fig. 1c and 1d) may be due to overlapping peaks of 

several products. 

 

In Fig. 3 the dose dependence of decrease of diclofenac concentration (concentration = difference 

between the initial 110
-3

 mol dm
-3

 and the actually measured concentrations) is shown as calculated 

by integrating the DCF peak on the chromatograms. Comparison of concentrations and the amounts 

of reactive radiolysis intermediates formed (calculated based on the absorbed dose and yields), 

expressed in concentration, gives a possibility for estimating the degradation efficiency. 
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FIGURE 3. Decrease of DCF concentration (concentration) in irradiated 110

-3
 mol dm

-3
 DCF 

solutions and the calculated concentration of reacting water radiolysis intermediates, in 

OH reaction 

(a), in eaq

 reaction (b) in eaq


 and 


OH reaction (c), and in air saturated solution (


OH and O2


/HO2


 

reaction) (d). 

 

In 

OH reaction (Fig. 3a) at low dose the degradation efficiency is close to 1; i.e. reaction of one 


OH 

radical leads to transformation of one DCF molecule. The radical addition to DCF is not reversible and 

the intermediates transform to new, mainly hydroxylated products. At higher doses, however, the 

efficiency is smaller. This is characteristic to 

OH reaction with larger aromatic molecules 

(Wojnárovits and Takács, 2008). The rate coefficient of 

OH reaction with DCF is close to the 

diffusion limited value, 810
9
 mol

-1
 dm

3
 s

-1
 (Greenwood Jones, 2007; Huber et al., 2003) and we 

expect similarly high rate coefficient for the reactions with the products. With the progress of DCF 

degradation, due to the two concurrent reactions the frequency of 

OH + DCF reaction decreases and 

that of 

OH + product reaction increases. 

 

The dose dependencies of DCF disappearances in eaq

 (Fig. 3b), eaq


 + 


OH (Fig. 3c), and 


OH + 

O2


/HO2

 (Fig. 3d) reactions show similarities to that of 


OH reaction; however the deviation from 

linearity is not so pronounced. Fig. 3c suggests that the intermediates formed in eaq

 + DCF and in 


OH 

+ DCF reactions interact with each-other decreasing the DCF decomposition yield. It is smaller than 
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we expect as a sum of eaq

 + DCF and 


OH + DCF reactions. In air saturated solution (Fig. 3d) in 

addition to 

OH radicals some part of eaq


 not scavenged by O2, and the O2


/HO2


 pair may also 

contribute to decomposition (Földváry and Wojnárovits, 2009). 

 

4.3. COD, TOC and toxicity measurements 

 

COD and TOC measurements were carried out in 5×10
-4

 mol dm
-3

, toxicity measurements in 10
-4

 mol 

dm
-3

 DCF solutions in air. The COD values show a linear dependence on the dose up to 20 kGy; at this 

dose COD decreases to about 20% of the starting value (Fig. 4). The dose dependence of TOC is 

similar to the dose dependence of COD. 
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FIGURE 4. Decrease of COD and TOC values (5×10
-4

 mol dm
-3

 DCF) and toxicity (10
-4

 mol dm
-3

 

DCF) with dose in air saturated (

OH and O2


/HO2


 reaction) solutions. (Toxicity: decrease of 

fluorescence intensity expressed in percentage of starting intensity). 

 

DCF is a medium toxic compound: -log EC50 (EC50, effective concentration for 50% luminescence 

reduction) is published as 4.03 (Farré et al., 2001), we determined 4.17 (DCF-Na). In 10
-4

 mol dm
-3

 

DCF solution after 30 min. incubation the starting fluorescence intensity (no DCF) decreases by 87%. 

After irradiation with 1 kGy dose and mixing the DCF solution with luminescent bacteria suspension 

the fluorescence intensity remains practically unchanged (Fig. 4). By increasing the dose the 

retardation of the fluorescence decreases indicating decrease of toxicity. The fluorescence intensity 

observed in solutions irradiated with low dose may show that some of the products are also toxic. For 

2,6-dichloroaniline (2,6-DCA) -log EC50 of 4.97 is given (Sixt et al., 1995), so about 8 times lower 

concentration causes 50% reduction in the fluorescence yield than for DCF. At 1 kGy in 10
-4

 mol dm
-3

 

solution the degradation of DCF molecules is practically complete, so there is no further source for 

2,6-DCA formation. 2,6-DCA reacts with 

OH radicals with a rate coefficient of 3.5×10

9
 M

-1
 s

-1
 

(Singh et al., 2001).
 
As our chromatographic analysis shows the molecule readily decomposes under 

irradiation. 
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5. DISCUSSION 

 

Based on the UV spectra taken on irradiated samples (Fig. 1) and on HPLC chromatograms (Fig. 2) 

both the products and the degradation pathways are different in 

OH and eaq


 reactions. Both 

intermediates are effective in DCF degradation; however, being a reducing intermediate, eaq

 hardly 

contributes to the oxidative degradation during mineralization (Földváry and Wojnárovits, 2009). 

 

5.1. Hydroxyl radical 

 

OH may attack several places on the two rings in DCF molecule. Electron donating groups like –OH 

or –NH2 induce high electron density in ortho and para positions in aromatic rings. Consequently, in 

these positions aromatic compounds preferably react with 

OH (Coelho et al., 2009). The high, 

practically diffusion limited rate coefficient of 

OH + DCF reaction (Greenwood Jones, 2007; Huber et 

al., 2003) also suggests 

OH attack on activated places. In the reaction several 

hydroxycyclohexadienyl type radicals may form (Sein et al., 2008). In radiation chemistry pulse 

radiolysis with kinetic spectroscopic detection is used to identify short-lived intermediates (Pálfi et al., 

2007). Hydroxycyclohexadienyl type radicals generally have absorption bands in the 320–370 nm 

range. In our measurement we observed this absorption band (spectra not shown).  

 



Working Material 

71 

Working Document 

OH

O

O

+

NH2

Cl

Cl

Cl

Cl

NH

OH

OH

O

CH

Cl

Cl

NH

OH

O

OH

Cl

Cl

NH

OH

O

CH

OH

Cl

Cl

NH

OH

O

OHCl

Cl

NH

OH

O

C

O

Cl

NH

OH

O

C

O

O

OH

Cl

Cl

NH

OH

O

OH

Cl

Cl

NH

OH

O

(12)

(11)

OH

(7)

OH

(9) O2

(10)  -

(8) other radical

(13)

(14)

OH

ClH-
OOH

 
FIGURE 5. 


OH radical induced degradation 

 

In Fig. 5. by Reaction (7) we show 

OH addition to the CH2COOH bearing ring in para position to –

NH–. The hydroxycyclohexadienyl type radical thus formed may stabilize in the form of 5-

hydroxydiclofenac. In the absence of O2 most of these radicals are expected to decay in second order 

self-termination reactions yielding a DCF molecule and some other products (8). These hydroxylated 

products may have absorption spectra slightly different from that of DCF in agreement with the 

experimental findings (Fig. 1a). Hydroxylated product formation was detected in several advanced 

oxidation processes (TiO2 photocatalysis, ozonization) where hydroxyl radicals played important role 

in degradation (Sein et al., 2008; Coelho et al., 2009; Calza et al., 2006; Vogna et al., 2004; Pérez-

Estrada et al., 2005). The yield of 5-hydroxydiclofenac is greatly enhanced in the presence of O2. 

Hydroxycyclohexadienyl type radicals with electron-donating subsistent on the ring are expected to 

react with O2 with close to diffusion controlled rate coefficient forming peroxy-

hydroxycyclohexadienyl radicals (9) (von Sonntag, 2006). The latter radical, in competition with other 

processes, readily eliminates HO2

 forming stable phenol compound (10) (Sein et al., 2008; Roder et 

al., 1990). Among the competing reactions involving peroxy-hydroxycyclohexadienyl radical ring-

opening by forming dicarboxylic acid in a complex process should be mentioned as suggested by 
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Getoff (2002). This reaction is an important step towards aromatic ring decomposition and 

mineralization. 

 

OH radical addition to ipso-position at the amino group (11) is also reported (Sein et al., 2008). Ipso-

adducts are suggested to undergo rapid decomposition by releasing the substituent. The phenoxyl 

radical produced in (12) probably disappears in second order radical-radical reactions. The stable 

product of (12), 2,6-dichloroaniline is observed here and also detected in Fenton, UV/H2O2, catalytic 

and ozonization experiments (Sein et al., 2008; Coelho et al., 2009; Vogna et al., 2004; Bartels and 

Von Tümpling, 2007). 

 

Hydroxyl radical attack may also take place on the carbon atoms at the chlorine substituent (13). As a 

result of the reaction fast HCl elimination and conjugated cyclohexadienyl radical formation is 

expected. These radicals may end-up as quinoid type compounds. Formation of such compounds is 

also expected from other 

OH adducts. Analyzing the absorption spectra of products by HPLC-diode 

array equipment several products had absorption bands in the 350400 nm range, typical for quinoid 

type compounds (Martini and Nachod, 1951). 

 

5.2. Hydrated electron 

 

eaq

 may react with the carboxyl group or with the aromatic ring bearing the two electron withdrawing 

chlorine atoms. In reaction with carboxyl group we expect low rate coefficient as it was measured e.g. 

for eaq

 + phenylacetate reaction (1.8×10

7
 mol

-1
 dm

3
 s

-1
) (Buxton et al., 1988). On the contrary the rate 

coefficients with aromatic rings with chlorine atoms are much higher (e.g. for chlorobenzene 5×10
8
, 

for 2-chloroaniline 5.4×10
8
, and for dichlorobenzenes (4–5)×10

9
 mol

-1
 dm

3
 s

-1
) (Buxton et al., 1988). 

These values are close to that measured for DCF (1.680.05)×10
9
 mol

-1
 dm

3
 s

-1
 (Greenwood Jones, 

2007). In chloroanilines the electron attack to the ring is followed by Cl

 elimination (Lichtscheidtl 

and Getoff, 1976). As mentioned before, in connection with 

OH radical addition to Cl bearing carbon 

atom, quinoid type compounds are expected from reaction of the radical remained after Cl

 

elimination. The yields of these compounds were the highest when eaq

 reacted with DCF in N2 

saturated solution with or without t-butanol. 

 

The formation of 4-chloroacridine requires elimination of a chlorine atom and decarboxylation. The 

product probably forms through the radical produced in Cl elimination. 

 

5.3. Efficiency of degradation 

 

At low doses the efficiency of degradation is high, practically 1 both in OH and in eaq induced 

reactions (Fig. 3). When OH + eaq, or OH + O2/HO2 are the reactive intermediates the 

efficiency is smaller, it is ~0.5–0.7 reactive intermediate/DCF transformation. Efficiency lower than 1 

may be explained by radical-radical reactions (these reactions partly re-establish the starting structure) 

and also by the low contribution of the O2/HO2 pair to the degradation. 

 

At higher doses the efficiency decreases due to the reactive intermediate reaction with the 

transformation products. The first degradation products are aromatic molecules or quinoid type 

compounds. These compounds, according to the relevant literature readily react with the reactive 

intermediates of water radiolysis, especially with 

OH radicals. Quinones are known to react also with 

O2


/HO2

 pair. 
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As mentioned before ring opening is expected in the transformations of peroxy radicals. The initial 

linear decrease of COD-value as a function of absorbed dose on Fig. 4 suggests gradual oxidation of 

DCF: oxidation of rings, ring opening and transformation to carboxylic acids and finally 

transformation to inorganic molecules (mineralization). 

 

At a concentration level of 10
-4

 mol dm
-3

 1 kGy dose is necessary for a nearly complete 

transformation of DCF molecules to products, while for mineralization and strong reduction of toxicity 

5–10 times higher dose is needed. 
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Summary 

 

High-energy ionizing radiation produces highly reactive intermediates that have the capability to react with the 

pollutants present in the water, both microbial as well as chemical, and result in disinfection and purification of 

contaminated waters.  Department of Atomic Energy (DAE) has designed, built and has been operating, since 

1992, a Sludge Hygienization Research Irradiator (SHRI), adjacent to the municipal sewage sludge treatment 

plant in Vadodara for reduction of pathogens in the sewage sludge. The plant has provided valuable experience 

regarding the design, operational parameters and irradiated sludge has been shown to be useful as enriched 

manure in agricultural practices. The operational experience of SHRI facility, current status and some recent 

developments of this technology are presented in this paper. Our current research programme is focused on the 

treatment of textile dyes in effluents that is now emerging as an important area of environmental concern in 

India. The preliminary experiments have shown that radiation treatment can enhance the biodegradability of dyes 

thereby reducing holdup time and energy requirements of the subsequent conventional biological treatment 

process.  

 

1. Introduction  

Increasing population enhanced industrial activities and extensive use of pesticides and other 

chemicals for cultivation are leading to deterioration of the environment, particularly in the developing 

countries. Of particular concern are wastes that contain potentially infectious microorganisms.  The 

most critical and voluminous source being the city sewage sludge (1). The final disposal of the sludge 

is generally carried out in the following ways: incineration, sanitary landfill, disposal in the sea or 

disposal on agricultural Land. Of these, only the last option provides the opportunity of beneficially 

using the waste material. However, presence of harmful microorganisms in sludge necessitate 

hygienisation to render is safe for agricultural applications. The nutrient content of sewage sludge 

makes them useful as fertilizers or as soil conditioners if properly mixed with the surface soil. Sludge 

has the potential to be an excellent soil conditioner because the humus material in the sludge provides 

a good matrix for root growth, while the nutrient elements are released in approximately the right 

combination for optimal plant growth. Nutrient release with sludge is slower than with chemical 

fertilizers, allowing the nutrients to become available, as the crop needs it. Land spreading of sludge 

will become more popular as energy and nutrients become scarcer. Thus, recycling of the sewage 

sludge to agricultural land can be an important outlet provided it is carried out in a manner that 

protects human and animal health as well as environment at large.  In many advanced countries 

directives requires that the sludge, before applying to agricultural land must undergo an appropriate 

process to kill off disease causing organisms, which may be present in the sludge, to an acceptable 

level. US EPA guidelines have recommended that the number of E.Coli, indicator bacteria for 

pathogens, should not exceed 1000 per gram of the dry sludge if it is to be applied for agricultural 

practices (2). The utilization of sewage sludge on a large scale and in a safe manner will necessitate 

development of technologies that can treat the sludge in a reliable, efficient and cost effective manner.  
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Large quantities of organic dyes are used in textile, dyestuff, leather industries, paints, pigments, 

cosmetics and plastics. Reactive azo dyes constitute the largest and the most important class of 

synthetic organic dyes used in textile industry. Some of these dyes are toxic and cause mutagenic and 

carcinogenic effects. The blue and red dyes have been reported to be more toxic than the yellow dye. 

The IC50 and IC20 values for the red dye are 370and108 mg/ml, respectively. Sulphonated reactive 

azo dyes are brightly coloured and are highly soluble in water. These dyes are difficult to remove by 

water treatment procedures. A great amount of coloured wastewater contaminated with reactive azo 

dyes gets discharged from dyeing plants to the environment without effective treatments. Therefore, 

pretreatment of the dyes for removal of colour has become a major environmental concern of textile 

and dye stuff industries. The conventional methods such as biological processes, chemical 

coagulation, activated sludge processes, adsorption on activated carbon, electrochemical techniques 

have proved ineffective for destruction of organic compounds and have several limitations for treating 

of wastewater. However, advanced oxidation processes(AOPs) have some distinct advantages such as 

strong ability to oxidize organic compounds leading to their decomposition, non-production of sludge 

and low production of toxic intermediates. Radiation technology can be an effective way for degrading 

a wide variety of dyes in aqueous solutions. Therefore, in our laboratories, radiation induced 

decomposition of the dye effluents has been investigated with particular focus on the decoloration and 

degradation of the Reactive Red120 dye as well as on mineralization of the dye. 

 

2. Hygienisation Of Sewage Sludge Using Radiation  

Principle of Sludge Hygienisation by High Energy Radiation 

The high-energy gamma radiation from radioactive sources such as Cobalt-60 has the ability to 

inactivate the pathogens with a very high degree of reliability, and in a clean and efficient manner. The 

ionizing radiation interacts with matter in two ways: directly and indirectly. In direct interaction, the 

ionizing radiation interacts with the critical molecules like DNA and proteins present in the 

microorganism causing cell death. During indirect interaction, radiolysis products of water results in 

the formation of highly reactive intermediates which then react with the target biomolecules 

culminating in the cell death.   

                    Ionizing radiation 

H2O    OH, H, e
-
aq, H2, H2O2 

 

OH, H, e
-
aq, + DNA (in microorganism)  Damage to DNA, 

(Inactivation of bacteria) 

 

The radiation dose required to inactivate the pathogenic bacteria is generally defined in terms of the 

D10 value, which is the radiation dose required to inactivate or kill microbial concentration by a factor 

of 10 or by 1 log cycle. In fact, this has formed the basis of producing radiation sterilized single use 

medical products which is now a well established industry worldwide including in India. On the same 

principle, the pathogens present in the sewage sludge can also be effectively removed from the sewage 

sludge by exposing it to high-energy radiation (3). The radiation treatment of sewage sludge offers an 

efficient, simple and reliable method to produce pathogen free sludge, which can be further upgraded 

to produce a value added bio-fertilizer and allow recycling of the waste products.  Therefore, 

irradiation of sewage sludge as a tertiary treatment process has been investigated all over the world in 

last few years to provide a viable solution to the environmental problem related with its disposal (4-8). 
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3. The Sludge Hygienisation Research Irradiator Facility in India 

In India, Sludge Hygienisation Research Irradiator (SHRI), a technological scale demonstration plant, 

was indigenously designed and established by Isotope Group of Bhabha Atomic Research Centre in 

collaboration with Vadodara Municipal Corporation and Govt. of Gujarat to demonstrate compatibility 

of the process with conventional sewage treatment plants and study feasibility of utilizing municipal 

sewage sludge as manure and soil conditioners in agriculture. It is Asia‘s first radiation treatment plant 

and now the only operating facility in world to treat municipal sewage sludge (8,9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Location of the radiation plant in the conventional set up at S.H.R.I 

 

Sludge Hygienisation Process  

Hygienisation of the sludge is carried out in a gamma irradiator with a Cobalt-60 source. It consists of 

typically three main components: 

 a cobalt-60 gamma energy source housed in an irradiation vessel 

 a concrete-walled room for housing the irradiator and to provide biological shield 

 a product handling system that moves sludge into and out of the irradiation vessel. 

 

 

Figure 2: The Sludge Hygienisation Process 

 

Sewage 

Recycling for 

agricultural use 



Working Material 

79 

Working Document 

The plant at its designed capacity of 18.5 PBq ( 18.5 x 10
15

Bq or  500kCi) can treat up to 110 cubic 

meter per day of sewage sludge emanating from 6 MGD (27 MLD) conventional sewage treatment 

plant serving domestic population of 0.3 million of Baroda. The initial source strength of 150 kCi was 

loaded in 1989. AERB gave its authorization for plant operation in Oct‘90. It was formally 

commissioned in 1992 and has been operational since than.  In early 2007, the source strength was 

augmented to 370 kCi by adding additional Cobalt-60 source. 

The process of hygienisation of sewage sludge using radiation is very simple. The incoming 

sludge is taken to an underground reservoir. It is then fed to irradiation vessel of 3 M
3
 capacity and 

circulated continuously in a loop for a pre-determined period. After the radiation exposure the treated 

sludge is withdrawn from irradiation vessel and pumped out to drying sand beds where the water 

evaporates yielding pathogen free dried sludge.  

 

4. Validation of the radiation hygienisation process 

One of the important aspects of radiation hygienisation is that the process is mainly dependent on the 

radiation dose absorbed by the microorganism. Increasing amount of radiation dose decreases the 

numbers of surviving microorganisms present in the product. The quantity and species of pathogens 

present in sewage sludge can vary considerably depending upon factors such as time, location, local 

circumstances and current health of the population. Since it is not practical to monitor treated sludge 

for the presence of pathogens, surrogates have to be used for routine evaluation of sludge quality. The 

surrogate should be an organism found commonly in the sludge that has similar resistance to treatment 

as pathogens. E.Coli is one such microorganism that has been suggested for monitoring of the quality 

of irradiated sludge. The results showed that a dose 3 kGy is adequate to reduce the total coliform 

counts by about 4 log10 cycles. 

 

5. Operational Experience with SHRI 

The operational experience of more than ten years with Sludge Hygienisation Research Irradiator 

(S.H.R.I.) has established that: 

  3 kGy of absorbed dose in sewage sludge removes 99.99% of pathogenic bacteria 

consistently and reliably in a simple manner.  

 The continuous operation of SHRI has been very smooth.  There have been no 

operation/maintenance problems since it‘s commissioning. The plant can be operated even by 

non-radiation workers.  

 The irradiator system can be easily integrated with conventional treatment plant with 

flexibility of operation. Various dose treatment can be imparted to sludge with addition of 

sensitizing agents such as oxygen, air, ozone etc.  

 The radioactive source loading, unloading or transport into SHRI are very easy and very safe, 

It can be accomplished in a day.  

Advantages of Radiation Hygienisation of Sewage Sludge  

 Contrary to the conventional processes, the radiation treatment of sewage sludge kills the 

pathogens in a simple, efficient and reliable way.  

 Radiation processed sludge being free from pathogens has the potential to be used as manure 

in agricultural fields. The sludge enhances the quality and fertility of the soil as it contains 

useful soil-conditioning materials.   

 The radiation processed sludge material is free of any odour.  

 The radiation treatment plant can be operated in simple and reliable manner.  
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6. Radiation Hygienised Sludge as an enriched manure product 

The irradiated sludge being pathogen free can be beneficially used as manure in the agricultural fields 

as sewage sludge is rich in nutrients required for the soil (10-11 ). Initial field trials, in villages around 

Baroda city, of sludge as manure in agriculture fields in winter wheat crops as well as in summer 

green gram crops has been very encouraging. Since the irradiated sludge is free from bacteria, this can 

also be used as a medium for growing soil useful bacteria like rhizobium and azetobactor to produce 

bio-fertilizers, which can be used to enhance the crop yields (9). Large scale field trials of utilizing 

radiation processed municipal sewage sludge in the agricultural fields have been conducted under the 

supervision of Krishi Vigyan Kendra (KVK, Vadodara) and at Anand Agricultural University, Anand 

(12,13). The trials conducted have shown that the hygienized sludge based organic manures are very 

effective in increasing the yields of many crops and can be utilized as enriched organic manure. 

Radiation hygienisation of sewage sludge therefore is an effective method for inactivating pathogenic 

bacteria in the sewage sludge. The hygienized sludge provides a useful medium for growth of friendly 

microflora like Rhizobium, which allows for its use as a bio-fertilizer and thus provide value addition 

to the material. The usefulness and effectiveness of such materials has been demonstrated under actual 

field conditions.  

 

7. Radiation induced degradation of textile dyes in aqueous solutions 

 

The radiolytic degradation behaviour of dye RR-120 has been investigated in detail as a model dye to 

understand issues involved in the process. The studies have shown that decoloration of RR-120 dye by 

gamma radiolysis was observed to be most efficient under reducing condition with hydrated electron 

as the dominating reacting species. Further, electron beam treatment efficiently decolorize and degrade 

the dye effluents originating from the textile industries. The results showed that electron beam 

treatment is quite efficient for both decoloration and degradation of the aqueous solution of RR-120. 

The % decoloration, removal of chemical oxygen demand (COD) and total organic carbon (TOC), 

solution pH and BOD5/COD ratio were influenced by the concentration of substrate and applied dose. 

The large organic molecules get converted into smaller organic components including some organic 

acids and caused a decrease of solution pH during the radiolysis process. At 10 kGy does, 99% 

decoloration, 45% COD removal, 14% TOC reduction and 45% decrease in pH were observed for the 

low substrate concentration (i.e. 147 ppm), but under the same condition, 98% decoloration, 25% 

COD removal, 11% TOC reduction and 43% decrease in pH were observed for high substrate 

concentration (i.e. 191 ppm). After applying 10 kGy dose, the BOD5/COD ratio of 147 ppm dye 

solution increased from 0.20 to 0.56, whereas for 191 ppm dye solution it increased only from 0.17 to 

0.37. The biodegradability of dye effluents decreased with increasing the substrate concentration. 

Finally, the results encourage exploring the combination of radiation and biological treatment as a cost 

effective process for treatment of textile waste water. The above studies encourage the use of radiation 

treatment as a promising method for decoloration of dye effluents coming from textile 

industries(14,15). 

 

CONCLUSION 

The continuous operation of SHRI has been very smooth.  It produces high value manure containing 

plant nutrients and soil conditioners for immediate reuse.  An absorbed dose of 3 kGy of absorbed 

dose in sewage sludge removes 99.99% of pathogenic bacteria (about 4 log cycle reduction). The 

product is odour free and thus may reduce vector nuisance. The technology is easy to integrate with 

the existing plants and the hygienized sludge has to found to be effective natural manure in the large 

field scale trials. Also, radiation treatment can be a useful method to enhance biodegradability of 

organic dyes present in textile dye industry effluents.  
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Abstract 

 

Domestic, agricultural, industrial and municipal wastewater range from few hundredths to a hundredth millions 

of litres/day. To be attractive then, remediation technologies should be flexible enough to span such a wide range 

of needs remaining, at the same time, economically attractive. Advanced Oxidation Processes use the OH radical 

as a common initiator generated by different sources of energy of different cost, then they can fit different load 

and cost requirements. Here ionizing and non-ionizing energies are exploited to assess their convenience and 

effectiveness. AOPs oxidize pollutants and convert bio-refractory into biodegradable ones. AOPs efficiency is 

primarily determined by the production rate of OH. EB technology is the most efficient, but suitable for large 

installations and environmental accidents. Sonication methods may have a future for applications in small plants 

or domestic appliances. UV/H2O2 is a cheap and handily oxidative system, suitable for general applications. 

 

1. INTRODUCTION 

Water remediation issue regards wastes from agricultural, industrial and municipal plants, as well as 

domestic activities. This last usage constitutes the 18% of the overall consumption of water in Italy. It 

means then that ideal remediation technologies should be versatile enough to figure convenient 

solutions for loads going from a hundredth of millions to a few hundredths of litres/day. Advanced 

Oxidation Processes (AOP‘s) actually appear to be adaptable to a multi-scale water loads. They, 

basing their sanitizing action on the oxidizing and kinetic properties of the OH radical, can be 

activated both with low cost-low power devices up to high investment-high power infrastructures.  

Particularly, the Electron beam (EB) remediation process is advantageous to treat medium-large 

volumes of effluents from dye, textile, and paper mill industries, hospitals, municipal and animal-

breeding plants. 

A diffused class of pollutants is constituted by detergents, some of which although not toxic produce 

inhibition effect on reproductive hormones in the long-period. This may occur either for their eventual 

direct action or after a partial degradation to intermediates (metabolites) showing endocrine disrupting 

activity. 

Degradation of real wastewater from household appliances has also been investigated by employing 

standard detergents and clothes. This latter activity focuses on innovative technological solutions for 

water re-use in next washings. This research activity funded by the Italian Economic Development 

Ministry, aims at providing a new range of household appliances, characterized by a reduction in 

consumption of energy and water ranging from 25% to 30% for all product lines.  

In the following we will briefly examine some comparative examples of the decomposition of 

carbamates, surfactants, and hormone disrupters with methods employing ionizing (electron beam and 

gamma) or non-ionizing energies, like UV-light and ultrasounds. 
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2. EXPERIMENTAL SECTION AND DISCUSSION 

2.1. Treatment methods 

Energy exposures were performed by a Nordion 220 gamma-cell for γ-treatment , a Rayonet reactor 

RPR-100  for UV treatment, constituted by 16 UV lamps (Sylvania 8W, 256 nm), and a Transsonic 

95/HL Elma tank (720W, 35 kHz) for cavitation treatment. Irradiations have been carried out in air, if 

not expressly declared. 

 

2.2. Carbamates 

Carbamate insecticides are strong contact poisons with a very broad spectrum of action. Their action 

may in some cases inhibit the acetyl cholinesterase in parasite‘s metabolism. Propoxur (PXR, 

commercially known as Baygon®) is a widely used insecticide for hygienic and agricultural purposes, 

such that the risk of human exposure is rather high. Investigations on toxicity of carbamates and on the 

detection limits after a repeated low-dose exposure to propoxur have been reported [1]. 

 

As carbamates are biorefractory compounds, i.e. not affected by bioremediation, domestic carbamates 

as Propoxur accumulate in the municipal wastewater, while their agricultural analogues (carbofuran, 

pirimicarb) diffuse very far apart from the application ground.  

  

Recently (2006-2007) it was reported that PPX was causing the highest number of domestic poisoning 

cases in Italy. 

 

The overall decomposition of PPX by the hydroxyl radical has been previously investigated by means 

of photochemical [2], photocatalytic  [3] and O3/UV [4] AOPs. No data, instead, have been published 

yet on its decomposition initiated by EB, γ-radiation or photolysis assisted by H2O2.  

 

γ-radiation and UV were then employed, to evaluate the global efficiency of the decomposition 

process in various conditions, particularly in the presence and absence of H2O2. 

 

As exemplificative researches carried out in our laboratory, two sets of experiments are illustrated in 

Figures 1 and 2. Attention is here focused on the depollution efficiency of photo-oxidation and 

electron beam. Figure 1 evidence that UV light and electron beam induce different processes. In fact 

absorption of light breaks the C-O bond in the sub-microseconds regime to form a phenoxyl radical 

[5]. This is easily distinguishable because of the characteristic spectral horn around 400 nm. Instead, 

by means of pulse radiolysis a different absorption spectrum grows up in 4 µs ([PXR]=150 µM, N2O 

satd. aqueous solution), characterized by an unstructured band around 320 nm. This is typically 

presented by cyclohexadienyl radical species. In the present case, a mixture of isomers is formed, as 

almost all positions on the ring are equivalent for OH attack, although a slight preference for the ipso-

carbon at the carbamic substitute has been calculated [6].  
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FIG 1. Propoxur: first intermediates generated by direct absorption of light [5] (left) and by ionizing 

radiation (right). A phenoxyl radical is formed by laser flash photolysis and a cyclohexadienyl radical 

by pulse radiolysis 

 

This is only one of the many examples in the literature illustrating how photo-degradation may 

proceed through distinct pathways from photo-oxidation. If a pollutant significatively absorbs light, a 

mixture of end products coming from a photo-physical degradation and an OH driven process is to be 

expected. Actually we chose to compare OH induced processes, therefore in both cases an aerated 

aqueous system constituted by the pesticide [150 µM] and H2O2 [10 mM] was mostly examined.  

 

During photo-oxidation H2O2 is splitted into two OH radicals by UV light, while during radiolysis 

H2O2 converts eaq
- 
into OH. Under the condition above G (OH) results 0.54 µmol/J (reactions 1 and 2). 

 

(1)    H2O2 + hν → 2HO•  

(2)    e
-
aq + H2O2 → OH + OH

-
                     k= 1.1 x 10

10
 M

-1
s

-1
 

 

Both, UV- and EB reduced substantially the total organic carbon of the system. However, the 

treatment time greatly changes as expected: 90 minutes of UV irradiation reduced the TOC of 90 %. 

Whereas EB reaches the 97% reduction of TOC after 90 seconds with a dose = 122 kGy. EB is 

obviously faster than UV, although the high dose needed suggests a loss of efficiency. Actually dose 

rate is the crucial point here, in fact the same experiment carried out by -radiolysis, characterized by a 

dose rate ca. 7 order of magnitude lower than EB, requires only 4 kGy to achieve the 90% TOC 

reduction. 
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FIG 2. Degradation of propoxur in aqueous solution obtained by two different AOP methods. 

[Propoxur] = 150 µM and [H2O2] = 10 mM 

 

2.3. Surfactants and endocrine disrupters 

As it is described in Figure 3, surfactants can be non-ionic or ionic. Among them we investigated the 

oxidative decomposition of three representative compounds of both series, non-ionic and ionic: the 4-

octylphenol (OP), sodium dodecylsulfate (SDS) and sodium dodecylbenzensulfonate (SDBS). 

Actually, OP is not a surfactant, but it accumulates as a bio-refractory metabolite during the natural 

degradation of the alkyl phenols polyetoxilates (APEs), a largely diffused class of non-ionic 

surfactants [7,8]. 

 

Moreover, OP acts as an endocrine disrupter and, as such, it represents a confirmation that some 

intermediates of degradation processes may be both stable and more toxic than the initial pollutant. In 

the following a summary of the results on OP and SDS are given. 

 

SCHEME 1. Surfactants 
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2.4. Octylphenol 

OP decomposition has been studied by -radiation, UV-irradiation, either alone or in combination with 

a catalyst, TiO2, and a radical ―mediator‖, H2O2. Both TiO2 and H2O2 are known to be OH radical 

yield enhancers. Figure 3 shows that -irradiating a solution of OP 13 µM with 9.6 kGy leads to an 

almost complete bleaching of OP absorbance. After irradiation the pH changed from 6.78 to 4.56, 

indicating a likely formation of carboxylic acids [9]. 

 

The toxicological analysis demonstrated that toxicity is greatly reduced. 

 

Regarding UV treatment, in Figure 4 one can observe that the OP absorption is bleached after UV 

irradiation associated either with the sole TiO2, or the sole H2O2, or finally with both TiO2 and H2O2. 

Differences among the three spectral lines might not be so evident, nevertheless they are informative 

that the association of TiO2 and H2O2 favours a further decomposition of some stable intermediates 

formed in the single-component-systems and absorbing below 270 (H2O2) and at around 280 nm 

(TiO2).  

 

Experiments were also carried out with direct UV exposure: as expected, direct photolysis is far less 

efficient than advanced oxidation processes run as above. 

 

2.5.  Sodium dodecylsulfate (SDS) 

SDS is a widely diffused anionic surfactant, belonging to the series of linear alkylsulfates [10] as 

illustrated in Scheme 2.  
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SCHEME 2. Sodium dodecylsulfate (SDS) 

 
 

 
FIG 3. Degradation of an aqueous. solution of octylphenol 13 µM by γ-radiolysis monitored through 

the bleaching of its spectrum. 

 
FIG 4. Spectra of aqueous solutions of Octylphenol 17 µM treated for 90 min with three hybrid AOP 

methods.  All the methods effectively decompose the phenol structure with a slight prevalence for the 

full hybrid two components method. 

 

SDS degradation has been investigated by means of -radiolysis at different initial concentrations, 

doses and atmospheres, namely N2O, O2, and natural air. Degradation was monitored by extracting the 
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unaffected SDS with chloroform, followed by complexation with methylene blue (MBAS method, 

[11]). The surfactant concentration was evaluated from the concentration of the complex, read 

spectrophotometrically at 650 nm. The % degradation increases asymptotically up to a plateau value in 

all the three systems: at a dose of 1.5-2 kGy degradation is almost total (98%) in H2O/ N2O and 

H2O/O2 systems, while in natural air it seems to level off at 80%. 

 

Whereas SDS solutions are practically transparent on the whole UV-vis spectrum, the products of - 

and UV/TiO2 –irradiations do absorb significatively below 400 nm. The pH decreases substantially 

and the characteristic band of the C=O stretch around 1700 cm
-1

 in the IR spectrum appears. All these 

information suggest an abundant formation of carboxylic acids. 

 

2.6. Commercial Detergents 

Clothes of cotton strips containing a standard dirt were washed employing three type of detergents: a 

branded powder (BP) (95 g/cycle), a branded liquid (BL) (120 mL/cycle), a standard detergent (SD) 

(125 g/cycle). A 5 kg load was used. The water wasted by each step of the washing cycle (washing, 

first rinsing, second rinsing) was collected and treated by three AOP methods: -rays, UV/H2O2 

system, and ultrasound cavitation (US). 

 

Figura 5. Degradation of aqueous solutions of sodium dodecylsulphate 40 mg/L after γ-radiolysis in 

different atmospheres.   

 

Samples were exposed basically to three types of energy: UV light, ultrasonic waves, and ionizing 

radiation ( -rays). The effect of some parameters were evaluated, like: total dose of energy, frequency 

of exposure, gas atmosphere (Air, O2, N2O), and added compounds (H2O2, TiO2) as oxidation 

enhancers. Sample changes were monitored through UV-vis spectrometry, TOC, BOD5, and 

ecotoxicity by the luminescent bacteria method. 

 

γ -rays: 250 mL of waste water from each step were irradiated for 18 hours in polythene vials with a 

dose of 10.3 kGy;  
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UV/H2O2: 250 mL of waste water from each step were irradiated from the top of open pyrex pans for 1 

hour (Figure 1). H2O2 concentration was 10 mM;  

 

US: 2.5 L of waste water from each step were sonicated directly in the US tank for 1 hour. 

 

Analyses monitored changes of pH, conductivity (mS/cm), COD (O2 mg/L), and concentration of 

ionic and anionic detergents (mg/L) after each treatment. Variations < 20% were considered 

insignificant as they are below the sensitivity of the methylene blue method. 

 

Both pH and conductivity do not show significant changes through all the experiments, in particular 

the samples maintained their neutral-alkaline character. More details about COD and surfactants 

reduction in dependence of the system used are given in Scheme 2 and in the following comments. 

COD 

a) -rays generally induce a mild COD reduction; b) UV/H2O2 produces around 90% COD reduction 

only for the second step (first rinsing) with branded liquid and standard type detergents (BL and SD, 

respectively): c) with US, COD is reduced by 25-38% only in the rinsing cycles. 

 

ANIONIC SURFACTANTS 

 a) -rays degrade over 90% of AS belonging to the branded powder and standard detergents in the 1st 

and 2nd rinsing cycles; b) for UV/H2O2 the degradation effectiveness is similar to that of -rays; c) 

US do not have significant effects except in the case of SD. 

 
NON IONIC SURFACTANTS 

 a) -rays are moderately effective in the degradation of NIS, achieving the best result (62%) in the 2
nd

 

rinsing (BP); b) UV/H2O2 effectiveness seems slightly weaker than that of -rays, but always in the 

range 40-60% degradation; c) with US, a limited degradation (up to 45%) of NIS are obtained only 

using BP and BL. 

 

3. CONCLUSIONS 

Electron beam and the other AOPs are recognized to attain the elimination of pollutants and not 

merely their separation. Separation, performed by any kind of filtration (reverse osmosis for instance) 

may produce excellent water quality, but does not solve the problem of contaminants disposal. Instead, 

they are likely accumulated and disposed in small spaces creating higher risk-ecological area. On the 

other hand, incineration of pollutants creates different types of pollutants, dioxins, for example, and 

suspended powders. For the sake of completeness,  ―smoldering‖ methods, recently appeared for 

medium-size-scale treatment, performing the same goal as AOPs, i.e. the decomposition of molecules 

into smaller no-more-toxic fragments. This goal is achieved by relatively mild thermal treatment under 

low Oxygen content. Only one smoldering plant is operating worldwide, nowadays, in Iceland. 

As a general conclusion it can be said that  

 AOPs are effective on achieving the oxidative structural break of pollutants and on converting 

bio-refractory pollutants into biodegradable ones 

 AOPs efficiency is primarily determined by the production rate of OH. Regarding each method 

it can be commented that  

 EB technology is the most efficient, but suitable for large installations and environmental 

accidents [12].  

 Sonication methods may have a future applications in small plants or domestic appliances. 

 UV/H2O2 is a cheap and handy oxidative system, suitable for general applications 

 Hybrid methods are more efficient and effective than single component AOPs [13]. 
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Table 2. AOPs decomposition of commercial detergents: comparative results 
 

DETERGENT PHASE                       gamma rays                         UV+H2O2                                   US

WASHING COD red, % AS red, % NIS red, % COD red, % AS red, % NIS red, % COD red, % AS rid, % NIS, red %

BP I

95g II 95% 98%

III 62% 53% 45% 20-40%

BL I 35% 40-80%

120ml II 89% 52% >80%

III 29% 51% 59% 64%

SD I NON 

125g II 25% 94% 38% 29% SIGNIFICATIVE

III 91% 49% 93% 43%  
 

Abbreviations 

Detergent types: BP = branded powder, BL = branded liquid; SD = standard detergent;  

Washing phase: I = washing cycle, II = first rinsing cycle, III = second rinsing cycle; 

Analysis type: COD red. = Carbon Oxygen Demand reduction; AS red. = Anionic Surfactants reduction; NIS = Non Ionic Surfactant reduction  
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Abstract  

Endocrine disrupting chemicals in wastewater were treated by ionizing radiation. 17 -estradiol (E2) has the 

highest estrogen activity, and its concentration and activity were estimated by LC-MS and ELISA. E2 in water 

was degraded almost completely by irradiations up to 10 Gy. The estrogen activity of the sample solution still 

remained at a dose of 10 Gy, but decreased at 30 Gy to the lower than the threshold level of contamination to 

induce some estrogenic effects on the environment ecology. E2 was decomposed by hydroxyl radicals which are 

formed from water molecule by irradiation with -rays. The rate constant of the reaction of the hydroxyl radicals 

with E2 was estimated to be 1.6×10
10

 mol dm
-3

s
-1

 by a comparison with the known rate constant for the reaction 

with phenol. p-Nonylphenols (NPs) is artificial compound released from factories and has estrogen activity. 

Concentration of NPs in water at 1 mol dm
-3

 was decreased exponentially with absorbed dose when irradiated 

by 
60

Co -rays. Two products having molecular weight of 236 were detected by LC-MS analyses. The 

elimination of the estrogen activity of aqueous NPs solution including such irradiation products at 5000 Gy was 

confirmed by the yeast two hybrid assays. These results will provide fundamental data for the application of 

ionizing radiation for treatment of EDCs. 

 

1. OBJECTIVE OF THE RESEARCH 

1) Development of the technology for the decomposition of trace amounts of organic pollutants such 

as endocrine disrupting chemicals (EDCs) and decrease of their biological activities in water 

environment using ionizing radiation. Decompositions of EDCs are investigated and oxidation 

mechanisms are developed by chemical analysis method, for example HPLC and highly sensitive LC-

MS. The biological activity of irradiated water samples including EDCs are evaluated by biological 

assays, for example, yeast two hybrid and enzyme linked immunosorbent assays. 

2) Development of treatment technology of real wastewater by a combination method of activated 

sludge and ionizing radiations. Pharmaceuticals and antibiotics are persistent against activated sludge 

system, which is generally used in wastewater treatment facilities. These chemicals are treated by a 

combination method of an activated sludge and ionizing radiations. The possibility and cost of the 

combination treatment for real wastewater are evaluated. 

 

2. INTRODUCTION 

The earth is facing various problems, including destruction of the ozone layer, global warming, acid 

rain loss of tropical forests and marine pollution. Water environment on the earth has also been 

polluted by industrial chemicals. ―Silent Spring‖ reported the environmental pollution by insecticides 

such as dichlorodiphenyltrichloroethanes (DDTs) in 1962 [1]. This book made most of people to have 

idea of the environmental conservation, and has been regarded as a bible on the field of the 

environmental science and technology. Most of toxic industrial chemicals have been detected during 

these three decades and have been screened by some toxicity tests such as a single dose oral toxicity 

test, preliminary reproduction toxicity screening test and in vitro chromosomal aberration test [2]. A 

part of the chemicals having the unique toxicity, so-called endocrine disrupting chemicals (EDCs), 

however, could not be evaluated by the conventional toxicity tests.  
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Hormones are produced by various organs known as endocrine glands, including the testicles, ovaries, 

pancreas, adrenal glands, thyroid, parathyroid and thymus, and traveled in the bloodstream to cause 

the biochemical reactions. For example, woman‘s ovaries release eggs and natural estrogens such as 

estrone, estradiol and estriol. These female hormones travel in the bloodstream to the uterus and bind 

to the estrogen receptors to produce chemical signals, which activates genes in nucleus and trigger 

growth of the tissue lining the womb in anticipation of a possible pregnancy. The body has hundreds 

of different kinds of receptors, each one designed for a particular kind of the chemical signals. 

Hormones and their corresponding receptors fit together as a ―lock and key‖ mechanism in the 

endocrine system [3]. Estrogen activity is defined as a degree of binding ability of chemicals with 

estrogen receptor. 

Some chemicals have properties to mimic estrogen or disrupt the endocrine system in living bodies to 

give ill effects. For example, the male fishes in the Tokyo Bay are exposed to estrogens and estrogenic 

substances, and the eggs are observed in these male testes [4]. Hormone mimic chemicals such as 17 

-estradiol (1,3,5(10)-estratriene-3,17-diol), alkylphenols, 2,2-bis(4-hydroxyphenyl)propane 

(Bisphenol A), diethylstilbestrol (DES) and DDTs also bind to the receptor to induce the chemical 

signal [3]. Hormone blocking chemicals, for example, 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene 

(DDE) [5] and dioxins [6], make the hormone not to induce the chemical signal. They bind to another 

receptors, however, and consequently prevent natural hormones from binding to the hormone receptor. 

These hormone mimic and blocking chemicals are so-called EDCs [4]. Endocrine disrupting property 

appears in the range of EDCs concentration from 10
-9

 to 10
-6 

g dm
-3

 [7-9]. 

In 1991, Soto et al. [10] explained that p-nonylphenols trigger mitotic activity in rat endometrium to 

disrupt the endocrine system. Sumpter et al. and Jobling et al. [11, 12] reported that 17 -estradiol, 

DDTs and alkylphenols induce vitellogenin synthesis in male rainbow trout maintained in the effluent 

of sewage-treatment. In 1996, Colborn et al. [4] published ―Our Stolen Future‖, which provided 

account of emerging scientific research about how a wide range of manmade chemicals disrupt 

hormone systems. Routledge et al. [7, 8] and Hu et al. [9] examined estrogen-inducible screening of 

some EDCs. In the recent works, natural estrogens such as 17 -estradiol have much attention since 

their releasing to the water environment is difficult to be controlled and a part of them is adsorbed to 

suspended substances in wastewater [13-15]. Monitoring and screening of artificial EDCs such as 

alkylphenols and bisphenol A have been carried out by GC-MS and LC-MS [16, 17]. Endocrine 

disrupting effects of wastewater containing a variety of EDCs to fishes and mollusks were evaluated 

by some bioassays [17, 18].  

Japanese institutions recognized EDCs as chemical pollutants in the latter half of 1990s. Hazardous 

EDCs of 67 substances were selected by the Ministry of the Environment, Japan in 1998, and were 

investigated by monitoring of its concentration in the river and by screening tests [19]. The project 

―SPEED 98‖ was executed for 5 years, and concluded that p-nonylphenol, tert-octylphenol and 

bisphenol A affect fishes as endocrine disrupters but not human [20]. Other famous EDCs such as 

organic tins, phthalic acids and benzophenone were also found not to disrupt the endocrine systems of 

active animals. Therefore, the Ministry of the Environment, Japan informed that EDCs may be treated 

as chemicals of the general toxicity in 2005 [21]. Nowadays the natural estrogens such as estrone, 

estradiol and estriol draw much attention since their releasing to the water environment is difficult to 

control.  

Water treatment for EDCs is not completely achieved in wastewater treatment plants since there is no 

efficient technique to remove trace amounts of EDCs at the present stage. Wastewaters containing the 

harmful chemicals have mostly been treated by activated sludge and the ozone process. The activated 

sludge is, however, often inadequate to absorb trace amounts of biologically harmful substances such 

as EDCs [15]. The ozone process is based on the direct oxidation by ozone, and has been widely used 

for treatment of wastewater with its high oxidation reactivity and bactericidal action, although it is 

difficult to treat some kinds of EDCs by ozolysis. Therefore, development of a new technique or 

treatment system is required. 

Hydroxyl radicals having electrophilicity can decompose for any EDCs which cannot be decomposed 

by ozone treatment method. The treatments of toxic organic compounds by the oxidation with 
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hydroxyl radicals have drawn much attention. A number of papers and patents have reported on 

treatments with hydroxyl radicals generated by an ozone / UV or hydroxyperoxyl / UV photolysis 

[22], Fenton-type oxidation [23], ionizing radiation [24] and photocatalyst as a titanium dioxide [25]. 

However, the commercial plant based on these methods was not applied since the reactions of 

hydroxyl radicals with EDCs have not been clearly understood in water. Ionizing radiation can 

homogeneously produce hydroxyl radicals at the required concentration in water, and the study by use 

of ionizing radiation would be useful to clarify the decomposition mechanism of EDCs by hydroxyl 

radicals. Moreover, these investigations would support the practical use of electron beam accelerators 

for EDCs treatment in wastewater.  

 

3. MATERIALS AND METHODS 

3.1. Sample Preparation 

17 -estradiol (E2) was obtained from Takeda Chemical Industries, Ltd., Japan.  3,4-Dimethylphenol 

(DMP, GR, Tokyo Chemical Industry) and 5,6,7,8-tetrahydro-2-naphthol  (THN, GR, Tokyo 

Chemical Industry) were used as model chemicals in order to clarify the oxidation mechanism of E2. 

p-Nonylphenol mixture consisting of isomers with branched side chains (Tokyo Chemical Industry) 

was used as commercially available p-nonylphenol reagent. p-Cresol (GR, Tokyo Chemical Industry) 

and 4-ethylphenol (EP, Tokyo Chemical Industry) were used as model chemicals in order to clarify the 

oxidation mechanism of NPs. Phenol (Wako Pure Chemical Industries, Ltd., >99.0%) was used 

without further purification as a reference material to evaluate the rate constant of the reaction of the 

hydroxyl radicals with E2 or NPs.  Water was purified by the ULTRA-PURE WATER SYSTEM 

(MILLIPORE) to that of 18.2-M cm electric conductivity.  Methanol (for HPLC Analysis, Wako) 

was used as organic eluent for HPLC analyses. Ferrous sulfate heptahydrate (GR, Wako) and 

hydrogen peroxide (GR, MITSUBISHI GAS CHEMICAL CO., INC.) were used for the 

decomposition of NPs by the Fenton reaction to prepare the reference decomposition products.  

For the study on the decompositions of E2 by 
60

Co -ray irradiation, aqueous E2 solutions were 

prepared at the different concentrations of 1.8, 0.74, and 0.18 nmol dm
-3

.  The aqueous E2 solutions at 

around 5 × 10
-3

 dm
3
 were poured into the glass vessels (volume: 12 × 10

4
 mm, glass thickness: 1 

mm) with screw caps saturated with air, He, O2, or N2O to investigate the effect of gas in the solution. 

E2 and phenol at 1 mol dm
-3

 each were also dissolved in pure water. NPs sample solutions at the 

concentration of 0.045 to 20 mol dm
-3

 were saturated with each of air, He and O2, and full-filled into 

glass vessels like E2 solutions. Concentration of dissolved oxygen in the NPs solution was measured 

using a pH / DO meter (D-25, HORIBA) within the error range about  3 mol dm
-3

. The -ray 

irradiations were carried out at 298 K using three different 
60

Co -ray sources (4 TBq, 2011 TBq and 

10567 TBq) at JAEA, Takasaki, in the range of the doses from 1 to 5,000 Gy at dose rates ranging 

from 5 to 2,000 Gy h
-1

. 

 

3.2. Analysis 

In order to evaluate the reactivity of E2 with species produced by irradiation, the aqueous mixed 

solution of E2 and phenol was analyzed by High Performance Liquid Chromatography (HPLC; 

Agilent 1100 series) with a reversed phase column (Shodex RSpak DE-613) at 313 K.  Water with 

70%(v/v) methanol (Wako Pure Chemical Industries, Ltd. >99.7 wt% for HPLC solvent) was used as 

an eluent, and its flow rate was controlled at 1.0 × 10
-3

 dm
3
 min

-1
.  The absorbance at wavelength of 

280 nm was measured for the eluted compounds using a UV/VIS detector (Waters, Programmable 

Multiwavelength Detector 490), since the absorption spectrum of E2 in water shows the maximum at 

281 nm. Aqueous E2 solution at 1.8-nmol dm
-3

 concentration was analyzed by a Liquid 

Chromatography-Mass Spectrometric (LC-MS) system (JEOL, JMS-LC mate) with the column 

switching method for condensing E2 beyond detection limit of the MS.  Fig. 1 shows the 

chromatographic conditions for the column switching methodology in detail.  The irradiated solutions 

were injected twice for 5 × 10
-4

 dm
3
 each, and condensed within a reversed phase column (GL 
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Science,  Inertsil  ODS-2) in the condensation mode.  Purified water was used as an eluent, and its 

flow rate was 1.0 × 10
-3

 dm
3
 min

-1
.  The six-port valve switched from the condensation mode to the 

analysis mode.  The eluent was then graded from 0 to 100% methanol at a linear gradient in 60 min.  

The condensed samples were extracted, and transferred to a reversed phase column (Shodex, RSpak  

DE-613).  All the eluted compounds were allowed to flow into the mass spectrometer through a 

monitoring cell with the UV/VIS detector. An atmospheric pressure chemical ionization (APCI) ion 

source was selected for mass-spectrometry, and was used in the negative mode for selected ion mass at 

271.4 amu.  The following conditions were used after the optimization to the maximum signal 

intensities; vaporizer temperature, 793 K; orifice temperature, 373 K; and accelerating voltage, 2500 

V.  Calibration curves of concentration were drawn using standard E2 dissolved in methanol under the 

same conditions as for the irradiated samples.  

 

The estrogen activities of the above-mentioned aqueous E2 solutions before and after -ray irradiation 

were estimated as the E2 equivalent concentration using a 17 -estradiol ELISA (enzyme-linked 

immuno-sorbent assay) Kit (Takeda Chemical Industries, Ltd.). E2 solution with the initial 

concentration lower than 0.18 nmol dm
-3

 was condensed for the measurements. The C-18 bonded 

cartridge was washed with methanol and subsequently with pure water.  The irradiated aqueous E2 

solution was passed through the cartridge.  The cartridge containing E2 was washed with pure water 

and hexane in turn.  E2 was then eluted with 5 × 10
-3

 dm
3
 dichloromethane.  The effluents were 

completely evaporated to dryness with a gentle stream of N2 gas and dissolved into 1.0 × 10
-4

 dm
3
 of 

10% (v/v) aqueous methanol solution.  Fig. 2 is a schematic representation of the experimental method 

of ELISA. The first step is the competition reaction. The E2 solutions are mixed with solution of a 

hapten-protein conjugate. The mixed solution is infused into a cell, which has monoclonal antibodies 

on inside-wall. The second step is the color reaction. After incubation at room temperature for 1 h, the 

cell is washed with a washing reagent for three times, and filled with a color reagent (aqueous solution 

mixed citrate salt, phosphorate salt, hydrogen peroxide and 3,3‘,5,5‘-tetramethylbenzidine). The 

reaction is stopped after 30 min by a reaction-stop reagent (phosphoric acid). The third step is the 

evaluation of the E2 equivalent concentration. Absorbance of the E2 solutions after the coloring 

reaction is measured using a micro plate reader (Bio-Rad Model 550) at 450 nm. Calibration curves of 

the E2 equivalent concentration against the optical density are drawn using the standard E2 solutions 

just before measurement of the irradiated samples. 

An HPLC (Agilent 1100 series) with a reversed phase column (Shodex RSpak DE-613 and Inertsil 

C8-3 GL Sciences) at 313 K was used for analyses of NPs solutions before and after -ray irradiation. 

Flow rate of 80% (v/v) methanol as an eluent was 1.0 × 10
-3

 dm
3
 min

-1
, and the sample 

   
FIG. 1. Schematic diagram of the column-switching Liquid Chromatography-Mass Spectrometric 

system. 
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solutions were injected at 5.0 × 10
-4

 dm
3
 in the HPLC. Absorption maximum of NPs was observed at 

275 nm in water, and the emission spectrum was recorded on the excitation at 280 nm, and excitation 

spectrum was monitored at 310 nm in water. For HPLC analysis, absorbance was monitored at 280 nm 

using a UV/VIS detector (Waters 2487 Dual λ Absorbance Detector) and the emission was detected 

with a fluorescence detector (Waters 2475 Multi λ Fluorescence Detector) at 310 nm by the 280-nm 

light excitation. Mass spectrometer (JEOL, LC-mate) connected with the HPLC was used to determine 

molecular weights of NPs and their irradiation products. Atmospheric pressure chemical ionization in 

the negative mode was selected, so that the molecular weights of NPs and their irradiation products 

were measured as the negative ions with molecular weight of solute minus one (MW-1). Amounts of 

the total organic carbon (TOC) in the NPs solutions were measured by a TOC analyzer (Shimadzu, 

TOC-Vwp) before and after -ray irradiation. Concentrations of organic acids obtained as irradiation 

products were evaluated by an ion chromatograph (Metrohm 761, Compact IC) with an anion 

suppressor. Sample solutions were separated by a column (IC SI-90 4E Shodex) for the anion analysis. 

An aqueous solution composed f 1.7 mmol dm
-3

 sodium hydrogen carbonate (Cica-Reagent, KANTO 

CHEMICAL CO., INC.), 1.8 mmol dm
-3

 sodium carbonate (Cica-Reagent, KANTO CHEMICAL 

CO., INC.) and 5% acetonitrile (for HPLC Analysis, Wako), was used as an eluent at a flow rate of 1.2 

× 10
-3

 dm
3
 min

-1
.  

The estrogen activities of NPs solution were measured by the yeast two-hybrid assay using 

yeast cells (Saccharomyces cervisiae Y190) into which the human estrogen receptor ER  and 

the coactivator TIF2 had been introduced. Aqueous NPs solutions were used after dilution so 

as not to change the characteristics of the modified Sabouraud‘s dextrose (SD) medium 

(lacking tryptophan and leucine). Aliquots of test solutions were incubated (303 K, 4 h) with 

the yeast cells that had been pre-incubated (303 K, overnight) in the modified SD medium. A 

mixed solution inducing a chemiluminescence (AURORATM GAL-XE, MP Biomedicals), 

an enzymatic digestion (Zymolyase 20T, SEIKAGAKU CORPORATION), and a light 

emission accelerator (AURORATM GAL-XE, MP Biomedicals) were added in this order to 

the test solutions. The chemiluminescence of -galactosidase produced by binding of sample 

with estrogen receptor was measured with a luminometer (LUMINESCENCE READER 

BLR-301, Aloka). 

 

 

        
FIG. 2. Experimental method of enzyme-linked immunosorbent assay (ELISA). 
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3.3. Ionizing radiation 

The -ray irradiations were carried out at the different temperatures of 273, 283, 293, 298, 313 and 348 

K at Japan Atomic Energy Agency (JAEA), Takasaki to the doses in the range from 1 to 5,000 Gy at 

the dose rates (DR) ranging from 5 to 2,000 Gy h
-1

 using 
60

Co -ray plague sources. Dosimetry was 

carried out with alanine dosimeter. The stable radicals are produced in the alanine crystalline by the 

following scheme:  

CH3CH(NH2)COOH      CH3 HCOOH     +      H2   (1) 

Electron spin resonance (ESR) spectrum of the radicals was measured with an ESR spectrometer (JES-

FR30, JEOL). The peak height of the ESR spectrum was related to the amount of the radicals.  

 

4. RESULTS AND DISCUSSION 

4.1. Decomposition of 17 β-estradiol 

 

4.1.1. Estimation of rate constants based on HPLC measurement 

Hydroxyl radicals rapidly attack phenol with rate constants of kOH  = 6.6   10
9
 mol

-1
 dm

3
 s

-1
 [26], 

while hydrated electrons and hydrogen atoms react slowly with phenol  (ke- = 2   10
7
 mol

-1
 dm

3
 s

-1
 

and kH  = 1.7   10
9
 mol

-1
 dm

3 
 s

-1
) [27].  Reaction probabilities of radicals with phenol are related to 

the product of the primary yield and the rate constant: 

(H))(e(OH)
(OH)

100(%) OH ofy probabilitReaction 
HeOH

OH

GkGGk
Gk







k
                         (2) 

 G-values of the primary yields of hydroxyl radicals, hydrated electrons and hydrogen atoms are 2.72, 

2.63 and 0.55. Therefore, more than 94% of phenol molecules were degraded by hydroxyl radicals. In 

the presence of oxygen, hydrated electrons and hydrogen atoms are converted into superoxide radical 

anions immediately [28], which are very less reactive compared with hydroxyl radicals [29]. The 

reactions of benzene and its derivatives with hydroxyl radicals have been studied and found to involve 

the addition of a hydroxyl radical to aromatic ring because of its strong electrophilicity.   

Both phenol and E2 have a phenyl ring, and hydroxyl radicals would attack mainly the phenyl 

ring. Thus phenol can be regarded as a standard to estimate the relative rate constant of E2 with 

hydroxyl radicals.  

products               OH   E2 E2 　　　　　　  
k

,                                 (3) 

                 products               OH   Phenol Phenol 　　　　　　  
k

,                                (4) 

where kE2 and  kphenol are the reaction rate constants of hydroxyl radicals with E2 and phenol, 

respectively. The percentage of hydroxyl radicals reacting with E2 among the total hydroxyl radicals 

should be related to the rate constants with solutes at the same concentration of E2 and phenol. When 

the dose rate (DR) is constant, the decomposition yield of E2 can be expressed by the rate constant and 

the concentration of hydroxyl radicals: 

          ]OH][2E[
1

d

]2E[d1

d

]2E[d
E2k

DRtDRD
                                                         

(5) 

where D and t are dose and irradiation time, respectively. In this study, the concentrations of both 

solutes were 1 mol dm
-3

, and the decomposition ratio of E2 to phenol is the ratio of the rate constants 

under the same dose rate irradiation: 

         / 
 d

]Phenol[ d
  /  

 d

]E2[ d
PhenolE2 kk

DD
                      (6) 
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Fig. 3 shows the decomposition of E2 and phenol at the 1-mol dm
-3

 initial concentration by -ray 

irradiation.  The decomposition of solutes was controlled not to exceed 20% within 3 Gy. 

Accordingly, the reactions of hydroxyl radicals with irradiation products from E2 or phenol are 

negligible to the first approximation. The reduction of concentrations can be adequately fitted by the 

straight lines. The ratio of the decomposition yield of E2 to that of phenol was determined to be 2.44 

from the slope of the fitted lines.  The reaction rate constant of E2 with hydroxyl radicals (kE2) was 

estimated to be 1.6   10
10

 mol
-1

 dm
3
 s

-1
 since kPhenol is 6.6   10

9
 mol

-1
 dm

3
 s

-1
.  This large rate 

constant of E2 should be due to an increment of the electron density on the phenyl ring because of an 

electron-donating property of cycloalkane. Decomposition of 3,4-Dimethylphenol (DMP) and 5,6,7,8-

tetrahydro-2-naphthol (THN) in water were also investigated by -ray irradiation to compare the rate 

constants with that of E2. The reaction rate constants of DMP and THN with hydroxyl radicals were 

estimated to be 1.5   10
10

 and 1.2   10
10

 mol
-1

 dm
3
 s

-1
, respectively, by using the competition 

reaction method. The values are close to the rate constant of E2. 

 
 

A mass spectrum of E2 at 1.8-nmol dm
-3

 concentration was obtained by the LC-MS system in the 

negative mode of the APCI ion source, and a peak identified as E2 was determined at a mass to charge 
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FIG. 4. Mass chromatogram at a mass to charge ratio of 271.4 amu of 17 -estradiol in water 

at the concentration of 1.8 nmol dm
-3

. 
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FIG. 3. Decomposition of 17 -estradiol and phenol in He-saturated water by 

60
Co -ray 

irradiation at the initial concentration of 1 mol dm
-3

  each. 
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ratio ( m/z ) of 271.4 amu, which comes from proton-release from E2 (271.4 = 272.4 - 1).  Fig. 4 

shows the chromatogram recorded by monitoring the selected ion mass at 271.4 of E2 in water. The 

largest peak observed at the 58-min retention time was assigned to E2 itself, and the area of this peak 

was linearly proportional to the concentration of E2.  The systematic back-ground peaks were also 

observed in all time regions. Concentrations of E2 were estimated from the area of the relevant peaks 

in the chromatograms recorded before and after irradiation.  The concentration of E2 in air-saturated 

water decreased exponentially with absorbed dose, as shown in Fig. 5.  The concentration of E2 

decreased by more than one order of magnitude with the -ray irradiation of 10 Gy; the concentration 

of E2 decreased from 1.8 nmol dm
-3

 to less than 0.05 nmol dm
-3

 at a dose of 10 Gy.  This 

concentration is known as the threshold level below which E2 does not show any effect on the 

environmental ecology.  The number of E2 molecules is 1.1 x 10
15

 molecules dm
-3

 at 1.8-nmol dm
-3

 

concentration.  The number of hydroxyl radicals produced is estimated to be 1.75 x 10
17

 molecules dm
-

3
 (290 nmol dm

-3
) at the dose of 1 Gy assuming G-value of 2.8 for hydroxyl radicals.  Because the 

number of hydroxyl radicals is sufficiently large compared with that of E2, the concentration of 

hydroxyl radicals can be regarded as a constant during the irradiation and therefore the reaction is 

considered to be the pseudo first order reaction: the degradation behaviour of E2 should be expressed 

by an exponential curve as the function of the dose.  

 
 

4.1.2. Reduction of 17 -estradiol-equivalent concentration 

Degradation of E2 by -ray irradiation was observed on the basis of LC-MS analysis.  The decrease in 

the estrogen activity of the sample solution after the irradiation must be confirmed because the 

products of the EDCs formed by irradiation would show estrogen activity.  The estrogen activities (E2 

equivalent concentration) of the sample solution before and after irradiation were evaluated by ELISA. 

This method does not indicate the real E2 concentration but the total concentration of the chemicals 

with estrogen activity.  Therefore, if the irradiation products have no estrogen activity, the reduction 

curves of the E2 equivalent concentration must be the same as those of the E2 concentration after the 

irradiation. The reductions in the E2 equivalent concentration as a function of dose are investigated for 

the samples with the initial E2 concentration of 1.8, 0.74, and 0.18 nmol dm
-3

.  
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FIG. 5. Decomposition of 17 -estradiol in water by -ray irradiation measured by using the 

column-switching Liquid Chromatography-Mass Spectrometric system. 
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FIG. 6. 17 -estradiol (△) and 17-estradiol equivalent concentrations (□) as a function of dose 

under the air saturated condition. 

 The E2 equivalent concentration decreased to almost zero at a dose of 30 Gy.  The decrease in the E2 

and E2 equivalent concentrations are different as shown in Fig. 6.  A possible explanation of this fact 

is that the primary products formed from E2 by -ray irradiation have the estrogen activity, and these 

products should be further decomposed by additional irradiations.   

 

Fig. 7 shows chromatograms of 5-mol dm
-3

 E2 solution after irradiation observed at m/z of 271.4 

amu (a) and 287.4 amu (b).  This 5-mol dm
-3

 concentration is so low that interaction may not occur 

among reaction intermediates produced from E2 molecules.  The peak of E2 was observed at 49 min 

in the chromatogram observed at m/z of 271.4 amu.  Intense two and weak five peaks in the 

chromatogram at m/z of 287.4 amu are additionally observed at the retention time from 23 to 36 min.  

These peaks may be assigned to OH substitution products of E2 having the estrogen activity.  
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FIG. 7. Mass chromatogram at mass to charge ratio of 271.4 amu (solid line) and 287.4 

amu (dashed line) of 17 -estradiol in water after -ray irradiation.  
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Influence of gases saturated in the aqueous solution on the decomposition yields of E2 equivalent 

concentration was studied, and the relation of decomposition yields and dose are shown in Fig. 8.  

Degradation yields of E2 in the air-saturated solution are almost the same as those in the absence of 

oxygen under saturated helium. The decomposition yield increased slightly under oxygen saturated 

condition.  For phenolic compounds, oxygen attacks cyclohexadienyl-type radicals to give peroxyl 

radicals, and then HO2 group is released to give OH substitution products.  E2 may have the same 

oxidation mechanism as phenolic compounds. The highest degradation yield of E2 equivalent 

concentration was obtained in the presence of N2O gas in the aqueous solution. It is due to the 

conversion of the hydrated electrons into hydroxyl radicals by N2O. The yield of hydroxyl radicals in 

the N2O-saturated aqueous solution becomes about twice (G (OH) + G (e
-
) = 5.3) of that in the He-

saturated aqueous solution (G (OH) = 2.7). Therefore, a half dose for the He saturated solution was 

required at the same decomposition yields of E2 for the N2O saturated solution, as shown in Fig. 8. 

This is obvious evidence for the decomposition of E2 by the hydroxyl radicals.  Decomposition yield 

of E2 does not show any temperature dependence ranging from 273 to 348 K during irradiation. The 

G-value of hydroxyl radicals increases slightly with temperature from 2.8 at 275 K to 3.13 at 338 K.  

As mentioned above, the amount of hydroxyl radicals produced even at G (OH) = 2.7 was about 100 

times higher than that of E2 in this experiment, and a small increment of hydroxyl radicals does not 

influence the E2 decomposition.  

 

4.2. Decomposition of p-nonylphenols 

 

4.2.1 Reaction of p-nonylphenols with radiation-induced reactive species 

A fluorescence detector and an absorbance detector are available for the liquid chromatograms of NPs 

at initial concentrations ranging from 0.045 to 20 mol dm
-3

 and 1 to 20 mol dm
-3

 were recorded by 

HPLC, respectively. At first the initial concentration of NPs was set at 1 to 2 mol dm
-3

, which was a 

threshold concentration for an appearance of the estrogen activity to the aquatic animals. The reaction 

rate constant of NPs with hydroxyl radicals was estimated by using the competition reaction method. 

Phenol is regarded as a suitable compound for the estimation of the rate constant of NPs with hydroxyl 

radicals since hydroxyl radicals attack mainly the carbon atoms of the phenyl ring. When the 

concentrations of both solutes are equal to each other, the ratio of decomposition efficiencies of NPs 

and phenol is equal to the ratio of the rate constants under a constant dose rate irradiation:  
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FIG. 8. Decomposition yields of 17 β-estradiol-activity at the 1.8-nmol dm-3 initial 

concentration in aqueous solution saturated with nitrous oxide (△), oxygen (▽), helium (□) 

and air (○) by -ray irradiation. 
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Fig. 9 shows decomposition of NPs and phenol by -ray irradiation under the deoxygenated 

condition. The ratio of the decomposition efficiency of NPs to that of phenol was determined 

to be 4.0 from the initial slope of the decomposition curves. The rate constant of NPs was 

estimated to be 2.6   10
10

 mol
-1

 dm
3
 s

-1
 by using the reported rate constant of phenol ( k 

Phenol= 6.6   10
9
 mol

-1
 dm

3
 s

-1
). 

Decomposition curves of NPs at the initial concentration of 1 mol dm
-3

 by -ray irradiation under O2, 

air or He saturated conditions are investigated. The concentration of oxygen dissolved in the solution 

saturated with O2, air and He were determined by a pH/DO meter to be 1125, 220 and almost 0 mol 

dm
-3

, respectively. Decomposition curves of NPs determined under these saturated conditions are 

essentially the same. Therefore, dissolved oxygen seems to be ineffective on the decomposition. 

Oxidation of the phenolic compounds, e.g. phenol, by hydroxyl radicals is enhanced by oxygen. 

Hydroxyl radicals attack phenol to produce dihydroxycyclohexadienyl radicals, which react with 

oxygen to produce peroxyl radicals. The peroxyl radicals release hydroxyperoxide radical to produce 

OH substitution products (catechol, hydroquinone and resorcinol). Production of the peroxyl radicals 

does not occur under the deoxygenated condition, and the dihydroxycyclohexadienyl radicals may 

revert to phenol. Accordingly, the oxidation of phenolic compounds by hydroxyl radicals is enhanced 

by dissolved oxygen. Phenolic compounds including NPs are considered to be oxidized with hydroxyl 

radicals by the same reaction. Since concentrations of NPs in this study are very low, even a trace 

amount of dissolved oxygen below the error level of the pH / DO meter used, about 3 mol dm
-3

, 

would enhance the oxidation of NPs.  

 

4.2.2. Irradiation products 

Peak areas monitored at the mass to charge ratio (m/z) of 235 amu for irradiation products of NPs at 

the initial concentration of 1 mol dm
-3

 as a function of dose by LC-MS analyses are shown in Fig. 10. 

The selected ion chromatogram (SIC) of NPs at 1 mol dm
-3

 after the 12.5-Gy irradiation is shown as 

an inset. Two products of NPs were detected at retention times of 6.3 and 8.5 min by -ray irradiation. 

Both peak areas increased with dose and reached the maximum at the dose of 5 Gy, and then 

decreased. Weak signals due to other products were detected by HPLC with a fluorescence detector, 
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FIG. 9. Decomposition of p-nonylphenols and phenol in water by -ray irradiation under the 

deoxygenated condition.  
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although their molecular weight could not be determined by LC-MS analyses because of absence of 

any characteristic peak in the mass spectra.  

 
 

Organic acids were not identified for the decomposition of NPs at the 1-mol dm
-3

 initial 

concentration since the concentrations were lower than the detection level (~ 1 mol dm
-3

) of the ion 

chromatograph. Some peaks of organic acids, however, were detected for the decomposition of NPs at 

the 20-mol dm
-3

 initial concentration. Two of them were identified as formic acid and oxalic acid, 

and their concentrations at a dose of 1,000 Gy were estimated to be about 10 and 3 mol dm
-3

, 

respectively.  

For the investigation of a degree of oxidation in NPs solution by -ray irradiation, amounts of TOC 

and inorganic carbon were estimated as a function of dose as shown in Fig. 11. Amount of inorganic 

carbon increased with dose, and as a result TOC in the solution decreased. Inorganic carbon (IC) is 

sum of amount of carbon dioxide and carbonate ions as final products of oxidation, and the amount of 

inorganic carbon proportionally increased with dose at an initial irradiation stage. The yield of 

inorganic carbon against the initial TOC concentration, i.e. the degree of oxidation in NPs solution, 

was estimated to be 17% at a dose of 37.5 Gy.  

 
FIG. 10. Selected ion chromatogram monitored at the mass to charge ratio (m/z) of 235 amu for 

irradiation products of p-nonylphenols at the initial concentration of 1 mol dm
-3 

(a) and peak areas 

monitored at the m/z of 235 amu for irradiation products as a function of dose (b). 
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4.2.3 Decomposition of  p-cresol and 4-ethylphenol  

In order to elucidate the oxidation mechanism of NPs, p-cresol and 4-ethylphenol were selected as a 

model compound. Oxidation of p-cresol was investigated by HPLC, and the irradiation products are 

assigned to 3,4-dihydroxybenzyl alcohol, 4-hydroxybenzyl alcohol (4HBA), 3,4-

dihydroxybenzaldehyde, 4-hydroxybenzaldehyde and 4-methylcatechol (4MC), respectively, by 

comparing with standard samples. 4HBA and 4MC are considered to be primary products of the 

reaction of p-cresol with hydroxyl radicals, and the other products are secondary products. Formation 

of formic acids from p-cresol was investigated by ion chromatography.  

 
 

Concentration of p-cresol decreased rapidly with dose up to 1000 Gy, and then gradually decreased as 

shown in Fig. 12. Amount of IC increased linearly at doses lower than 1500 Gy accompanied with the 

decrease in the amount of TOC. The concentrations of the primary products such as 4HBA and 4MC, 

the secondary products and formic acid depend on dose. The concentration of 4MC increased with 

                                         
FIG. 11. Amount of total organic carbon (□) and inorganic carbon (△) in air saturated p-

nonylphenols solution at the initial concentration of 1 mol dm
-3

 as a function of dose. 
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FIG. 12. Concentration of p-cresol and amount of total organic carbon (TOC) and inorganic 

carbon (IC) under the air saturated condition as a function of dose. 
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dose up to 4000 Gy, and then decreased. The concentration of 4HBA increased gradually up to 1000 

Gy. Dissolved oxygen in the solution was consumed at dose of about 1000 Gy. These results suggest 

that dissolved oxygen enhance the formation of 4MC and 4HBA. G-value of 4MC formation increased 

with increase of the dissolved oxygen concentration, in contrast to the decrease of 4HBA formation; 

the production of 4MC was enhanced by oxygen, while that of 4HBA was inhibited. Similar 

decomposition behaviour was obtained for 4-ethylphenol under -ray irradiation to that for p-cresol. 

 

4.2.4. Decomposition mechanism of p-nonylphenol  

The oxidation mechanism of NPs is discussed based on the results obtained by fundamental study of -

radiolysis of p-cresol and 4-ethylphenol in water as mentioned in the previous section. p-Cresol and 4-

ethylphenol are decomposed by -ray irradiation to form two OH substitution products which are 

formed by their oxidation at ortho-position of phenyl ring or -carbon of alkyl group. On the basis of 

the oxidation mechanism of p-cresol and 4-ethylphenol, the OH substitution products are considered to 

be formed from NPs. The OH substitution products having the m/z of 235 amu would be assigned to 4-

nonylcatechols and 1-(p-hydroxyphenyl)-1-nonanols. Scheme 1 shows the oxidation mechanism of 

NPs by hydroxyl radicals in water. Dihydroxycyclohexadienyl-type radicals would be produced by the 

reaction of NPs with hydroxyl radicals, and would combine with oxygen to produce p-nonylcatechols 

and non-aromatic compounds. Dehydration of the dihydroxycyclohexadienyl-type radicals and 

abstraction of a hydrogen atom on -position of NPs would produce benzyl-type radicals. The benzyl-

type radicals would be oxidized to produce 1-(p-hydroxyphenyl)-1-nonanols. These OH substitution 

products would be decomposed to produce non-aromatic compounds such as formic acid and oxalic 

acid which have no estrogen activity, and are ultimately oxidized to form inorganic carbon by further 

irradiation.  

 

 

In order to support the above discussion on OH substitution products of NPs, NPs were decomposed 

by hydroxyl radicals produced upon the Fenton reaction. Aqueous NPs solution at 20 mol dm
-3

 

containing ferrous sulfate at 100 mol dm
-3

 (total volume of 1 × 10
-3

 dm
3
) was added into 1.0 × 10

-3
 

dm
3
 of hydroxyperoxide at 100 mol dm

-3
, and the solution was analyzed by HPLC and LC-MS. 

Some products were detected by HPLC with an absorption detector monitored at 280 nm. The 

products at the retention time of 6.3 and 8.5 min have molecular weight of 236, and are considered to 

be due to the OH substitution products of NPs produced by -ray irradiation.  

 

4.2.5. Estimation of estrogen activity 

The initial concentration of NPs was set at 20 mol dm
-3

 for the evaluation of estrogen activity of the 

NPs solution after irradiation. The concentration of NPs at 1 mol dm
-3

 was a threshold concentration 
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Scheme 1. The oxidation mechanism of p-nonylphenols by hydroxyl radicals in water. 
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(about 1 mol dm
-3

) for an appearance of the estrogen activity to the aquatic animals. This 

concentration, however, was below detection limit of the yeast two-hybrid assay. No condensation of 

the NPs solution was carried out because irradiation products of NPs are not always extracted at high 

yields. Decreases in concentration of NPs and the estrogen activity of aqueous NPs solution against 

dose are shown in Fig. 13 (a). Both NPs concentration and estrogen activity of aqueous NPs solution 

decreased with dose and were completely eliminated at 5000 Gy, although the degradation curves 

were different from each other. If the irradiation products from NPs do not have estrogen activity, 

degradation curve of the estrogen activity must be the same as that of the NPs concentration. By 

comparing the curve of the NPs concentration with that of the estrogen activity, the decay of the 

estrogen activity was slower than that of the NPs concentration. A possible explanation of this fact is 

that products from NPs by -ray irradiation have also estrogen activity. Formation of irradiation 

products having molecular weight of 236 can be quantified by the peak area of LC-MS. The peak 

areas are plotted against dose in Fig. 13(b). The peak area of the products increased up to 100 Gy, and 

then decreased and disappeared at 1000 Gy. Formation of the products is responsible for the gradual 

decrease in estrogen activity of the solution. However, all irradiation products having estrogen activity 

were essentially decomposed at the dose of 5000 Gy. 

 

These irradiation products were separated with HPLC and collected using a fraction collector. The 

estrogen activities of fractions from NPs solution were estimated by the yeast two-hybrid assay. The 

NPs solution was analyzed at 100 Gy when formation of the irradiation products with retention times 

of 6.3 and 8.5 min reached the maximum as seen in Fig. 13(b). The fractions except for NPs and 

products at the retention times of 6.3 and 8.5 min did not show any estrogen activity, and therefore, 

these products mostly have estrogen activity in the irradiated NPs solution. Sum of the estrogen 

activities of these products were found to be about 2 times higher than that of NPs. 

 

FIG. 13. Decreases in concentration (△) and estrogen activity (□) of p-nonylphenols 

solution by -ray irradiation (a), and the peak area of the irradiation products having 

molecular weight of 236 given by SIC at the retention times of 6.3 (◇) and 8.5 (○) min 

are plotted against dose (b).  
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SUMMARY 

Decomposition of E2 having one of the highest estrogen activity in all substances and NPs exhibiting 

one of the highest estrogen activity in artificial chemicals were studied by -ray irradiation. Trace 

amounts of E2 in water was degraded almost completely by 
60

Co -ray irradiations up to 10 Gy.  The 

estrogen activity of the E2 solution, however, still remained after the 10-Gy irradiation. Further 

irradiations up to 30 Gy was able to decrease the estrogen activity to the level lower than the threshold 

level of contamination to induce some estrogenic effects on the environmental ecology.  

 

Trace amount of NPs in water was mainly decomposed by radiation-induced hydroxyl radicals. 

Formation of formic acid, oxalic acid, inorganic carbon and two different products having molecular 

weight of 236 were identified with HPLC, LC-MS, ion chromatograph and TOC analyzer. Based on 

the oxidation mechanisms of p-cresol and 4-ethylphenol, the last two products are ascribable to p-

nonylcatechol and 1-(p-hydroxyphenyl)-1-nonanol, and have high estrogen activity as evaluated by the 

yeast two-hybrid assay. NPs and two products were decomposed completely, and estrogen activities in 

NPs solution were also eliminated at 5000 Gy. These investigations of this study would support the 

practical use of electron beam accelerators for EDCs treatment in wastewater.  

 

For future works, decrease in biological activities of model- and real-wastewaters having estrogen 

activities which are estimated by the yeast two-hybrid assay. The cost of the treatment plant of EDCs 

using electron beam is also estimated by use of the results of treatment of the real wastewater. 

Halogenated organic chemicals which are strongly persistent against oxidation are treated by ionizing 

radiation in room temperature ionic liquids as a new reaction field. Pharmaceuticals and antibiotics are 

treated efficiently in combination of activated sludge system with ionizing radiation method.  

 



Working Material 

108 

Working Document 

REFERENCES 

 

[1] R. Carson, ―Silent Spring‖, Houghton Mifflin, (1962). 

[2] T. B. Gaines, Toxicol. Appl. Pharmacology, 2, 88-99 (1959) 

[3] T. Colborn, D. Dumanoski, J. Peterson, ―Our Stolen Future‖, A PLUME BOOK, (1996). 

[4] K. Wanami, Y. Shimazu, T. Miyashita, T. Yamamoto, K. Thukada, T. Yoshioka, Annual report of 

the Tokyo Metropolitan Research Institute for Environmental Protection, 101-109 (2004). 

[5] W. R. Kelce, C. R. Stone, S. C. Laws, L. E. Gray, J. A. Kemppaine, E. M. Wilson, Nature, 375, 

581-585 (1995). 

[6] F. Ohtake, K. Takeyama, T. Matsumoto, H. Kitagawa, Y. Yamamoto, K. Nohara, C. Tohyama, A. 

Krust, J. Mimura, P. Chambon, J. Yanagisawa, Y. Fujii-Kuriyama, S. Kato, Nature, 423, 545-550 

(2003). 

[7] E. J. Routledge, J. P. Sumpter, Environ. Toxicol. Chem., 15, 241-248 (1996). 

[8] E. J. Routledge, J. P. Sumpter, J. Biological Chem., 272, 3280-3288 (1997). 

[9] J. Y. Hu, T. Aizawa, Wat. Res., 37, 1213-1222 (2003) 

[10] A. M. Soto, H. Justicia, J. W. Wray, C. Sonnenschein, Environ. Health Perspect., 92, 167-173 

(1991). 

[11] J. P. Sumpter, S. Jobling, Environ. Health Perspect., 103, 173-178 (1995). 

[12] S. Jobling, T. Reynolds, R. White, M. G. Parker, J. P. Sumpter, Environ. Health Perspect., 103, 

582-587 (1995). 

[13] C. Desbbow, E. J. Routledge, G. C. Brighty, J. P. Sumpter, M. Waldock, Environ. Sci. Tech., 32, 

1549-1558 (1998). 

[14] R. J. Williams, A. C. Johnson, J. J. L. Smith, R. Kanda, Environ. Sci. Tech., 37, 1744 (2003). 

[15] O. Braga, G. A. Smythe, A. I. Schafer, A. J. Feitz, Environ. Sci. Tech., 39, 3351-3358 (2005). 

[16] K. B. Cohen, L. S. Shore, M. Shemesh, A. Wenzel, H. Mueller, N. K. Schor, J. Environ. 

Management, 78, 16-23 (2006). 

[17] X. Peng, Z. Wang, C. Yang, F. Chen, B. Mai, J. Chromatography A, 1116, 51-56 (2006). 

[18] S. Jobling, D. Casey, T. R. Gry, J. Oehlmann, U. S. Oehlmann, S. Pawlowski, T. Baunbeck, A. P. 

Turner, C. R. Tyler, Aquatic toxicology, 65, 205-220 (2003). 

[19] The Ministry of the Environment, Japan, ―SPEED‘98‖, May 1998 [in Japanese]. 

[20] The Ministry of the Environment, Japan, ―Report on screening test for endocrine disrupting 

property of p-nonylphenols to fishes‖, August 2001 [in Japanese]. 

[21] The Ministry of the Environment, Japan, ―ExTEND 2005‖, May 2005 [in Japanese]. 

[22] J. P. Giesy, K. Hilscherova, P. D. Jones, K. Kannan, M. Machala, Marine Pollution Bulletin, 45,  

[23] Y. Ku, R. Jian, Y. S. Shen., Toxicol. Environ. Chem., 64, 183-195 (1997). 

[24] B. Boye, M.M. Dieng, E. Brillas, Environ. Sci. Technol., 36, 3030 (2002) 

[25] D. F. Ollis, E. Pelizzetti, N. Surpone, Environ. Sci, Technol., 27, 1523-1529 (1991). 

[26] R. J. Field, N. V. Raghavan, J. G. Brummer, J. Phys. Chem., 86, 2443- 2449 (1982). 

[27] G. V. Buxton, C. L. Greenstock, W. P. Helman, A. B. Ross, J. Phys. Chem. Ref. Data, 17, 513 

(1988). 

[28] A. J. Elliot, D. R. McCracken, G. V. Buxton, N. D. Wood, J. Chem. Soc., Faraday Trans. 86, 

1539-1547 (1990). 

[29] N. Getoff, M. Z. Prucha, Naturforsch, 38a, 589-590 (1983). 



Working Material 

109 

Working Document 

TREATMENT OF WASTEWATER FOR REUSE WITH MOBILE ELECTRON 

BEAM PLANT 

B. Han, J.K. Kim, Y. Kim 

EB TECH Co., Ltd., Daejeon, Korea 

 

N. Zommer 

Pele Inc., Milpitas Californaa, USA 

 

Abstract 

One of the important environmental problems is the reuse of wastewater to industrial and agricultural 

applications. The use of alternative disinfectants to chlorine for the wastewater treatment has received increasing 

attention in recent years to treat either liquid or solids streams within wastewater treatment plants for pathogens 

and trace organics (TOrCs). Although several technologies have come to the forefront as an alternative to 

chlorine (e.g., ultraviolet [UV] and hydrogen peroxide), the majority of these technologies are chemically based, 

with the exception of UV. An attractive physical disinfection approach is by electron beam irradiation. on-site 

pilot scale treatment of wastewater from municipal plant will be applied to optimize the operation parameters by 

a skid mounted Mobile Electron Beam Plant (MEB) mounted in a 40‘ box metal cargo shipping container.To 

compare electron beam technology with other advanced oxidation processes (AOP) such as UV and Ozone 

technology, in regard to costs and effects for different application cases and local situations.The objectives of 

this study are  optimization of the EB process for minimizing energy loss and absorbed dose upon the water 

thickness optimization of pre-treatment and post-treatment design parameters and development of design criteria 

to construct commercial scale re-use plant. Also the evaluation of alternatives to address unforeseen problems 

resulting from the actual use of proposed treatment processes and characterization and quantification of the raw 

water and finished water will be conducted. 

 

1. OBJECTIVE OF THE RESEARCH 

The treatment of industrial wastewater with electron beam is one of the actively studied subjects for 

the environmental application in Korea. One of the important environmental problems is the reuse of 

wastewater to industrial and agricultural applications. 

Our objective evaluates the efficiency of electron-beam disinfection to treat either liquid or solids 

streams within wastewater treatment plants for pathogens and trace organics (TOrCs). TOrCs refer to 

endocrine disrupting compounds (EDCs), pharmaceuticals and personal care products (PPCPs), and 

other trace constituents. The rationale behind targeting both streams relates to the notion that electron 

beam lends itself toward either medium. In this proposal, on-site pilot scale treatment of wastewater 

from municipal plant will be applied to optimize the operation parameters by a skid mounted Mobile 

Electron Beam Plant (MEB) mounted in a 40‘ box metal cargo shipping container. 

 

2. INTRODUCTION 

When wastewater is irradiated with high energy electron, the energy absorbed is deposited in water 

molecules, and the ionization and excitation of water molecules result in formation of free radical and 

molecular species. The use of such free radicals as disinfectant for effluents from municipal 

wastewater treatment plants could be state-of-the-art and eco-friendly disinfection processes. Electron 

beam has the following advantages over chemically based and UV approaches: operates at ambient 

temperatures and pressure; requires no additional chemicals that could further pollute downstream; has 

the capacity to mineralize persistent compounds; and its performance is not affected by solids since 

the electron beam easily penetrate particles/solids. 



Working Material 

110 

Working Document 

The treatment of industrial wastewater with electron beam is one of the actively studied subjects for 

the environmental application in EB TECH Co., Ltd. The wastewaters investigated are from textile 

dyeing companies, petrochemical processes, papermill, leachates from sanitary landfill areas, 

explosive productions and so on. Those are summarized in Table 1.  

 

TABLE I. WASTEWATER INVESTIGATED AT EB TECH CO., LTD 

 

Wastewater(from)  Purpose of investigation Results 

Textile dyeing companies
a
 

 

Removal of color and 

organic impurities 

Industrial plant constructed 

Improved removal 

efficiency 

Papermill
b 

 

Decrease in COD, color 

Increase in re-use rate 

Reduction in COD, color 

Commercial plant designed 

Leachate from landfill
c
 

 

Removal of organic 

pollutants 

Bio-treatment efficiency 

improved 

Heavy metals
d
 Decrease in the contents 

in water 

Removal of Cd(II), Pb(II), 

Hg(II), Cr(VI) 

Power plant clean-up
e
 Decrease in the contents 

of organic acid in water 

Decrease in the contents of 

organic pollutants 

Explosive production
f
 Decrease in COD, T-N 

Re-use for production 

 

a Han et al. (2002, 2005) 

b Shin et al. (2002) 

c Pikaev et al. (1997a) 

d Kartasheva et al. (1997, 1998), Pikaev et al. (1997b), Ponomarev et al. (1997), Yurik and Pikaev (1997) 

e Kim et al. (1999) 

f unpublished results 

 

The use of alternative disinfectants to chlorine for the liquid stream has garnered increasing attention 

in recent years. Besides the production of disinfection by-products (DBPs), chlorine poses safety 

hazards for operational staff and shipping hazards. In addition to health and public welfare risks, 

chlorine has a minimal attenuation on TOrCs. Although several technologies have come to the 

forefront as an alternative to chlorine (e.g., ultraviolet [UV] and hydrogen peroxide), the majority of 
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these technologies are chemically based, with the exception of UV. An attractive physical disinfection 

approach is by electron beam irradiation. 

The proposal herein is vital to the advancement of electron beam within wastewater facilities. Despite 

promising research that dates back decades, electron beam technology has not yet entered the 

commercial wastewater market place. By showing the ability to meet the standard of authorities, this 

should expedite/promote e-beam commercialization.  

 

3. MATERIALS AND METHODS 

3.1. Mobile Electron Beam Plant (MEB) 

In this proposal, on-site pilot scale treatment of wastewater from municipal plant will be applied to 

optimize the operation parameters by a skid mounted Mobile Electron Beam Plant (MEB) mounted in 

a 40‘ box metal cargo shipping container as shown in below figure. 

 

 

 

 

FIG. 1. Mobile Electron Beam Plant (MEB); 500m3/day with 2kGy at continuous operation mode 

FIG. 2.Watewater treatment flow system in Mobile Electron Beam Plant (MEB) 
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Self-shielded 0.7MeV (20kW) electron accelerator with control and monitoring system together with 

water/air cooling system are the main constituents of the plant. Also the wastewater treatment facilities 

(pumps, gauges, reservoirs etc.) are included. This plant can treat up to 500m3/day with 2kGy at 

continuous operation mode.  

 

3.2 Analytical Aproaches 

The approach addresses the fate of not just conventional indicator organisms (E. coli, Enterococcus, 

coliforms, and total coliforms), but also provides a framework to track and monitor the fate of 

alternate indicator organisms like the Bacteroidales, which are anaerobic and hence decay faster in 

ambient waters. Unlike traditional indicators, because they are host-associated, a given Bacteroidales 

genetic marker can be used in the differentiation between human and nonhuman pollution and in the 

identification of specific animal sources – important information for source control and treatment 

programs. Both Enterococcous and Bacteroidales are currently being considered by U.S. EPA in their 

epidemiological studies to update existing ambient water quality criteria using quantitative PCR 

(qPCR) methodology.  

For technologies entering the market place, it is crucial to have results for the inactivation of both 

conventional and alternate indicators since alternate indicators are beginning to enter the permitting 

arena. Although not currently permitted, TOrC removal is gaining momentum as a concern for many 

municipalities. Our approach investigates the efficacy of e-beam technology to remove TOrCs at doses 

used for indicators removal, as well as at environmentally relevant TOrC levels. 

As describe above, with the on-site operation of mobile electron beam plant, the basic parameters to 

implement commercial scale disinfection plant for municipal wastewater treatment plant could be 

achieved. And the optimization of pre-treatment and post-treatment design parameters and evaluation 

of alternatives to address unforeseen problems resulting from the actual use of proposed treatment 

processes could be also expected. 

 

3.2.1. Survey and document review 

-. Survey and document review on the re-use and recycle of water and wastewater.  

-. Review of disinfection standards already approved by authorities 

-. Pre-study of wastewater and treatment plant where the pilot plant would locate.   

-. Selection of pilot test location and document works for permission etc. 

-. Setting up of Mobile Plant at municipal wastewater treatment Plant  

-. Trial operation of mobile plant to obtain key parameters for continuous operation. 

 

3.2.2. Continuous operation of mobile plant 

-. Continuous operation of mobile plant to obtain parameters for collecting data 

-. Operating with various conditions to secure consistency and reliability of Electron Beam process 

despite fluctuating external environmental variables like day versus night operation, weather and 

seasonality 

 

3.2.3. Evaluation of obtained data from the operation of mobile plant 

-. Evaluation of obtained data for optimization of the EB process for municipal treatment  

-. Evaluation of energy loss and absorbed dose upon the water thickness etc. 
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-. Optimization of pre-treatment and post-treatment design parameters 

-. Development of design criteria to construct commercial scale re-use plant.  

-. Evaluation of alternatives to address unforeseen problems resulting from the actual use of proposed 

treatment processes 

 

3.3 Anticipated Result 

Anticipated outcomes are: 

1. Guidelines of design parameters for constructing commercial scale re-use plant. 

2. Achievement of the necessary data to claim the disinfection standards (for example in U.S. as 

stipulated by California Department of Health Services‘ Title 22‘)  

3. Effectiveness of electron beam processing, i.e., consistency and reliability despite fluctuating 

external environmental variables like day versus night operation, weather and seasonality 
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Abstract 

This report described work plan on advanced sewage treatment focusing sterilization and reduction of antibiotics 

and endocrine disruptors by radiation already being carried out in Korea. It included the review of the papers and 

further works. KAERI (Korea Atomic Energy Research Institute) set a national plan up for the development of 

advanced sewage treatment using radiation in 2007. During the first three years basic radiation application works 

on sterilization, decomposition of antibiotics and endocrine disruptor contained in effluent by using radiation 

were conducted in KAERI‘s laboratory. A mobile electron beam accelerator was constructed for the field study 

and demonstration of radiation application for environmental conservation in 2009. Several papers related to 

destruction of antibiotics and endocrine disruptors were published and introduced in this report. In 2010, field 

study on advanced sewage treatment with a MEB (Mobile Electron Beam) was conducted and the results 

obtained from study played an important role in the acquiring a certification on advanced treatment of sewage 

effluent by radiation, NET (New Environmental Technology), which is issued by Korea ministry of 

environment. For the further work, researches on decomposition of antibiotics and endocrine disrupters, by-

products from irradiated antibiotics, and toxicity before and after irradiation of antibiotics will be kept going on 

in laboratory and field with MEB. This information will be very useful for the project by radiation treatment of 

wastewater for reuse with particular focused on wastewater containing organic pollutants.  

 

1. INTRODUCTION 

 

Most of biological environmental issues in the eco-system come from the discharge of toxic chemicals 

which are difficult to decompose with standard biological treatment process.  Above all chemicals 

such as antibiotics and endocrine disrupters make new environmental problems when they are 

discharged to water stream from the sewage treatment plants. The problems on sudden death of large 

amount of fishes and disturbance of sex among the fishes are raised from the release of toxic and 

nonbiodegrable chemicals into the water stream. Therefore, it is very important to control the toxic 

and nonbiodegrable chemicals before they are discharged to water stream. Limited technologies, such 

as AOPs (Advanced Oxidation Processes), for the control of these toxic and nonbiodegrable chemicals 

have been applied into the wastewater treatment plants. However, control efficiency is not high 

enough. 

 

Recently a mobile electron beam accelerator (MEB) was constructed in Korea and being applied to the 

demonstration studies on the sterilization and decomposition of toxic chemicals contained in the 

effluents of sewage treatment plant. At the same time, an evaluation of radiation effects on toxic 

chemicals is being conducted in KAERI‘s laboratory. Field demonstration study is also very important 

in the aspects of both secure of confidence the technology and public acceptance on radiation.  

 

The irradiation studies being conducted for the decomposition of toxic chemicals and evaluation of 

toxicity reduction must be helpful for the studies on conservation of water quality and provide the 

water resources. Field demonstration research is also sure to more helpful for the commercial 

approach in a view of completion of technology.  
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This report introduces several research activities being carried out for the development of radiation 

application on advanced sewage treatment by using radiation in KAERI. Further research activities for 

18 months of CRP will be introduced and also considered how to contribute for CRP.   

 

2. WORK PROGRAM IN KAERI 

 

KAERI set a national plan up for the development of advanced sewage treatment using radiation in 

2007. During the first three years basic research on sterilization, decomposition of antibiotics and 

endocrine disruptors contained in effluent by using radiation were conducted in KAERI‘s laboratory. 

In 2007, basic studies, such as analysis of chemicals in each unit process of sewage treatment, analysis 

of pathogenic microbes in effluent and sterilization by electron beam and gamma rays were conducted. 

In 2008, study on radiation treatment of organic toxic chemicals and evaluation of eco toxicity were 

carried out with researches on mineralization of antibiotics and trace amount of organic toxic 

chemicals by radiation and evaluation of eco safety for irradiated effluent by toxicity evaluation. In 

2009, studies on mineralization of endocrine disruptor and evaluation of genetic safety by radiation 

treatment were conducted. A mobile electron beam accelerator which has 0.6 MeV of energy and 20 

kW of output power was constructed for the field study and demonstration of radiation application for 

environmental conservation at same year in KAERI. In 2010, field study on treatment of chemicals 

and sterilization in effluent with MEB was carried out for feasibility test on treatment of organic toxic 

chemicals and sterilization in effluent, and study on the eco safety before and after MEB treatment. 

NET titled by ―electron beam treatment for advanced sewage treatment‖, which is issued by Korea 

ministry of environment was acquired by the field demonstration with MEB.  Further studies with 

MEB in the field will be kept going on at this year.   

 

 
 

Fig.1. Current research program related to advanced sewage treatment with radiation in KAERI 
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3. AN INTRODUCTION OF WORKS RELATED WITH CRP ALREADY CARRIED OUT IN 

LABORATORY OF KAERI 

 

Several papers focused on sterilization of coli form, destruction of antibiotics and endocrine disruptors 

by radiation in the sewage treatment were published. The abstracts of the paper are as following;  

 

Abstract 1: A study on the decomposition and mineralization of cefaclor by ionizing radiation.  

Kinetics and effects of radical scavengers was conducted in KAERI. Cefaclor, one of the β-lactam 

antibiotics, is widely used as an antibiotic. Kinetic studies were conducted to evaluate the 

decomposition and mineralization of cefaclor using gamma radiation. Cefaclor, 30 mg/l, was 

completely degraded with 1 kGy of gamma radiation. At a concentration of 30 mg/l, the removal 

efficiency, represented by the G-value, decreased with increasing accumulated radiation dose. Batch 

kinetic experiments with initial aqueous concentrations of 8.9, 13.3, 20.0 and 30.0 mg/l showed the 

decomposition of cefaclo using gamma radiation followed a pseudo first-order reaction, and the dose 

constant increased with lower initial concentrations. At a given radiation dose, The G-values increased 

with higher initial cefaclo concentrations. The experimental results using methanol and thiourea as 

radical scavengers indicated that ·OH radicals were more closely associated with the radiolytic 

decomposition of cefaclo those other radicals, such as e
-
aq or ·H radical. The radical scavenger effects 

were tested under O2 and N2O saturations for the enhancement of the TOC percentage removal 

efficiencies in the radiolytic decomposition of cefaclo. Under the O2 saturation, 90% TOC removal 

was observed with 10 kGy. Oxygen is well known to play a considerable role in the degradation of 

organic substances with effective chain pathway. According to the effective radical reactions, the 

enhanced TOC percentage removal efficiencies might be based on the fast conversion reactions of e
-
aq 

and ·H radical with O2 into oxidizing radicals, such as O·
-
2 and HO·2, respectively. 100% TOC 

removal was obtained with N2O gas at 20 kGy, as reducing radicals, such as e
-
aq and ·H, are scavenged 

by N2O and converted into ·OH radicals, which have strong oxidative properties. The results of this 

study showed that gamma irradiation was very effective for the removal of cefaclo in the aqueous 

solution.  
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Fig.2. Radiolytic decomposition of cefaclor in an aqueous solution (= 30mg L

-1
) using gamma 

radiation. 
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Fig. 3. Radiolytic decomposition of kinetics at different initial cefaclor concentrations.  The lines 

represent model simulations 

 

Abstract 2: A study on the radiolysis of selected antibiotics and their toxic effects on various aquatic 

organisms. 

This study was conducted to investigate the decomposition of three γ-irradiated antibiotics(e.g., 

tetracycline, sulfamethazine, and licomicyn) and to compare the toxic effects on Daphnia magna, 

Vibrio fiischeri, and Pseudokirchneriella subcapitata. The median cell growth inhibition 

concentrations (IC50) of tetracycline, sulfamethazine, and licomycin for p. subcapitata dramatically 

increased(e.g., toxicity decreased) after radiolysis. The γ-radiation treatment was efficient to 

decompose antibiotics and thereby their toxicity on p. subcapitata remarkably decreased due to 

reduced parent compounds 

 

Abstract 3: A study on the decomposition and detoxification of antibiotics by ionizing radiation.  

One considerable concern for antibiotics is the potential development of antibiotic-resistant bacteria in 

the environment, even at low concentrations.  Kinetic experiments were conducted to compare two 

kinetic models for radiolytic decomposition of various antibiotics such as cephradine, amoxicillin, 

sulfamethazine, tetracycline, and lincomycin. All the antibiotics were completely decomposed at 1-4 

kGy. The biological toxicities of the antibiotics after irradiation were also clearly reduced. Batch 

kinetic experiments with the initial aqueous concentrations of 2, 6, 8, 20 mg/L showed the 

decomposition of antibiotics using gamma radiation followed a pseudo first-order reaction, and the 

dose constant increased with lower initial concentrations.  For the comparison of kinetic models, the 

Monod equation was used.  The kinetic parameters of maximum reaction rates (kmax) and half-velocity 

coefficient (Ks) are obtained.  The kmax values ranged from 0.29 to 0.99 μM/Gy.  The Ks values for 

antibiotics decreased in the order of: cephradine > lincomycin > amoxicillin > sulfamethazine > 

tetracycline. Radiolytic decomposition of antibiotics by gamma radiation was well described by both a 

pseudo first-order reaction and the Monod equation. The inhibition experiments were performed to 

investigate the inhibition effects of the anions in municipal wastewater on the radiolytic 

decomposition of the antibiotics. The experimental results showed that nitrate and nitrate had 

significant inhibition effects, but relatively insignificant effects were observed for the other anions 

such as phosphate, chloride, and sulfate. 

 

       
Amoxicillin                 Cephradine                  Sulfamethazine 
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Fig. 4. Chemical structures of the antibiotics used in this study. 
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Fig. 5. Radiolytic decomposition of antibiotics in an aqueous solution (=30 mg/l) by gamma radiation 

 

Abstract 4: A study on degradation of sulfamethoxazole and chlortetracycline using UV, ozone and 

electron beam.  

Recently, the occurrence of antibiotics in the aquatic environment as well as in finished drinking water 

has raised concern about their potential impact on the environmental and public health. Antibiotics 

have been found in surface and ground waters which indicates their ineffective removal by 

conventional water treatment technologies. Advanced oxidation processes (AOPs) have received 

considerable attention for antibiotic removal. This study was conducted to evaluate the degradation 

and mineralization of antibiotics (sulfamethoxazole and chlortetracycline) using ozone, UV, and 

electron beam. The results of this study showed that ozone, UV and electron beam were very effective 

for the removal of sulfamethoxazole and chlortetracycline in aqueous solution. Besides, the electrical 

energy consumption based on the EE/O parameter (the electrical energy required per order of 

pollutants removal in 1m
3
 wastewater) was used to quantify the energy cost associated with different 

AOPs (UV, Ozone, Electron beam) for a degradation of antibiotics. In view of the electrical energy 

efficiency, the electron beam was better than ozone and UV. 

 

Abstract 5: A study on the radiolytic degradation of antibiotics and enhanced biodegradability.  

Antibiotics are among the most important pharmaceuticals in today‘s medicine. Antibiotics used for 

human and animals can be found as low concentration range of μg/L to ng/L in the various 

environments by an excretion, disposal of unused or expired drug, and accidental spills. The continual 

exposure of antibiotics, even at low concentrations, may lead to developing the multiple resistances in 

bacterial strains and the unknown adverse effects on human and ecosystem such as potential genotoxic 

and disruption of aquatic ecology. This study was conducted to evaluate degradation of antibiotics by 

ionizing radiation and the biological toxicity assessment using algae (Selenastrum capricornutum). In 

addition, the biodegradability of antibiotics after radiation treatment was investigated by the Closed 

Bottle Test (CBT) (OECD 301D). Tetracycline, sulfamethazine, sulfamethoxazole and lincomycin of 
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30 mg/L were completely degraded after 4 kGy. Without the radiation treatment, the initial IC50 

(inhibitory concentration 50) values of tetracycline, sulfamethazine and lincomycin were 0.1, 3.79 and 

0.46 mg/L, respectively. After the irradiation of the antibiotics at 2 kGy, the biological toxicity IC50 

was reduced by 8960, 234 and 3563%, respectively. The biodegradabilities of tetracycline and 

sulfamethoxazole without the radiation treatment were 31.1 and 35 mg/L based on BOD (mg/L) 

during the test period of 28 days, respectively. However, antibiotics irradiated at 2 kGy were 41.8 and 

45.8 mg/L.  

 

Previous our researches on the decomposition of antibiotics and endocrine disruptors showed that they 

were easily decomposed within low irradiation dose of 3 kGy and new chemicals were formed as by-

products. However, some of irradiated antibiotics showed increasing of toxicity compared to 

unirradiated original chemical. From our previous researches we think that more elaborative studies 

have to be carried out.  

 

4. WORK PLAN FOR NEXT 18 MONTHS 

 

The research objectives are characterization of antibiotics contained in sewage effluent and evaluation 

of toxicity after irradiation. Therefore, irradiation studies on decomposition of antibiotics and 

endocrine disrupters, by-products from irradiated antibiotics, evaluation of the toxicity before and after 

irradiation of antibiotics, and field demonstration for the reduction of antibiotics and toxicity in 

sewage treatment plant will be conducted during next 18 months.   

 

As an annual work plan during next 18 months, radiation studies on decomposition of antibiotics and 

endocrine disrupters, a studies on the by-products from irradiated antibiotics, and a studies on the     

toxicity before and after irradiation of antibiotics will be kept going on for the first 12 months. For the 

rest 6 months field demonstration for the reduction of antibiotics and toxicity in sewage treatment 

plant will be conducted.  
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ABSTRACT 

 

The combination of irradiation and biological technique was chosen to study COD, BOD5 and colour removal 

from textiles effluent in the presence of food industry wastewater.  Two biological treatments, the first consisting 

a mix of unirradiated textile and food industry wastewater and the second a mix of irradiated textiles wastewater 

and food industry wastewater were operated in parallel. Reduction percentage of COD in textiles wastewater 

increased from 29.4% after radiation only to 62.4% after further undergoing biological treatment. After 

irradiation the BOD5 of textiles wastewater reduced by 22.1%, but went back to the original value of 36mg/l 

after undergoing biological treatment. Colour had decreased from 899.5 ADMI to 379.3 ADMI after irradiation 

and continued to decrease to 109.3 after passing through biological treatment. 

 

1. INTRODUCTION 

 

Textile industries consume large amounts of water and their effluents contained wide range of 

contaminants. Water is used for dyeing, bleaching, washing and for many flushing steps during the 

whole production. Contaminants in textiles effluents mean suspended solids, BOD, COD, strong 

colour and high pH value. Increased public concern and environment awareness, as well as stricter 

legislative control of effluent discharge in the recent year, has led to increased interest in method of 

decolourisation.  Many studies had shown that radiation caused significant effect on the COD, colour 

and BOD removal.  Absorbed dose ranging between 1- 9 kGy can degrade COD and colour of direct 

dye (Ali et al., 2010). Azo dye degrade and decolourized by gamma radiation (Chen et., al 2008). 

Studies on treatment of simulated textiles effluent by biological treatment had shown that 90% colour 

removal was obtained with sludge retention time of 15 days (N.D.et.,al 2001). Treatment of textile 

effluent by combination treatment were conducted in various approach and technique such as Fenton‘s 

and biological (Nilesh et.,al 2006), photo-Fenton with sequencing batch reactor (Julia et. Al 2006) and 

ozonation in a semi-batch bubble column reactor (Kadir et., al, 2009).   

 

In this study, textiles effluent was treated with radiation before further treating it in biological 

treatment together with food industry wastewater. Food industry wastewater was treated in biological 

treatment. It also served as food to microbe for degradation textiles wastewater. For this work, the 

wastewater was collected from Siang Poh Knitting Sdn. Bhd. at Rawang Industrial Estate, Selangor. 

The company manufactures garment, which involve processes such as weaving or fabric production 

and finishing.  
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1.1. Characteristics of textile and food industry wastewater 

Composite textiles and food industry wastewater were characterized mainly by measurement of 

chemical oxygen demand (COD), biological demand (BOD) and colour. Typical characteristics of 

both wastewater are presented in Table 1.  

 

Table 1.  Composite textile and food industry wastewater characteristics. 

Samples COD(mg/l) BOD(mg/l) Color(ADMI) 

Textiles industry 

wastewater 

900-3000 100-150 Above1000 

Food industry 

wastewater. 

530-1000 200-400 50 - 100 

 

2. MATERIAL AND METHOD 

2.1. Radiation process 

The electron (EB) irradiation was carried out under the EPS 3000 electron beam machine. The energy 

and current of electron beams were 1 MeV and 30mA, respectively.  The textiles effluent was 

irradiated in the tray using 100 kGy. Samples treatments were conducted at room temperature. 

2.2. Biological Treatment 

Lab scale activated sludge system was used as biological treatment.  It consisted of equalization tank, 

aeration tank and clarifier.  Parameters such as pH, dissolved oxygen and mix liquor suspended solid 

were control in this system to ensure the system work. Two systems were operated in parallel, firstly 

treatment for the mixture of unirradiated textiles and food industry wastewater and secondly, treatment 

for the mixture of irradiated textiles and food industry wastewater. Lab scale biological treatment is 

shown in Figure 1.  

 

 

Figure 1. Biological treatment (activated sludge system) used in this project. 
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2.3. Analysis 

Samples were analysed before and after irradiation. COD is equivalent to the amount of oxygen 

required to chemically oxidize the organic matter contained in wastewater. To determine the COD 

sample was first digested using dichromate (HR range plus) in Hach reactor and COD value was 

determine by Hach-2400 spectrophotometer. BOD measures the rate of oxygen uptake by micro-

organism in a sample of wastewater and was measured at temperature 20
0
C over an elapsed period of 

five days in the dark incubator. It is not precise quantitative test, but used widely as an indicator to 

measure water quality. pH of the sample was analyzed using pH meter (WTW Multi 340i).  Hach DR 

5000 spectrophotometer were used for colour measurement. 

 

3. RESULT AND DISCUSSION 

 

3.1. Effect of Radiation to the COD, BOD and colour of textiles wastewater. 

COD represents the content of all organic compounds in wastewater. The changes of COD, BOD and 

colour for textiles effluent with initial concentration of 428mg/l, 36mg/l and 899.5 ADMI respectively, 

subjected to electron beam irradiation are shown in table 2.  COD, BOD and colour removal 

percentage are 29.4%, 22.2% and 57.8% respectively. The COD and BOD removal showed similar 

trend of decolouration. The result shows that decolouration is much easier than COD and BOD 

removal. Decolouration result provides information about breaking down of the structure of dye 

molecules.  It would cause generating small and middle organic compounds at the beginning of 

irradiation. But the degree of COD and BOD depend on the mineralization of the newly formed 

compounds. The final products from mineralization of organic compounds are H2O, CO2, N2 or 

nitrogen oxides. 

 

Table 2.  The changes of COD, BOD and color  after radiation. 

Textiles Effluent COD(mg/l) BOD(mg/l) Color(ADMI) 

Unirradiated 428.0 36.0 899.5 

Irradiated 302.0 28.0 379.3 

 

3.2. Effect of electron beam radiation on the biodegradability of textiles wastewater 

The BOD5 and COD of raw textiles wastewater before and after electron beam radiation were 

calculated. The biodegradability of textiles wastewater was evaluated through calculation of the 

BOD5/COD. The average biodegradability value of the non irradiated textiles wastewater are about 

0.088 and those of the electron beam irradiated sample up to 0.092.  The higher value of the 

biodegradability means that degradation of pollutant become easier in biological reaction.  It can be 

inferred that radiation treatment can break down the molecule structure of organic compound and 

convert it into biodegradable compound. 

 

3.3. Effect of the biodegradability on the removal of COD and BOD textiles wastewater in 

biological treatment. 

Fig. 2 and 3 show that, COD and BOD5 of irradiated textiles wastewater was continuously reduce in 

the biological treatment.  The biodegradability of 0.092 for irradiated textiles wastewater caused 
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higher removal of COD and BOD5   as compared to non irradiated textiles wastewater with lower the 

biodegradability value (0.088). With higher biodegradability value biological activity becomes easier. 

The COD removal efficiencies were higher for irradiated textiles wastewater (around 62%) than for 

the non irradiated textiles wastewater (around 25%).   

 

 

Fig 2: Effect of electron beam radiation on the removal of COD in biological treatment 

 

 

Fig 3: Effect of electron beam radiation on the removal of BOD textiles wastewater in biological 

treatment 

 

4. Conclusion 

 

It can be concluded that the integrated system consisting of electron beam radiation and biological 

treatment for textiles wastewater in the presence of food industry wastewater can be applied. The 

radiation can convert refractory organic compounds into easily biodegradable product, then mix with 

other wastewater which can act as carbon source for microbe activity in the biological treatment. 

Furthermore, this combination process is able to treat two or more waste in the biological treatment. 

 

Acknowledgment 

 

The author wishes to thank Siti Aiasah Hashim and her team at the Alurtron EB-Irradiation Centre for 

their assistance during the experimental work and preparation of this paper.  



Working Material 

124 

Working Document 

 

REFERENCES 

1. Ali Vahdat, S.H Bahrami, M.Arami, A.Motahari., (2010) ―Decomposition and decoloration of a 

direct dye by electron beam radiation‖ Radiation Physics and Chemistry 79 (2010) 33-35. 

 

2. You-Peng Chen, Shao-Yang Liu, Han-Qing Yu, Hao Yin, Qian-Rong Li. (2008) `` Radiation 

Induced Degradation of methyl Orange in aqueous solution‖, Chemosphere 72(2008)532-536. 

 

3. N.D.Lourenco, J.M Novais, H.M. Pinheiro (2001)``Effect of some operational parameters on 

textile dye biodegradation in a sequential batch reactor‘‘ Biotechnology 89 (2001) 163-174. 

 

4. Nilesh P. Tantak, Sanjeev Chaudhari.` (2006) `Degradation of azo dyes by Sequential Fenton‘s 

oxidation and aerobic biological treatment‘‘, Hazardous Materials, 136, 698-705. 

 

5. Julia Garcia Montano,Francesc Torrades, Jose A. Garcia-Hortal, Xavier Domenech, Jose 

Peral,(2006)``Degradation of Procion Red H-E7B reactive dye by coupling a photo-Fenton 

System with a sequencing batch reactor,‘‘ Harzardous material,l B134, 220-229. 



Working Material 

125 

Working Document 

LABORATORY AND FEASIBILITY STUDY FOR INDUSTRIAL WASTEWATER 

EFFLUENTS TREATMENT BY IRRADIATION  

Z. Zimek 

 

Centre for Radiation Research and Technology, Institute of Nuclear Chemistry and Technology, 

Warsaw, Poland 

 

Abstract 

 

The study of wastewater treatment by radiation regarding chemical processes contribution and physical-chemical 

separation of highly concentrated nonorganic pollutants deposited in specific industrial waste are proposed. 

Laboratory stand should be build and the study should be performed to confirm possible mechanism of the 

sedimentation process of nonorganic pollutants during separation initiated by ionizing radiation. Evaluation from 

technical and economical point of view of this specific radiation technology and feasibility study preparation for 

industrial facility this type will be the main output at the final stage of the project.  

 

1. INTRODUCTION 

 

Different hazardous wastes are produced as the results of mankind activity, what creates serious 

impact on environment, especially in industrialized countries. The radiation processing method may 

offer unique possibility for wastes recycling, when common processes are too expensive or not 

offering required efficiency. The suitable evaluation procedure should be applied regarding 

development status, technical feasibility, retrofitability, process reliability, energy consumption, 

resources requirements and economical aspects of the radiation process. 

 

Institute of Nuclear Research and Technology (INCT) is involved in number of projects related to 

environment protection over several decades. Radiation process of wastes from acrylonitrile 

manufacture degradation was investigated more than 30 years ago [1], when the conditions of 

effective cyanide ions decomposition were established. A lot of experiments were performed at INCT 

to confirm that sewage sludge is sanitary safe after suitable electron beam treatment process. It was 

found that the dose 6 kGy kills all parasite eggs and decrease total bacteria content by 3 logs. The 

feasibility study for municipal sewage sludge was prepared [2, 3]. The capital cost of the radiation 

facility based on 10 MeV electron accelerator with capacity 70 t/day and dose 6 kGy was estimated on 

4 M US$.     

 

Gaseous pollutants like NOx and SO2 are emitted when fossil fuels that contain sulfur (coal, oil and 

natural gas) are burned. Strict control of pollutants emission was forced in many countries. The 

technology for flue gas treatment by radiation was found as a one from few so call second generation 

methods which can provide simultaneous NOx and SO2 removal and those pollutants conversion to 

usable byproduct with presence of ammonia. Laboratory study was performed in facility located at 

INCT with a gas flow up to 400 Nm
3
/h. Pilot plant experiments were performed in Poland [4, 5] and in 

several other countries. The Polish Pilot Plant of capacity 20000 Nm
3
/h has been built at EPS located 

in Warsaw. The positive results of the tests performed on laboratory and pilot installations in Poland 

has led to decision concerning design and construction of the industrial demonstration facility for 

electron beam flue gas treatment. 

 

Industrial demonstration facility for electron beam flue gas treatment was designed and constructed at 

EPS Pomorzany in Szczecin. This flue gas purification installation treats exhaust gases coming from a 

block which consists of two Benson type boilers of power 56 MWe each, supplying additional steam 
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for heating purposes up to 40 MWth each. The 270 000 Nm
3
/h flue gases (half of produced by the 

block) can be treated with efficiency 90% for SO2 and 70% for NOx to meet Polish regulations which 

are imposed since 1997. Four electron accelerators constructed by Nissin High Voltage, Kyoto has 

been installed to provide 1000 kW of total beam power with electron energy 0,7 MeV. Solid particles 

of formed during technological process salts are separated in ESP with amount of 700 kg/h [6-9]. 

 

The other gaseous pollutants emitted by industry to the atmosphere are volatile organic compounds 

(VOC). The laboratory facility for investigation of toxic gases removal from gaseous streams has been 

built on the base of ILU 6 electron accelerator at INCT. The number of projects were initiated to cover 

different subject related to mechanism of 1,1-dichloroethylene decomposition in humid air under, 

reduction of VOCs in flue gas from coal combustion by electron beam treatment, NOx and PAHs 

removal industrial flue gas by using electron beam technology with alcohol addition, 

chloronaphthalene decomposition in different gas mixtures under electron beam irradiation [10-14].  

 

Study on radiation decomposition of selected pesticides (herbicide, fungicide) was performed at INCT 

regarding their presence in industrial wastes and groundwater because their common use in 

agriculture. Except yield of degradation the number of parameters was examined like toxicity changes, 

irradiation dose and dose rate influence, pH and initial concentration of the target compounds and 

scavengers presence. The mechanism of radiation process was proposed and verified by computation 

modeling in certain cases [15-18].      

 

Research on the application of radiation technology for communal wastewater treatment has mainly 

dealt with sewage sludge to be used in agriculture, and involved study on the effect of radiation on the 

sanitary condition of sediments and their technological properties. The latter case mainly dealt with 

the sedimentation capabilities initially only sewage sludge with low percentage of dry mass. Usually 

the concentration of the pollutants in industrial wastewater is high what requires higher doses to 

achieve suitable removal efficiency. Laboratory and feasibility study for wastewater effluents 

treatment by radiation was proposed to describe chemical contribution and physical-chemical 

separation of nonorganic pollutants deposited in industrial waste. The formation of sediments from 

suspensions and chemical reaction involvement initiated by electron beam will be studied. The 

evaluation of the radiation process of nonorganic pollutants separation, decomposition and removal 

will be evaluated from technical and economical point of view.  

 

2. INDUSTRIAL WASTEWATER WITH HIGH CALCIUM CARBONATE 

CONCENTRATION 

 

The important feature of any combined method involved chemical, thermal, flotation mechanism is 

efficiency of wastewater purification from non biodegradable pollutants. It was found that the 

sedimentation capabilities of sediments had been significantly improved by non-selective radiation 

induced processes based on free radical reactions and surface effects in adsorption on solids and 

systematic interaction of sedimentation and electrical field [19, 20]. The substantial research evidence 

collected over the years has confirmed that radiation technology can be successfully used in effective 

and feasible process this type.   

 

Industrial waste generated during soda (NaHCO3) fabrication based on Solvay process can be divided 

on nonorganic solid particles and liquid phase. It was recognized that in common process conditions 

solid particles amounts up to 200 kg per 1 t of suspension. The solid particles consists of calcium 

carbonate (CaCO3) 70% and silica 30%. Liquid phase is dominated by NaCl presence (300 g/l) with 
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some quantities of other compounds like KCl, CaCl2, CaSO4, MgCl2, Ca(HCO3)2 with concentration in 

the range of 0.3 – 3.0 g/l.  

 

Sediment separation with limited chloride content (<0.5% of dry mass) could be the main task of 

treatment process. Liquid phase will be reuse in industrial process after conventional treatment. It 

should be mentioned that coagulating agent application is excluded to avoid distortion of main 

industrial process. On the other hand separated sediment can be recognized as market product and 

practically applied as component of agriculture fertilizers or building materials. Fig. 1 illustrates flow 

sheet of waste processing plant equipped with electron accelerator, two sedimentation tanks and filer 

for sediment separation. The necessary process water recirculate in close system equipped with 

conventional treatment technology.  

 

 

 

 

Fig. 1. Flow sheet of the waste processing plant 

 

3. LABORATORY STAND FOR EXPERIMENTAL INVESTIGATION OF 

SEDIMENTATION PROCESS 

 

Laboratory stand for experimental investigation of sedimentation process will be established. Electron 

accelerator ILU 6 located at INCT will be applied. The basic accelerator parameters are presented in 

Table 1. Fig. 2. shows flow sheet laboratory stand with basic components like electron accelerator (1); 

reaction vessel (2); pressurized air system (3); NaCl unit (4); sedimentation tanks (5-6); pump (7); 

filter (8); valves (Z1-3).  
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Table 1. Technical parameters of electron accelerator IŁU 6 type 

Range of electron energy  0,5 – 2 MeV 

Nominal electron energy 1 MeV 2 MeV 

Nominal beam power  20 kW 20 W 

Energy instability < 2 % < 2 % 

Average beam current 20 mA 10 mA 

Beam current instability (nominal power) < 2 % < 3 % 

Pulse current (max) 1 A 0,6 A 

Pulse duration  400 μs 400 μ 

Pulse repetition rate  2 – 60 Hz 2 – 50 Hz 

Power line (AC 3x380 V) < 100 kW 

Width of beam scanning  30 – 80 cm 

Electron energy (max with beam power 16 kW) 2,4 MeV 

Beam power (max with electron enegy do 1,7 MeV) 24 kW 
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Fig. 2. Flow sheet laboratory facility: 1 – electron accelerator; 2 – reaction vessel; 3 – pressurized 

air; 4 – NaCl unit; 5-6 – sedimentation tanks; 7 – pump; 8 – filter;  Z1-3 – valves;  
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Sedimentation and coagulation processes initiated by electron beam treatment will be investigated 

according to: 

   - Surface properties of irradiated solid particles,  

   - Radicals formation and their involvement in sedimentation process 

   - Interaction of sedimentation and electrical field, 

   - Efficient solid particles filtration process. 

 

4. FEASIBILITY STUDY OF SEDIMENT SEPARATION PROCESS INITIATED BY 

RADIATION 

 

Feasibility study of sediment separation process initiated by radiation is the principal objective of the 

described project. It should include detailed investigation of the wastewater radiation facility for 

capacity of the waste flow in the range of 200 000 m
3
/y. Electron accelerator is usually the most 

expensive part of the radiation facility. Table 2 illustrates the most significant indicators which 

describe different accelerators which could be applied in the facility for wastewater treatment. The 

accelerator selection depends on necessary electron energy (penetration range) and beam power 

(productivity). As can be easily noticed from presented data the economically feasible selection 

suggests accelerator with low energy and high beam power. The final accelerator selection will be the 

significant part of optimization radiation facility type and size. 

 

Table 2. The most significant indicators which describe different accelerators which could be applied 

in radiation facility for wastewater treatment 

 

 Manufacturer            Energy [MeV]   Current [mA]   Power [kW]    Price* [M$]   Cost [$/W] 

IBA, Belgium                   10                    20                    200                  8.1                 40.5 

INP, Russia                        5                    10                      50                  1.2                  24.0  

RDI, U.S.A.                       5                    50                     250                 4.9                  19.6 

INP, Russia                        1                   400                    400                 2.0                    5.0 

* Estimated price level  

  

The objectives of feasibility study will be focused on determination: 

- if the proposed project is capable to perform its intended functions, 

- optimum radiation facility type and size,  

- electrical energy consumption of the technological process, 

- if the product has sufficient market value, 

- if the host institution is ready and capable to such investment, 

- if a government agency‘s may have intention to support such project. 
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5. CONCLUSION  

 

The study of wastewater treatment by radiation regarding chemical processes contribution and 

physical-chemical separation of highly concentrated nonorganic pollutants deposited in specific 

industrial waste are proposed. Laboratory stand should be build and the study should be performed to 

confirm possible mechanism of the sedimentation process of nonorganic pollutants during separation 

initiated by ionizing radiation. Evaluation from technical and economical point of view of this specific 

radiation technology and feasibility study preparation for industrial facility this type will be the main 

output at the final stage of the project.  

 

Work Plan for first year of project realization is as follow: 

- selection of industrial waste water effluents in relation to current needs of national industry;  

- establishment of the analytical methodology; 

- construction of the laboratory equipment for effective electron beam implementation in radiation 

treatment process which should includes air system with controlled flow rate for irradiation vessel 

supply and instrumentation for electrical field introduction into  sedimentation process;  

- preliminary experiments to establish chemical reactions involvement and physical-chemical 

separation of nonorganic pollutants deposited in industrial waste.  
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Abstract 
 

In the framework of the CRP the Portuguese group is developing work on the cork wastewater treatment with 

ionizing radiation aiming both a technical benefit and a clear economical advantage for this important national 

industry. The possible reuse of the treated wasterwater as grey water must attain quality patterns by removal of 

biorecalcitrant compounds and 2,4,6-trichloroanisole, which is responsible for the undesirable taint cork. Gallic 

acid, ellagic acid, acetovanillone and esculetin are phenolic pollutants to be used as model compounds for the 

radiolytic degradation mechanisms proposals and final oxidation products identification. Studies with gallic acid 

have already been performed and showed a complex degradation pathway wich leads to the formation of non-

aromatic molecules and more complex compounds upon reaction with primary water radicals in presence of 

oxygen. UV-Vis spectroscopy, HPLC with optical detection and mass spectrometry with electrospray ionization 

(ESI-MS) were used for their characterization. The monitorization of the irradiation process by gamma radiation 

is conducted by dosimetric studies. The applied methodology in this project is based on a multidisciplinary 

approach that also focuses microbiological studies. Along with the chemical and physical experiments, 

conventional microbiologic techniques (turbidimetry and culture based methods) are used to identify and assess 

the growth of microbial isolates in irradiated and non irradiated samples to check if cork natural microbiota can 

reduce the pollutant load of these wastewaters. Concerning gallic acid, the microbiological growth results 

indicate that the selected cork wastewater natural strain was not capable to degrade irradiated and non irradiated 

gallic acid as sole carbon source. The results obtained in this first set of experiments show gamma irradiation can 

be used as an advantageous tool for the degradation of gallic acid and possible other phenolic compounds.  

 

 

1. OBJECTIVE OF THE RESEARCH 

 

The main goal of the research to be developed by the Portuguese team is the implementation of 

ionizing radiation technology as a complementary treatment for industrial effluents. The Portuguese 

contribution to the CRP is based on:  

 

1)  The study of ionizing radiation (gamma and electrons) effects on the recalcitrant organic 

compounds present in the industrial wastewater, such as cork (bark and stoppers); 

2)  Explore the feasibility of radiolytic treatment as a technique suitable to increase the 

biodegradability of wastewater; 

3)  The validation of the analytical methods used to characterize and quantify the by-products 

formed in treated wastewaters; 

4)  The optimization of irradiation parameters (e.g.: type of energy, geometry, irradiation doses and 

dose rate) depending on the type and concentration of the organic compounds; 

5)  The comparison between the data obtained with the selected radiation technology at different 

concentration of organic pollutants, with those obtained from conventional technologies in order 

to predict the yields of efficiency of these technologies; 

6)  The potential reuse of treated cork wastewater by ionizing radiation both in terms of water 

quality and economical benefits. 
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2. INTRODUCTION 

 

Cork industry is one of the activities with major economical impact in Portugal, accounting for about 

50% of the world's total cork production. The increasing importance of reducing the costs of 

production and the fact that of ionizing radiation can potentially achieve this goal led Fabricor 

(www.fabricor.pt) to show interest in being a potential end-user for this case study. To foresee the 

effective implementation of the technology in situ, the industry of accelerators equipment (Sociedade 

Avanço, S.A. www.avanco.pt) will be the partner which will assist in the irradiation optimization 

conditions and the development of the ionizing radiation equipments. The studies to implement this 

technology must demonstrate a technical benefit and clear economical advantage for the targeted 

Industry. 

 

Since 2001 the Radiation Technologies: Processes and Products Group has been doing studies on the 

impact of ionizing radiation in  the wastewater looking for the advantages and/or disadvantages of the 

technology application in different kinds of wastewater (e.g.: municipal, slaughterhouse, swine 

production, dairy products and cork industry). These studies covered several fields (e.g.: chemistry, 

microbiology and physics). 

 

Until now the development of our research was based on a lab scale experiments. The samples were 

collected in each place and irradiated in Cobalt-60 pilot facility located at ITN and in a LINAC. The 

overall results show advantages on the use of ionizing radiation as a useful tool to complement the 

conventional treatment processes, helping microorganisms to use the radiolytic degradated pollutants 

(bioremediation). In the end of the treatment process, ionizing radiation could turn on the sludge and 

the wastewater safe for reuse by the inactivation of microorganisms allowing the use of treated 

wastewater as grey water. Due to the multidisciplinary approach of these studies, the main results are 

published in different types of publications, such as: Radiation Physics and Chemistry [1],[2] Journal 

of Hazardous Materials [3]; Nukleonika [4], Nuclear Instruments and Methods in Physics Research 

Section A [5], Applied Radiation and Isotopes [6] and an IAEA-TECDOC [7]. 

 

Concerning the work in progress, several studies have been performed in straight collaboration with a 

national cork industry (Fabricor S.A.). The aim of this work is to use ionizing radiation to improve 

phenolic and polyphenolic degradation in order to reduce the high toxicity of effluent waters due to the 

presence of these biorecalcitrant compounds. On the other hand, the possible reuse of treated cork 

wastewater as grey water to minimize the industry water consumption can be an economical and 

environmental achievable goal as long as the treated water quality is assured. 

 

Several of the major phenolic pollutants present in the cork wastewater from the boiling process are 

used as model compounds for treatment, such as gallic acid, ellagic acid, acetovanillone and esculetin. 

Different treatment processes have been proposed for their degradation or partial elimination, such as 

ultrafiltration [8], ozonation in combination with hydrogen peroxide or UV radiation (Advanced 

Oxidation Processes) [9],[10], photo-Fenton system [11][12], combinations of these referred 

techniques [13] and chemical oxidation with biodegradation processes [14]. However, the use of 

ionizing radiation has the major advantage of being a green technique since it does not employ the use 

of chemical additives.  

 

The radiolytic degradation of the above referred biorecalcitrant compounds will be studied in terms of 

the final stable oxidation products characterization. The kinetic data and radical reactions pathways by 

which those products are formed can be proposed by using pulse radiolysis. Radiolytic degradation 

studies with gallic acid have already been performed and showed the formation of non-aromatic 

molecules (e.g., aliphatic carboxylic acids) upon reaction with primary water radicals in presence of 

oxygen [3]. 

 

In addition to the biorecalcitrant removal, the reuse of treated cork wastewater as grey water must 

guarantee the final cork stoppers quality. To this respect, one of the major concerns is the presence of 

http://www.fabricor.pt/
http://www.avanco.pt/
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2,4,6-trichloroanisole (TCA). It is the main responsible for the must/moldy odour in alcoholic 

beverages and is formed in cork stoppers by fungal methoxylation of 2,4,6-trichlorophenol, a 

compound that results in part from the natural cork phenols chlorination in the hypochlorite bleaching 

treatment. Therefore, the TCA presence is to be rigorously monitored due to its rather low odour 

threshold (few parts per trillion) and irradiation studies will be carried out to verify its degradability.  

 

Along with the proposed radiolytic degradation experiments, biodegradation studies are being 

performed to check if cork natural microbiota could help to reduce the pollutant load of these 

wastewaters in order to its reuse. 

 

3. MATERIALS AND METHODS 

 

3.1. Methodologic Approach  
 

The applied methodology was based on a multidisciplinary approach that focused chemical, 

microbiological and physical studies. Briefly, this preliminary approach intended to characterize the 

entities (e.g. chemical and microbiological) and its dynamics in irradiated and non-irradiated samples 

(e.g. standard solutions and cork wastewater) in order to explore the feasibility of the reuse of treated 

cork wastewater by ionizing radiation. Analytical techniques such as UV-Vis spectroscopy, HPLC and 

electrospray ionization mass spectrometry (ESI-MS) were applied in the chemical characterization 

studies. Conventional microbiologic techniques (turbidimetry and culture based methods) were used to 

identify and assess the growth of microbial isolates in irradiated and non irradiated samples. The 

monitorization of the irradiation process by gamma radiation were followed by dosimetric studies.  

 

3.2. Radiolytic degradation mechanism of gallic acid and its end-products  
 

Gallic acid (3,4,5-trihydroxybenzoic acid) [149-91-7] was obtained from Sigma-Aldrich and used 

without further purification. Gallic acid (GA) aqueous solutions (1 mmol·dm
–3

) were prepared with 

extra pure water from a Millipore system. All experiments were carried out at pH = 4. At this pH 

value GA is mainly in the protonated form (pKa1 = 4.16, pKa2 = 8.55, pKa3 = 11.40 and pKa4 = 12.80) 

[15]. The gamma irradiation of the gallic acid solutions were carried out at the 
60

Co facility in the 

Radiation Technology Unit located at the Nuclear and Technological Institute, Sacavém, Portugal 

[16]. The dose rate used was 2 and 5 kGy·h
–1

; the measured absorbed doses were determined by 

routine dosimeters [17] as 1, 9 and 38 kGy. UV-Vis spectra (Shimadzu spectrophotometer UV-1800) 

were obtained in the region of 200-400 nm. Electrospray ionization mass spectrometry (ESI-MS; 

Bruker HCT quadrupole ion trap mass spectrometer) was used and sample solutions of 10
–5

 M in 

acetonitrile were introduced via a syringe pump at a flow rate of 150 mL·min
–1

. The heated capillary 

temperature was set at 250 °C and the cover gas (N2) to a flow rate of 2 L·min
–1

. For MS
2
 experiments, 

the precursor ion of interest was first isolated by applying an appropriate waveform across the end cap 

electrodes on the ion trap. The isolated ions were then subjected to a supplementary AC signal to 

resonantly excite them and therefore cause collision-induced dissociation. 

 

3.3. Natural cork wastewater isolated bacteria as potential biodegradator of phenolic compound  

 

3.3.1. Gamma irradiation of cork boiling wastewater and gallic acid solution 

Cork boiling wastewater was collected from Fabricor S.A., a cork transformation industry near 

Lisbon, Portugal. The sampling procedure had two purposes: 1) the characterization of natural cork 

wastewater microbiota and the isolation of the survivor population after irradiation; and 2) the 

radiolytic degradation of gallic acid solution (1 mM prepared with extra pure from a Millipore 

system). Gamma irradiation experiments were carried out at the 
60

Co facility in the Radiation 

Technology Unit located at Nuclear and Technological Institute [16]. The dose rate during the study 

was 2.5 kGy·h
–1

 and the measured absorbed dose by routine dosimeters [17] was 9 kGy.  
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3.3.2. Isolation and morphological characterization of cork boiling wastewater microbiota 

In order to characterize the microorganisms present in the cork wastewater, serial decimal dilutions 

were spread on Tryptic Soy Agar (TSA) and incubated at 30 °C during 7 days. Colonies with distinct 

macroscopic morphologies were isolated by sub-culturing on the same medium. A total of twenty 

seven bacterial isolates were morphologically characterized by bacteriological conventional 

techniques (e.g. microscopic observation; Gram staining; catalase and oxidase tests). According to the 

obtained tests results, the isolates were divided into morphological types as a phenotypic typification 

approach [18]. 

 

The most frequent isolate from irradiated sample was identified by API system (Biomérieux, France) 

according to manufacturer instructions. This microorganism was selected to be used in the growth 

evaluation studies. 

 

3.3.3. Growth evaluation on synthetic medium 

A minimum mineral medium [1.28% Na2HPO4.7H2O, 0.3% KH2PO4, 0.05% NaCl and 0.1% NH4Cl] 

at pH 5.7 (adjusted with 10 M HCl solution (37%)) was supplemented with three carbon sources: i) 

0.4% of glucose (used as growth positive control); ii) 0.4% of gallic acid solution and iii) 0.4% 

irradiated gallic acid solution.  

 

The selected isolate was inoculated in the three types of synthetic culture media at an initial 

concentration of approximately 1011 cfu·mL
–1

 (initial OD at 254 nm approximately 1) and incubated 

at 28 ± 2 °C in an orbital shaker (100 rpm). The bacterial growth in each culture was monitorized at 

regular time intervals by: 1) turbidity measurement at 254 nm (Shimadzu spectrophotometer UV-

1800) and 2) CFU counts by aliquots spread of serial decimal dilutions on Tryptic Soy Agar. 

 

3.3.4. Culture medium chemical parameters 

Total organic carbon (TOC) content in the culture supernatant was also determined by catalytic 

oxidation/NDIR spectrometry using a TOC IL500 Shimadzu apparatus. Gallic acid content in culture 

medium supernatant was performed by HPLC (Prominence, Shimadzu) fitted with LiChromospher 

C-18 column (4×250 mm) and a DAD detector (SPD-M20A, Shimadzu). The elution was performed 

using an isocratic system of methanol and 0.1% formic acid at constant (0.8 mL·min
–1

) flow rate. 

Gallic acid was monitored at 254 nm.  

 

4. RESULTS AND DISCUSSION 

 

4.1. Radiolytic degradation mechanism of gallic acid and its end-products  
 

The UV-Vis spectra of non-irradiated and irradiated gallic acid solutions (1 mM) present two 

absorbance maxima at 269 nm and 212 nm (see Figure 1). These peaks are due to the carboxylic acid 

group coupled with benzenic ring and hydroxyl groups in the ortho-, para- and meta- positions in the 

ring, respectively [19].  

 

Increasing the irradiation dose the absorbance of the peaks overall maximum decrease. This fact 

clearly shows that irradiation effectively degrade gallic acid. The amount of the degradation can be 

estimated by defining a degradation factor ((A0-A)/A0×100 , where A0 and A are 

absorbencies of gallic acid solutions at 269 nm prior to and after irradiation, respectively. This factor 

increase, not linearly, with the dose reaching approximately 76% at 38 kGy (see inset in Figure 1). 

However, even at 9 kGy gallic acid degradation reaches almost 35%. 

 

The ESI-MS was used to identify the formed products of the gallic acid degradation. The ESI-MS 

spectra acquired for the gallic acid solutions is shown in Figure 2 (2a. non-irradiated GA and 2b. GA 

irradiated at 9 kGy). 
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FIG. 1. UV-VIS SPECTRA OF THE NON-IRRADIATED AND IRRADIATED 1 MM GALLIC ACID. INSET: CALCULATED 

DEGRADATION OF GALLIC ACID (CONSIDERING THE 269 NM PEAK) VERSUS IRRADIATION DOSE. 



Working Material 

138 

Working Document 

 

 

 

FIG. 2. ESI-MS SPECTRUM OF: (A) GALLIC ACID SOLUTION (1 MM; PH = 4). THE TWO PEAKS WERE IDENTIFIED 

AS MONO-DEPROTONATED GA (M/Z = 169) AND ITS DIMER (M/Z = 339) FORMED IN THE IONIZING CHAMBER; 

(B) IRRADIATED GALLIC ACID SOLUTION (1 MM; PH= 4; 9 KGY). 

 

In the initial solution (without irradiation), gallic acid was detected mainly as a mono-deprotonated 

species of m/z = 169.  However, after irradiation (Figure 2 (b)), a huge decrease in the gallic acid peak 

intensity was noticed and other anions were detected. Some of these anions were studied in more 

detail in an attempt to identify species. Peaks were assigned as [A] (m/z = 265); [B] (m/z = 283), [C] 

(m/z = 299), [D] (m/z = 311) and [E] (m/z = 329). For proposing structure to these compounds MS
2
 

spectra were acquired. An example for species [D] is presented in Figure 3.  

 

The spectra showed, that [D] anion of m/z = 311 broke-down leading to successive losses of CO2 units 

(44 u). This fact supported the structural assignment of [D] as a multi-carboxylic acid (Figure 4), the 

same reasoning was applied to the other studied anions.  Based on the ESI-MS, ESI-MS
2
 data and 

previously knowledge obtained from pulse radiolysis studies [3] a general reaction sequence for the 

degradation of gallic acid by gamma radiation is proposed (Figure 4). 
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FIG. 3. ESI-MS2 SPECTRUM OF ISOLATED ANION [D] WITH M/Z = 311. 

 

 

 

FIG. 4. PROPOSED REACTION SEQUENCE FOR THE DEGRADATION OF GALLIC ACID BY GAMMA RADIATION 

AND SOME OF THE POSSIBLE RADIOLYTIC PRODUCTS. 

 

The proposed degradation is an initial hydroxyl attack, probably activated at the ortho positions of the 

aromatic ring, forming an adduct (1) with subsequent oxidation (2) and loss of a water molecule 

generated radical (3). However, the reduction of (1) could also lead to the formation of a quinone by 

nucleophilic attack of a superoxide radical and causing the release of a water molecule (4), which 

undergoes a ring opening and the formation of an aliphatic structure as the presented in (5). These 

structures may rearrange and react with radical (3) generating compounds (A) to (E) and other similar 

ones. The proposed radiolytic-formed compounds are multi-carboxylic acids and still have the 

benzenic ring. This proposal is consistent with the fact that the decreasing peak at 212 nm remains 

present (see Figure 1) since the smaller radiolytic-formed compounds still have some hydroxyl groups 

connected to the ring, whereas the one at 269 nm almost disappear (most of the carboxylic groups are 

broken away from the benzenic ring).  
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At higher radiation doses the more complex molecules proposed in structures A to E will be cleaved at 

the rings resulting mainly aliphatic polycarboxylic acids. This proposed cleavage can be observed for 

the 38 kGy dose, as seen in Figure 5. These results confirm the work by Panizza and Cerisola [20]. 

 

The concentration of gallic acid irradiated at the higher dose was substantially lower, as can be 

observed in Figure 5, in comparison to the lower irradiation dose (Figure 2(b)). Furthermore, the 

aromatic compounds (as e.g. [A] – [E]) were still present, but in smaller concentrations with the vast 

majority being aliphatic compounds. 

 

For a clear appreciation of the varying impact of dose (1, 9 and 38 kGy) on the concentration of 

different compounds, the relative intensity of the mono-deprotonated GA and the main possible 

structures [A]-[E] as well as the sum of all other peaks as seen in the ESI-MS spectra are presented in 

Table I. 

 

 

FIG. 5. ESI-MS SPECTRUM OF IRRADIATED GALLIC ACID SOLUTION (1 MM; PH = 4; 38 KGY). 

 

TABLE I. Relative intensity (%)a of mono-deprotonated compounds [GA], [A] up to [E] and all other 

peaks in the ESI-MS spectra at 1, 9 and 38 kGy. 

 

Dose (kGy) [GA] [A] [B] [C] [D] [E] All other peaks 

0 81.1 0 0 0 0 0 18.9
b
 

1 21.3 1.3 6.0 0.4 2.1 0.9 68.0 

9 9.3 1.0 4.9 1.2 1.7 1.2 80.7 

38 0.3 0.4 0.5 0.3 0.3 0.3 97.7 
a
 Relative intensity (%) is calculated dividing the intensity of each peak by the sum of all peaks in the 

spectra (in this case GA + A - E + all others). 

b
 in this case the value is almost entirely due to the dimer peak. 

The decrease of intensity of mono-deprotonated GA in the ESI-MS spectrum confirmed results 

obtained using the UV-Vis spectrum (Figure 1). The intermediate products A-E were produced when 

samples were submitted to irradiation. These compounds were also degraded at higher doses, resulting 

in complete degradation of GA and its aromatic intermediated products. 



Working Material 

141 

Working Document 

 

The experiments presented in this study show that gamma irradiation can be used as an advantageous 

tool for the degradation of gallic acid and possible other phenolic acids. The obtained results by UV-

Vis and ESI-MS techniques both confirmed that gallic acid is degraded by a complex pathway; firstly 

to aliphatic and other aromatic compounds and finally to aliphatic polycarboxylic acids. ESI-MS and 

ESI-MS
2
 monitoring of the non-irradiated and irradiated gallic acid solutions revealed potential 

radiolytic intermediate compounds, based on these observation and previous work done a reasonable 

mechanism for radiolytic degradation of gallic acid is proposed. This mechanism proposed is 

consistent with other published results and opens good perspectives to understand how these families 

of compounds degrade under ionizing radiation. Among the used analytical techniques, due to its low 

limits of detection and sensitivity, ESI-MS suggest to be the most suitable technique to be applied in 

the characterization of radiolytic products. 

 

The improved knowledge obtained should facilitate the establishment of unknown reaction 

mechanisms for other recalcitrant compounds. Based on these results we begin to study the feasibility 

of radiolytic treatment as a technique suitable to increase the biodegradability of wastewater. 

 

4.2. Natural cork wastewater isolated bacteria as potential biodegradator of phenolic compound 

biodegradation 

 

The natural cork wastewater mesophilic bacterial population was isolated before and after irradiation. 

A total of 27 isolates in non-irradiated and 11 in irradiated samples were characterized. A 

morphological group among eleven pre-defined was assign to isolates according to its identity. The 

obtained diversity profiles are illustrated in Figure 6.  

 

0% 20% 40% 60% 80% 100%

10 kGy irradiated cork
wastewater

cork wastewater (0 kGy)

Relative frequency

Type I: cocci, gram +, catalase + Type III: cocci, gram -, catalase +

Type V: rods, gram +, spore forming Type VI: rods, gram +, non-spore forming, catalase +

Type IX: rods, gram -, oxidase -

 

FIG. 6. MORPHOLOGICAL IDENTIFICATION OF ISOLATES FROM NON-IRRADIATED CORK WASTEWATER 

MICROBIOTA AND IRRADIATED CORK WASTEWATER AT 10 KGY. 

 

The isolates from non-irradiated wastewater sample were grouped into five morphological types, 

being the most frequent (59%) the gram positive rods non-spore forming. With 10 kGy irradiation the 

diversity decreased, and two initial morphological types had persisted. The most frequent (91%) was 

the gram negative oxidase negative rods. The major isolate from this group was identified (%id = 

92.4) as Stenotrophomonas malthophilia. Although it was an environmental isolate, strains from this 
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microorganism are known to metabolize a broad range of aromatic compounds [21] [22]. Based on 

that assumption, this isolate was used as test strain to evaluate the degradation of gallic acid before and 

after irradiation. This evaluation was made by inoculation of the microorganism into a mineral 

medium with 0.4% of non irradiated or irradiated gallic acid solution as sole carbon and energy 

source. As growth positive control 0.4% glucose supplemented minimal medium was used. The 

bacterial growth monitorization by turbidity at 254 nm in the three culture medium, and TOC 

measurements are represented in Figure 7. 

 

 
FIG. 7. INORGANIC CARBON (IC) ANALYSIS AND TURBIDITY RESULTS MONITORED AS OPTICAL DENSITY AT 254 

NM TO EACH DIFFERENT CARBON SOURCE CULTURE MEDIUM: (A) GLUCOSE, (B) GA SOL., 0 KGY AND (C) GA 

SOL., 10 KGY. 

 

The presented turbidity growth results suggested that the test strain was not able to metabolize as sole 

carbon source either gallic acid solution (irradiated and non irradiated) at the used concentration. The 



Working Material 

143 

Working Document 

positive growth control indicated the viability of the inoculum denoted by the obtained well defined 

growth curve. The TOC measurements, presented as Inorganic Carbon (IC) analysis, were evaluated 

as an indicator of carbon source consumption. For non irradiated gallic acid culture and positive 

control the IC analysis followed a similar trendline as turbidity growth determination. However, the IC 

analysis from irradiated gallic acid culture presented a different tendency, with an increase (68%) of 

inorganic compound concentration after 140 h of incubation. This result could suggest the degradation 

by the test strain of irradiated gallic acid as sole carbon source. But, the other method used to 

monitorize growth, the cfu counts, also failed to detect bacterial growth in gallic acid cultures (see 

Table II). In agreement with turbidity measurements, a positive control cfu increase was observed 

during the initial incubation hours, indicating the adequacy of growth methods to evaluate the growth 

of the test strain. 

 

TABLE II. Growth of Stenotrophomonas maltophilia strain in three different cultures media.  

 

Time (h) Log cfu/ml ± standard error 

 Positive control (glucose) GA sol, 0 kGy GA sol, 10 kGy 

0 11.02 ± 0.07 10.8 ± 0.1 10.95 ± 0.08 

1 11.38 ± 0.04 not determined not determined 

4 11.31 ± 0.15 11.09 ± 0.04 11.01 ± 0.07 

140 10.48 ± 0.02 10.80 ± 0.05 10.80 ± 0.08 

320 not determined 8.88 ± 0.07 8.99 ± 0.03 

 

The presence of impurities in standard gallic acid (id G-7384; Sigma) used to prepare the solutions 

cannot be excluded. This contamination could have an inhibitory effect on the microbial growth and/or 

catabolic activity that may hamper biodegradation. 

 

Besides the comparative growth effects were inconclusive, it was also important to determine the 

quantity of gallic acid present in the culture supernatant. Under the HPLC conditions used, non-

irradiated and irradiated gallic acid solutions were eluted with a retention time (Rt) of 3.1 min. During 

the growth incubation time there was a decrease of the peak area in both solutions (Table III). 

However, the decrease of peak area is not considerable which seems to confirm that the tested strain, 

in the described conditions, do not degradate the gallic acid. 

 

TABLE III. Peak area of gallic acid (Rt = 3.1 min) in culture supernatant of non-irradiated and 

irradiated solutions during incubation time. 

 

Time (h) Peak area (a.u.) 

 GA sol., 0 kGy GA sol., 10 kGy 

0 125076 90156 

7 90171 34621 

24 73559 48557 

140 85235 68285 

 

The presented growth results indicate that the selected cork wastewater natural strain was not capable 

to degrade irradiated and non irradiated gallic acid as sole carbon source. Although, must be noticed 

that the test strain was maintained viable in culture in gallic acid supplemented cultures with 
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unchangeable counts during almost 13 days. This fact could suggest the establishment of 

growth/inactivation equilibrium in both GA cultures. The increase of inorganic compounds 

concentration after 140 h of incubation and the decrease of gallic acid peak area could be explained by 

this equilibrium, which in the case of irradiated sample was more evident due to the degradation 

promoted by gamma radiation. This hypothesis must be confirmed applying the same methodologies 

with higher doses of radiation to increase the range of the radiolytic products. 

 

5. ONGOING ACTIVITIES AND FURTHER WORK 

 

Ongoing studies are focusing on the radiolytic degradation of other cork phenolic compounds, namely 

acetovanillone (1-(4-hydroxy-3-methoxyphenyl)ethanone) and esculetin (6,7-dihydroxycoumarin). 

The methodological approach is similar to gallic acid degradation studies in order to validate the 

analytical techniques to be used in the characterization and quantification of radiolytic products 

produced in irradiated wastewaters. Once the methods are validated the irradiation parameters will be 

optimized (e.g. type of energy, geometry, irradiation doses and dose rates). 

 

In addition, modulation tools will be used to develop kinetic models and calculate reaction rate 

constants to understand the reaction mechanism of these compounds after irradiation that will be 

applicable to several free-radical based technologies.  

 

2,4,6-trichloroanisole (TCA) is one of the major issues in cork industry being a current subject of 

study. Therefore, we will have to guarantee that TCA is not present in the cork process water, as the 

aim of our work is to reuse the treated water in the industry. However, if it is identified, irradiation 

studies will be carried on to verify its degradability.  

 

As microbiological communities and chemical species are dynamically dependent, we intend to 

continue to study the microbial metabolic use of the phenolic radiolytic degradation products. 

Different cork microbial populations (from different stages of cork process) and several concentrations 

of substrate (irradiated phenolic compounds) will be used as variables in this study. To assess the 

metabolization of our target compounds the previous applied methodologies will be used. After the 

selection of the microbial communities a bench study will be performed with irradiated cork boiling 

water from the industry to evaluate the feasibility of this technology on a real scenario. 
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EXTENSIVE USE OF GAS CHROMATOGRAPHY – MASS SPECTROMETRY FOR 

THE CHARACTERIZATION OF THE EFFECTS OF RADIATION TREATMENT 

OF WASTE WATER 

M. Virgolici, C.C. Ponta, I.V. Moise, M. Cutrubinis, I.R. Stanculescu, M.M. Manea 

 

Horia Hulubei National Institute of Physics and Nuclear Engineering, Centre of Technological 

Irradiations IRASM, Bucharest - Magurele, Romania 

Abstract 

Several potential water polluting industries with POPs drastically decreased their production in the last 20 years 

in Romania, such as: Paper, Textile and Dye manufacturing industries. The water demand in Romania decreased 

in the last 20 years at half the value from 1990. Although rated as one of the countries with the lowest water 

resources in EU, Romania is not part of the countries with possible water shortages in 2025. The water demand 

in 2011 reported in Romania consists of: 15.8 % for population, 17.1 % for agriculture and 67.0 % for the 

industry. Sewage water is the main problem to be tackled, as Romania had reported in 2010 a degree of 

connection to sewer of only 54.28 % and a degree of connection to the sewage treatment plants of only 43.24 % 

(www.rowater.ro), which makes enough room for both conventional and non-conventional advanced water 

treatment technologies. Organochlorine pesticides and Polychlorinated Byphenils are groups of toxic 

compounds, most of them being included in the Stockholm convention list of persistent organic pollutants. They 

are characterized by high chemical stability and may lead to marked changes in the aquatic ecosystem via 

bioaccumulation and biomagnification. Gamma radiolytic degradation is thought to be a promising treatment for 

their decomposition to environmental friendlier compounds. An ongoing radiolytic study is currently carried out 

on model wastewater samples spiked with organochlorine insecticides (as 1,2,3-chlorobenzene and aldrin) and 

PCBs (as PCB no. 1 and 52). To identify most convenient irradiation conditions for wastewater treatment, 

samples were irradiated at different doses and two dose rates: 2 kGy/h and 30 kGy/h. The dependence of 

organochlorine insecticides concentration of dose and dose rate is monitored with gas chromatography coupled 

with an electron capture detector (GC-ECD), using ISO 6468:1996 protocols for sample preparation. The same 

irradiated samples are screened with gas chromatography coupled with mass spectrometry (GC/MS), in order to 

identify radiolysis products which may still be classified as persistent organic pollutants. Compound 

identification is performed via mass spectra deconvolution and retention index with AMDIS software and 

spectral matching with NIST 2005 GC/MS library. The results of the GC/MS screening will designate the 

radiolysis products for routine quantitative monitoring by GC-ECD.  A molecular modelling study is developed 

to predict the most probable radiolysis products and it is correlated with the GC/MS results to speculate some 

preferential radiolysis pathways. 

 

1. OBJECTIVE OF THE RESEARCH 

To improve the knowledge on irradiation treatment of wastewater and its side-effects and to prepare 

the conditions for a large experiment eventually using a mobile e-beam, by: 

- assessing GC/MS as an analytical method for pollutants, radiation by-products and 

microbiological characterization of wastewater before and after irradiation; 

- dose optimization of radiation treatment at laboratory scale and small-pilot scale using a 

gamma research irradiator; 

- to identify most convenient situations for wastewater radiation treatment. 

 

2. INTRODUCTION 

Several potential water polluting industries with POPs drastically decreased their production in the last 

20 years in Romania, such as: Paper, Textile and Dye manufacturing industries. The water demand in 

Romania decreased in the last 20 years at half the value from 1990. Although rated as one of the 

countries with the lowest water resources in EU, Romania is not part of the countries with possible 

water shortages in 2025. The water demand in 2011 reported in Romania consists of: 15.8 % for 
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population, 17.1 % for agriculture and 67.0 % for the industry. Sewage water is the main problem to 

be tackled, as Romania had reported in 2010 a degree of connection to sewer of only 54.28 % and a 

degree of connection to the sewage treatment plants of only 43.24 % (www.rowater.ro), which makes 

enough room for both conventional and non-conventional advanced water treatment technologies. 

Wastewater treatment is becoming ever more critical in large industrial centres due to diminishing 

water resources, increasing water disposal costs, and new discharge regulations that have lowered 

permissible contaminant levels in waste streams.  

Industrial water is processed with the aim of reusing it. The normal methods have the task of 

microbiological cleaning (using chlorine et al) and the removing of suspended particles.  

While several countries world wide have started feasibility studies for establishment of demonstration 

plants to treat wastewater for reuse in urban irrigation and some industrial uses. This studies show that 

the treated municipal and industrial wastewater effluents are still contaminated with persistent organic 

pollutants (POPs), such as pesticides and endocrine disruptors in low concentration and there is a need 

for otimized and validated analytical methods to fully characterize and evaluate effects of by-products 

in treated wastewaters.  

Another important problem arising is the increasing presence of pharmaceuticals and endocrine 

disruptors compounds in municipal wastewater entering into the receiving stream, for which new 

treatment techniques and procedures are needed to remove excreted drugs before releasing the effluent 

into public waterways or reuse. 

We aim to investigate the utilization of ionizing radiation (gamma or accelerated electrons) as an 

alternative advanced water treatment technology for reuse, with particular focus on wastewaters 

containing organic pollutants. The research is focused simultaneously on two directions: 

- the degradation of ―persistent organic pollutants‖ (POPs) and  

- the bioburden reduction in wastewater. 

Gas chromatograph coupled with mass spectrometry (GC/MS) was choosen because is able to identify 

and measure small molecules resulted from POPs irradiation treatment. 

In the same time GC/MS is able to identify microorganisms (bacteria) in the frame of a modern 

molecular biology method, recently introduced in European Pharmacopoeia. This method is based on 

the identification of a specific pattern of fatty acids from the microorganism cell membrane, by using a 

large interactive data-base and multivariate data analysis
1,2

. 

Organochlorine pesticides and Polychlorinated Byphenils are groups of toxic compounds, most of 

them being included in the Stockholm convention list of persistent organic pollutants. They are 

characterized by high chemical stability and may lead to marked changes in the aquatic ecosystem via 

bioaccumulation and biomagnification. Gamma radiolytic degradation is thought to be a promising 

treatment for their decomposition to more environmental friendlier compounds. 

 

3. MATERIALS AND METHODS 

3.1. Samples 

Sewer waste water samples are taken in for analysis in 1 L brown glass containers (with PTFE caps), 

avoiding contact with other plastic materials which may serve as adsorbent materials for 

organochlorinated insecticides or PCBs. 

An ongoing radiolytic study is currently carried out on model wastewater samples spiked with 

organochlorine insecticides (as 1,2,3-chlorobenzene and aldrin) and PCBs (as PCB no. 1 and 52).  
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3.2. Irradiation treatment 

To identify most convenient irradiation conditions for wastewater treatment, samples were irradiated 

at IRASM Multipurpose Irradiation Facility (IFIN-HH), a SVST Co60 industrial gamma irradiator. 

Different absorbed doses and two dose rates of 2 kGy/h and 30 kGy/h have been used.  

3.3. Sample preparation 

Extraction is made directly in the glass container by adding 30 ml of n-hexane (pesticide analysis 

purity) to one liter of water, and mixing for 10 minutes. The mixture is further transferred to a 

separation funnel, buttom phase being transferred back to the sample container, while top phase (n-

hexane extract) is transferred to a glass container with PTFE cap. The extraction procedure is repeated 

twice, collecting 90 ml of extract which is further dried on a sodium sulphate (anhidrous) column pre 

washed with clean n-hexane solvent. The eluent is concentrated on a rotary evaporator to 0.5 ml, and 

transferred to a GC vial. Small volumes of clean solvent are used to wash the evaporation vessel twice 

and to complete the extract volume to 1 ml.  

The recovery efficiency is calculated based on spiked samples which are processed in the same batch 

with unknown samples. 

3.4. Organochlorine pesticides and PCBs separation, identification and quantitation 

The dependence of organochlorine insecticides concentration of dose and dose rate was monitored 

with gas chromatography coupled with an electron capture detector (GC-ECD). 

Agilent GC 6890N gas chromatograph was used with a HP-5ms column, 30 m x 0.25 mm and 0.25 

µm film of (5%-phenyl)-methyl-polysiloxane non-polar, bonded and cross linked stationary phase. 

Injection was performed in split mode (10:1) at 280 °C. Column temperature programming consisted 

in the following profile
3
: isothermal for 8 min at 80 ºC, ramp with 6 °C/min to 250 °C and isothermal 

for at least 20 min at 250 ºC. 

3.5. Screening of radiolysis products 

The same irradiated samples are screened with gas chromatography coupled with mass spectrometry 

(GC/MS), in order to identify radiolysis products which may still be classified as persistent organic 

pollutants. Compound identification is performed via mass spectra deconvolution and retention index 

with AMDIS software and spectral matching with NIST 2005 GC/MS library. The results of the 

GC/MS screening will designate the radiolysis products for routine quantitative monitoring by GC-

ECD.  

3.5.1. GC/MS analysis 

The GC method is identical with the GC-ECD method for quantitation of target POPs. In adition 

GC/MS was used for spectral confirmation of target POPs from interferring matrix. 

Agilent 5975 MSD equipped with electron ionisation (EI mode at 70 eV) source was used with 

following parameters: MSD transfer line temperature set at 280 ºC, source temperature set at 230 ºC, 

mass analyzer temperature set at 180 ºC, data acquisition in SCAN mode from 35 to 700 a.m.u. with a 

threshold of 100 counts and a sampling rate of 2
3
 samples/a.m.u. corresponding to 1.13 scans/sec. 
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3.5.2. AMDIS data analysis 

 

- solvent extraction and separation; 

Water sample 

GC/MS 

-load MS data; 

AMDIS 

Wastewater 

samples set 

Experimental models 

(spiked samples set) 

- mass spectral deconvolution; 

- retention index scale (RI) set; 

List of deconvoluted 

components 

- deconvolution (use a blank targets library) ; 

Refined list of deconvoluted 

target radiolysis products 

- 1
st
 Filter: peak area  0.1% (total area 

   normalization);  

- manual elimination of deconvolution  

   errors; 

POPs and their radiolysis by 

products library 

- build up MS & RI library; 

List of POPs and their radiolysis 

by products 

- 2
nd

 Filter: Deconvolution and matching to 

  POPs and their radiolysis by products library); 

- manual elimination of deconvolution errors;  

- calculate area percent report and apply 

  Oracle procedure; 

New targets lists for POPs radiolysis 

products monitoring by GC-ECD 

GC-ECD 

Intercomparison with molecular 

modelling results 

Multivariate data analysis for 

dose dependence determinations  

Total absorbed dose estimation for complete 

decomposition of POPs and their radiolysis by products 

- quantitation report of target POPs before and          after gamma irradiation treatment; 

- screening of radiolysis products by GC/MS    analysis; 

- if the radiolysis products are also POPs  

Figure 1. AMDIS data analysis protocol for POPs radiolysis products screening 
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Data analysis workflow is shown in Figure 1. AMDIS software, version 2.65 (Dec. 20 2006, build 

116.66) was used for deconvolution of VCs mass spectra. The spiked sample set ―data.ms‖ files were 

deconvoluted using the following AMDIS analysis settings
4
: ―Use Internal Standards for Retention 

Index (RI)‖ type of analysis, identification by minimum match factor set at ―80‖, RI window set at 

―100‖, maximum ―match factor‖ penalties set at ―20‖; ―default‖ instrument settings for ―Agilent files‖; 

deconvolution by 32 scans component width, ―one‖ adjacent peak subtraction, ―low‖ resolution, ―low‖ 

sensitivity, ―low‖ shape requirements; a blank target compounds library; QA/QC with 207 m/z 

selected for column bleed. AMDIS detected all deconvoluted VCs except internal standard as 

unidentified ―components‖. A customized search through the NIST library converted into target VCs 

(1
st
 filter) only deconvoluted peaks with an area above a pre-defined threshold. AMDIS selected 

options for Search NIST library - parameters
4
 were: maximum 1 hit reported per search; ―use 

instrument m/z limits‖; ―build combined result‖; ―MainLib‖ NIST Library search; select from ―only 

unidentified components‖ with ―consider all models‖ option checked; number of components searched 

with all above threshold of 0.1 % of total signal (total ion current summed over all ions for the entire 

chromatogram) option checked; library search mode by ―normal identity‖. Deconvolution results were 

exported and a relative retention index (RI) was calculated for each VC. The deconvolution errors 

were manually identified in AMDIS (peak by peak) and excluded from exported results, the remaining 

VCs mass spectra being used to build-up the POPs and their radiolysis by products library (mass 

spectra and relative retention indexes) in NIST Text *.MSP format. 

In order to study the radiolysis products dose dependance with GC/MS, both experimental models 

(spiked) sample set and test sample set (real municipal wastewater samples) ―data.ms‖ files were 

deconvoluted in AMDIS with the same analysis settings as previous except replacing the "blank" 

traget compounds MS library with the "POPs and their radiolysis by products library". Deconvolution 

results were exported, deconvolution errors manually filtered, VCs area percent report calculated and 

VCs comparative results generated by applying a procedure developed in Oracle 9i database (2
nd

 

filter). PL/SQL Developer software tool, version 7.0.0.1050, was used to generate the missing VCs in 

all wastewater samples with NULL value for quantitative fields. 

3.6. Molecular modelling 

A molecular modelling study is developed to predict the most probable radiolysis products and it is 

correlated with the GC/MS results to speculate some preferential radiolysis pathways. 

 

4. CONCLUSIONS 

The above methods and procedures will help to better assess the usefulness and limitations of GC-

ECD and GC-MS for routine monitoring and screening of organochlorine insecticides or PCBs in 

municipal waste water after gamma irradiation treatment for biological bioburden decrease and POPs 

decomposition. 

 

Work plan 

Year 1  

 GC-ECD analysis of some organochlorine pesticides and polychlorinated byphenils 

(PCBs), and GC-MS screening of by-products resulted after irradiation treatment; 

 Determination of optimum absorbed dose for the gamma irradiation treatment of 

experimental models of municipal waste water contaminated (or spiked) with organochlorine 

pesticides and polychlorinated byphenils (PCBs) by GC-ECD quantitative analysis according with 

ISO 6468:1996 protocols; 

 Screening of microorganisms which survive after the irradiation treatment in water and 

sludge; 
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Year 2 

 Determination of optimum absorbed dose for the gamma irradiation treatment of 

experimental models of Dambovita river water (the main water source for tap water in Bucharest), 

contaminated (or spiked) with organochlorine pesticides and polychlorinated byphenils (PCBs) by 

GC-ECD quantitative analysis according with ISO 6468:1996 protocols. 

 Determination of optimum absorbed dose for the gamma irradiation treatment of 

experimental models of sewage sludge (Bucharest - Magurele), contaminated (or spiked) with 

organochlorine pesticides and polychlorinated byphenils (PCBs) by GC-ECD quantitative analysis; 

Method development for GC analysis for target POPs; 

Year 3 

 Determination of optimum absorbed dose for the gamma irradiation treatment of 

experimental models of municipal waste water contaminated with EDC and/or pharmaceuticals by 

HPLC quantitative analysis; 

 Determination of optimum absorbed dose for the gamma irradiation treatment of 

experimental models of sewage sludge contaminated with EDC and/or pharmaceuticals by HPLC 

quantitative analysis; 

 Method development for HPLC analysis for target POPs; 
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RADIATION INDUCED TREATMENT OF ORGANIC POLLUTANTS   

Ö. Kantoğlu  

 

Turkish Atomic Energy Authority, Sarayköy Nuclear Research and Training Center, Ankara, Turkey 

 

Abstract 

 

Industries which are characterized by high water and chemical consumption which cause significant amounts of 

colored wastewater with high organic and inorganic loads. Conventional treatment methods for such wastewaters 

are mainly physico-chemical or biological. Although high organic removal efficiency is possible with 

conventional wastewater processes, the color removal is not so effective.  In Turkey, organic removal is the 

major objective in the treatment of industrial wastewaters containing organics mainly, as color removal is not yet 

a concern for discharge to sanitary sewer or any receiving environment. Industrial companies may face a 

shortage of available water sources due to water scarcity and limitations of ground water use. In the near future, 

many companies will have to improve wastewater quality for reuse purpose.  Hence, advanced treatment is 

necessary to reuse wastewaters from industrial mills. To that purpose, coupling of conventional treatment with 

radiation will be considered to upgrade treated wastewater quality to reuse criteria.  

 

1. OBJECTIVE OF THE RESEARCH 

 

In many of industrial areas, water scarcity is the main problem and is expected to be solved. Deeper 

drilling rather than the treatment of wastewater is still prefered for process water. This might be a 

solution in terms of economical concern for companies until reaching the limits of ground water 

reserves. Some of companies produced highly contaminated wsatewater and short of process water 

have already treated their wastewater and reuse it. But these are in limited number when it compared 

in general. However, reuse of wastewater will be the only solution to supply the process water in the 

future. To change the status of water supply sources from the deeper drilling to reuse of treated water 

is needed to new emerging technologies, which are compatible and economical than conventional 

treatment process and deeper drilling. In this regard, the use of radiation technology with and without 

combined techniques can be the solution. Radiation treatment of organic pollutants has been aimed in 

this project and the objectives of the project are; 

 

 to characterize the wastewaters and to optimize the irradiation conditions,  

 to evaluate the toxicity of irradiated and nonirradiated wastewater, 

to compare the feasiblity of radiation and conventional treatment processes, 

to demonstrate the applicability of radiation treatment of waste water with a pilot scale 

facility and develop a guideline 

 

2. INTRODUCTION 

 

Domestic and industrial wastewater differs from polluted drinking water in the variety of pollutants 

present and their higher concentrations. For example, industrial wastewater often contains substances 

that are toxic or difficult to destroy such as salts of mercury and bismuth, cynides, phenols, and dyes. 

High energy electron irradiation is one method that can potentially be used to purify wastewater by 

converting the toxic chemicals to benign products and destroying pathogenic microorganisms. High 

doses are required to lower the concentration of several toxic compounds.  

 

Because the high absorbed dose necessary to purify the industrial wastewater by irradiation alone, 

combined process have been developed in which radiation treatment used in combination with a 
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conventional process such as chemical, biological, or thermal treatment, or flotation [1-5]. It has 

already been demonstrated that high energy electron beam irradiation can be used for the treatment of 

aqueous based hazardous organic wastes [6].  

 

The removal of mixtures of some aromatic compounds such as benzene, toluene, m-xylene, and o-

xylene from wastewater was succesfully achieved by using irradiation technology. A halogenated 

olefin such as chloroform, bromoform, trichloroethylene, and halogenated aromatic compounds, such 

as dichlorobenzene, have also been destroyed in aqueous solutions by irradiation with electrons [7]. In 

water the dimerisation reaction of hydroxyl radicals can form hydrogen peroxide, in saline systems the 

reaction of the hydroxyl radicals with chloride anions form hypochlorite anions. It has been suggested 

that the action of radiation upon underground water is responsible for the formation of hydrogen 

which was converted by bacteria into methane [8,9]. When water is exposed to radiation, the water 

absorbs energy, and as a result forms chemically reactive species that can interact with dissolved 

substances (solutes). Water is ionized to form a solvated electron and H2O
+
, the H2O

+
 cation can react 

with water to form a hydrated proton (H3O
+
) and a hydroxyl radical (HO

•
). Furthermore, the solvated 

electron can recombine with the H2O
+
 cation to form an excited state of the water, this excited state 

then decomposes to species such as hydroxyl radicals (HO
•
), hydrogen atoms (H

•
) and oxygen atoms 

(O
•
). Finally, the solvated electron can react with solutes such as solvated protons or oxygen molecules 

to form respectively hydrogen atoms and dioxygen radical anions [10]. Some substances can protect 

again radiation-induced damage by reacting with the reactive species generated by the irradiation of 

the water. 

The yields of the generated species in mmolj
-1

: 

 

G (OH
•
) : 0.29  

G (e aq
-
) : 0.29  

G (H
•
)  : 0.062  

G (H2)  : 0.042  

G (H2O2) : 0.082 

 

OH
•
 radicals are strong oxidizing species. They abstract hydrogen from organic compounds, or 

undergo addition reactions to aromatic systems, or carbon-carbon multiple bonds, at rates, in general, 

near the diffusion-controlled limit. Because of the high O-H binding energy in water, abstraction of 

carbon bound H atoms is always an exothermic reaction. As a result of their high reactivity, OH
•
 

radicals often abstract carbon bond hydrogen atoms nonselectively. In special cases, where a relatively 

high electron density coincides, considerable selectivity is observed.  

 

The addition reaction to aromatic groups can be demontrated as follows: 

 

OH
•
 + C6H6   C6H6OH 

 

Similar to OH
•
 radicals, H atoms readily add to unsaturated compounds, 

 

H
•
 + C6H6  C6H7 

 

The rate constant for the addition reactions of the atom with benzene substituted varies from 2.5x10
9
 

to 4.0x10
8
 dm

3 
mol

-1 
s

-1
. 

The dissolved oxygen in water/wastewater plays a major role in the radiation chemistry of organic 

compounds. In general, the radiolytically produced organic free radicals react very quickly with the 

oxygen dissolved in water to produce the corresponding peroxy radicals, which are powerful oxidizing 
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species that can undergo various reactions leading to the destruction of substrate molecules. The 

nature of these reactions depends on the molecular structure of the organic peroxide, the oxygen 

concentration, the pH of the aqueous media, and the dose rate. In addition, to the other primary 

radicals generated in the radiolysis of water. The H atoms and the hydrated electrons also react more 

readily with O2. 

 

Because C-centered free radicals can give rise to a rapid formation of peroxy radicals, competition 

occurs between the solvolysis reactions of the akyl free radicals and their reactions with oxygen. In the 

reaction path, the organic peroxy radicals undergo various reactions leading to the destruction of the 

toxic molecules. 

 

a. Bimolecular decay: It appears to be generally accepted that the first step of the bimolecular 

decay of organic peroxy radicals forms a short-lived tetroxide. At room temperature, the 

tetroxides readily decay, through various intermediates, into the final product. The 

decomposition of tetroxide can also undergo the well-known Russell Mechanism. 

 

b. Chain reactions: Peroxy radicals are known to initiate chain reactions in the degradation 

process. After bonding with a primary radical, generated in the radiolysis of water, the 

substrate radical R
• 

adds oxygen at a diffusion-controlled reaction rate and with very low 

activation energy. The propagation steps of H-abstraction are generally slow and require some 

activation energy. Termination occurs by the bimolecular decay of peroxy radicals, a reaction 

which also requires practically no activation energy. 

 

c. Unimolecular decay with O2-elimination: Some peroxy radicals decay by liberating HO2
•
/O2

•
 

and producing the corresponding cations, which can undergo further solvolysis reactions. The 

polarity of the substitutes on the peroxy radicals has a strong effect on the O2 elimination 

reactions [11]. 

 

The nature and effectiveness of these reactions in destroying organic materials in water depend on the 

following parameters; 

 

a. the molecular structure of radiolytically produced peroxy radicals, 

b. the oxygen concentration, 

c. pH, and 

d. dose rate. 

 

The enhance the oxidation process, it has been demonstrated that ozone is an effective additive in 

reducing the dose requirements for the destruction of chlorinated alkanes, virtually eliminating the 

dose rate effects which make electron-beams less efficent than gamma sources [12]. Ozone acts by 

converting the hyrated electron into OH
•
 which, in turn, causes H

•
 to be abstracted from, or added to, 

backbone of organic contaminatants such as chloroalkanes. 

 

3. WORK FRAME PLANNED 

 

Work plan of the project proposed are as follow; 

 

a. Optimization of sample preparation specific to target organic pollutants 

b. Optimization of analytic techniques that could be appied to target organic pollutants 

c. Designing, construction and installation of pilot scale irradiation prototype facility (up to 30 

m3/day) 

d. Dose mapping of pilot scale irradiation prototype facility (experimental and theoretical) 
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e. Irradiations in different environments (oxygen, ozone, hydrogen peroxide) 

f. Dose optimization studies 

g. Characterization of organic pollutants 

 

4. REVIEW OF WORK RELATED TO CRP ALREADY CARRIED OUT 

 

As of CRP starting date, several activities have been carried out. In this frame work, designing, 

construction and installation of pilot scale irradiation prototype system (up to 30 m
3
/day) has already 

been completed. Pilot scale irradiation prototype has been designed for the irradiation with and 

without combined techniques (ozone, oxygen, hydrogen peroxide, fenton‘s and etc…). With this 

system, it is possible to introduce liquid, gas or liquid/gas mixturesat the same time to the wastewater 

just befor the exposing to the high energy electron beam. The sketch of the irradiation prototype can 

be seen at Figure 1 and 2. As could be seen at Figure 3, a continuous irradiation chamber for 
60

Co 

gamma irradiator was also designed and constructed. On the other hand, fully automated pilot scale 

biological treatment system has also been desingned, constructed and installed. Then basic test studies 

have been run. In principal, this treatment system is five in one (Fig.4.) and can be run one of the five 

different treatment processes. These treatment processes are; 

 

a. Anaeorobic + Aeorbic treatment (Upflow Sludge Blanket (UASB) + Sequenced Batch Reactor 

(SBR)) 

b. Anaeorobic + Activated Sludge (Upflow Sludge Blanket (UASB) + Activated Sludge) 

c. Anaeorbic treatment (Upflow Sludge Blanket (UASB)) 

d. Activated Sludge  

e. Aeorbic treatment (Sequenced Batch Reactor (SBR)) 

 

This system works under automation and controlled by software. System design and software allow to 

the user adding a new treatment methods (membrane treatment and etc...). Depending of hydrolic 

loads of wastewater, one of the treatment method will be activated and system will control all 

parameters defined by user(s) and will operate instantly. Once operation started, the system does not 

need any user. All parameters are recorded at user defined time interval and can be seen as graph or as 

excel file. If any failure occurs during operation, the system send SMS message to the user mobile 

phone if it is defined before the operation. Otherwise it sends SMS to administrator or relevent person 

in the address book. Remote access to the control system data recorded is also possible from office or 

home. 
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Figure 1. A sketch of liquid irradiation vessel for e-beam accelerator. 

 

 

Figure 2. A sketch of multipurpose irradiation prototype for e-beam accelerator. 
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Figure 3. A sketch of liquid irradiation chamber for 
60

Co gamma irradiator. 

 

 
 

Figure 4. Diagram of fully automated biological treatment system. 
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5. WORK PLANNED FOR NEXT 18 MONTHS 

 

In CRP program 

a. Optimization of sample preparation specific to target organic pollutants 

b. Optimization of analytic techniques that could be applied to target organic pollutants 

c. Dose mapping of pilot scale irradiation prototype system (experimental and theoretical) 

d. Dose optimization studies 

e. Characterization of organic pollutants 
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Abstract 

 

Trimethoprim (TMP) is widely used as a bacteriostatic antibiotic and has recently been detected in wastewater 

and surface waters as a contaminant. In this study, the basis for treatment using advanced oxidation processes, 

and the photochemical fate of TMP have been investigated. Environmental fate studies were conducted in 

distilled water and with natural organic matter isolates under simulated sunlight irradiation. Reactive oxygen 

species, hydroxyl radical (•OH) and singlet oxygen (
1
O2), were found to be involved in the sunlight mediated 

degradation of TMP and its absolute bimolecular reaction rate constants were (8.66 ± 0.37) x 10
9
 M

-1
 s

-1
 and (3.2 

± 0.2) x 10
6 

M
-1 

s
-1

, respectively. The reaction kinetics for substructure model substrates of TMP with •OH and 
1
O2 were also studied to facilitate assignment of photodegradation mechanism, which suggested that •OH radical 

tends to attack the trimethoxy-benzene while the reaction with 
1
O2 often occur at the 2, 4-diaminoprimidine. The 

reaction of TMP with •OH and 
1
O2 accounted for only 6 % and 19 % of its total photodegradation. The reaction 

of TMP with excited state humic substances is therefore postulated to be a significant degradation pathway for 

the loss of TMP in sunlit natural waters. 

 

1. INTRODUCTION 

 

The presence of pharmaceutical and personal care products (PPCPs) in natural waters is an emerging 

environmental issue that has raised concerns among the public, scientists, engineers, and regulatory 

groups, because of their possible human health effects and ecological impacts, even at trace 

concentrations (1-7). Most PPCPs administered to patients are excreted either as metabolites or as 

unchanged parent compound into the environment, and it is not uncommon to dispose of outdated 

medicines ―down the drain.‖ 

 

Photodegradation is likely to play an important role in the environmental fate of PPCPs. Direct and/or 

indirect photolysis are responsible for their sunlight induced loss in the environment. Direct 

photodegradation occurs when the adsorption spectrum of a compound overlaps with the sunlight 

output. Indirect photodegradation occurs through reaction with reactive species generated by 

photosensitizers, such as singlet oxygen, hydroxyl radical and other reactive species formed in sulit 

natural waters. Prior studies have suggested humic substances (HS) to be a significant participant in 

the photodegradation of organic pollutants (8, 9). Photolysis of natural organic matter (NOM) leads to 

the formation of reactive species, including •OH, 
1
O2, O2

•-
/HO2

•-
, H2O2, eaq

-
 and the reactive triplet 

states NOM (
3
NOM

*
). Direct reaction between 

3
NOM

*
 and PPCPs is also likely to occur (10, 11). 

Energy, electron and hydrogen atom transfer are the main mechanisms for phototransformation. 

Although several studies have confirmed the enhanced effects of HS on photolysis of PPCPs (12-17), 

the mechanism underlying the reaction is still not well understood. 
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Trimethoprim (TMP) has been chosen as the subject of this study because of its sales volume (18), and 

wide detection in various surface water source. TMP is an antimicrobial drug commonly prescribed in 

combination with the sulfamethoxazole for the treatment of infectious diseases in humans.  It is also 

widely used in veterinary medicine, for prevention and treatment of infections, as well as growth 

promoter (19). The removal of TMP in waste water treatment plant has been reported from negligible 

(20,21) to below 10 % (22). As a result, wastewater effluent concentrations ranged from 0.011 to 0.53 

µg/L in the United States (23). Although there are few literatures (24-27) reporting the photo / 

photocatalysis degradation of TMP, no study has been conducted on its environmental photochemical 

fate yet. 

 

Therefore, it is critical to develop a fundamental understanding of the oxidative and reductive 

treatment using advanced oxidation processes of TMP, while at the same time developing information 

as to photochemical fate in natural aquatic environments. In this study, the bimolecular reaction rates 

of TMP and its structural moieties with ROS (•OH
 
and

 1
O2) were determined using pulse radiation and 

steady state competition studies, respectively. The steady state concentrations of ROS have also been 

measured using different kinetic probe.  Our results indicated that reactions with •OH radical and 
1
O2 

only contribute 6 % and 19 % to the total photodegradation. We suggest that the reaction with 
3
NOM

*
 

are responsible for the rest of its loss in sunlit natural waters. Additionally, these ROS reaction rates 

and degradation mechanism provide fundamental information necessary to evaluate the potential use 

of Advanced Oxidation Processes (AOPs) for the destruction of TMP in water or wastewater 

treatments where •OH
 
or

 1
O2 may be important reactive species. 

 

2. METHODS AND MATERIALS 

 

2.1. Materials. Trimethoprim (TMP), trimethoxybenzene (TMB), 2,4diaminoprimidine (DAP), 

furfural alcohol (FFA), terephthalic acid and Rose Bengal (RB) were purchased from Sigma-Aldrich 

(≥ 99 %) and used without any further purification. 2-hydroxyl terephthalic acid (2OHTA) was 

synthesized to make calibration curve by using a literature method (28). A natural water organic 

material isolate of Suwannee River Humic Acid, 2S101H, (SRHA) was purchased from International 

Humic Substances Society.  

 

2.2. Determination of 
1
O2 reaction rates. Samples containing 100 µM substrates, 100 µM FFA and 

50 µM Rose Bengal in pH 5 phosphates buffer were exposed in a solar simulator. Controls samples 

without sensitizer were similarly irradiated to monitor the direct degradation. 0.5 mL aliquots of the 

solution were taken at certain interval for HPLC analysis. The light below 400 nm was filtered to 

avoid the direct photodegradation using a photographic UV filter. 

 

2.3 Determination of •OH radical reaction rates and γ-radiolysis. Bimolecular •OH reaction rate 

constants were determined using pulse radiolysis at Notre Dame Radiation Laboratory (NDRL). 

Competition kinetic methods was employed using an 8-MeV Titan Beta linear accelerator (model 

TBS-8/16-1S) that produced 2 ns electron pulses and generated radical concentrations of 1-3 µM per 

pulse (29). 

 

A Shepherd
®
 109-86 Cobalt-60 source was used for γ radiolysis for samples of 1.0 mM TMP, DAP 

and TMB saturated with N2O before irradiation. The dose rate was 8.14 krad min
-1

 (0.0814 kGy/min), 

as measured by Fricke dosimetry (30).  

 

2.4. Steady-state concentration of 
1
O2. A solution of FFA (100 µM), a common 1O2 probe, 

containing fulvic acid (2S101H) was photolyzed in the solar simulator. 0.5 mL aliquots were collected 
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at certain time intervals for HPLC analysis. The observed FFA degradation rate constant was 

converted to 
1
O2 concentration by dividing by FFA‘s reaction rate constant with 

1
O2 (krxn= 8.3 x 10

7
 M

-

1
s

-1
). 

 

2.5. Steady-state concentration of •OH. Terephthalic acid (TA) was chosen as a kinetic probe to 

measure steady-state •OH radical concentration.  In the air-saturated solution, oxidation of TA by •OH 

formed 2-hydroxyterephthalate (2HOTA), and the reaction yield was 35% (31). The concentration of 

2HOTA was monitored by HPLC equipped with a fluorescence detector (excitation = 315 nm; emission = 

425 nm). The observed formation rate of 2HOTA was converted to •OH concentration by diving TA 

concentration, reaction yield and its hydroxyl radical reaction rate. 

 

2.6. HPLC and mass spectral analysis. The concentration of TMP was analyzed by an Agilent 1200 

HPLC using the following conditions: column, Phenomenex Gemini C18 250 x 4.6 mm i.d.; mobile 

phase consisting of 15 % CH3OH, 15 % CH3CN and 70 % 10 mM amino acetate buffer solution (pH 

9.5). The LC-MS system was an Agilent 1100 HPLC Pump and Waters LCT Classic Mass 

Spectrometer with electrospray ionization source and a Phenomenex Luna C18 column (2.0 x 250 

mm). The injection volume of the samples was 10 µL. The mobile phase was A: 98 % H2O + 2 % 

CH3CN +0.2 % formic acid and B: 50 % CH3OH, 50 % CH3CN and 0.2 % formic acid. Gradient 

elution was 0 % of B for 5 min followed by a linear increase to 100 % in 50 min, and then held 

constant for an additional 10 min. The mass spectra data were obtained in the positive ion mode by 

scanning from m/z 100 to 350. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Singlet Oxygen reaction rates. Steady-state photolysis using RB as the sensitizer was employed 

to determine the reaction rate constant of TMP with 1O2 and its moieties. The loss of substrate by the 

reaction with 1O2 was simultaneously monitored alongside the steady-state reaction of reference 

compound, FFA. The krxn for the substrate was determined using the ratio of the slope obtained from 

a plot of substrate degradation versus the FFA degradation as shown in Eq. 1. 

    
0,

,

0 ][

][
ln

][

][
ln

FFA

FFA

k

k

S

S t

FFArxn

srxnt      (1) 

 

Figure 1 shows the photodegradation of TMP versus FFA in the solar simulator. The krxn values 

obtained for these compounds are summarized in Table 1. To explore the role of 
1
O2 and its reactivity 

with different moiety groups, DAP and TMB were selected as model compounds (chemical structure 

has shown in Scheme 1), and their reaction rate constants have been also summarized in Table 1. The 

reaction rate of TMP with 
1
O2 ((3.2  0.2) × 10

6
) was similar to that of DAP ((3.0  0.1) × 10

6
), and 

there is no significant reaction between 
1
O2 and TMB model compound. These results suggested that 

the reaction with 
1
O2 occurs at  
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Figure 1. Competitive 
1
O2 degradation of TMP and model compounds in pH 5.0 buffered H2O with RB 

using as sensitizer. krxn values were determined by multiplying the slope obtained from these plots by 

the krxn of FFA and are shown with each plot.  No direct photodegradation occurred with UV(0) filter. 

 

Table 1. Measured Bimolecular Rate Constants for Reactive Oxygen Species (
1
O2 and •OH) Reaction 

with Trimethoprim and Model Compounds. 

 

 
1
O2 Rate Constants •OH Rate Constants 

TMP (3.2  0.2) × 10
6
 (8.92  0.22) × 10

9 

DAP (3.0  0.1) × 10
6
 (1.55  0.05) × 10

9
 

TMB <10
4
 (8.33  0.38) × 10

9
 

 

the DAP moiety of TMP. This conclusion is in good agreement with previous studies, which indicated 

that trimethoxy- benzenes were unreactive to 1O2 (32). 

 

3.2. Hydroxyl radical transient spectra and reaction rate measurements. For TMP and its model 

compounds, their reaction with the hydroxyl radical generated the transient absorption spectra shown 

in Figure 2. The peak absorptions in the range 300-350 nm are the characteristics of reactions with the 

aromatic rings in compound structure to form hydroxyl-cyclohexadienyl radicals. The spectra obtained 

for the transients from the reaction of TMP 
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Scheme 1. Structure of trimethoprim (TMP) and its moieties, 2,4-diaminoprimidine (DAP), and 

trimethoxybenzenze, TMB.  
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Figure 2. Initial transient spectrum obtained upon the hydroxyl radical oxidation of TMP (■), TMB 

(●) and DAP (▲) in N2O-saturated pH 7.0 at room temperature.  
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and TMB with hydroxyl radical were generally similar; however, the spectra of DAP was significantly 

different, showing less absorbance in the region 320-350 nm, which indicated that DAP has only 

minor effects on the transient spectrum, and •OH radical is more likely to react to the TMB portion of 

TMP. This hypothesis has been further confirmed by •OH reaction rate measurements. 

 

Absolute bimolecular reaction rate constants were determined from the rate of change of absorption 

with concentration at the wavelength of maximum absorption, using the procedure established 

previously, which involves fitting exponential functions to growth curves (Fig. 3a) and plotting these 

values as a function of the concentrations to give the linear plot shown in Fig. 3b. The slope of this 

line yielded a rate constant of (8.40 ± 0.30) x 10
9
 M

-1 
s

-1
. 

 

Besides direct monitoring of transient absorption kinetics, •OH radical reaction rates were also 

determined by competition kinetics to cross-validate these two methodologies.  Competition 

measurements were conducted using SCN
-
 competition kinetics based on monitoring the (SCN)2

•-
 

absorption at 472 nm. Equation 2 and 3 showed the individual reaction of TMP and SCN
-
 with •OH 

radical. 

 

•OH + TMP  5K
 H2O + Intermediate      (2) 

•OH + SCN
-
(+ SCN

-
)  6K

 OH
-
 + (SCN)2

•- 
    (3) 

 

This competition can be analyzed to give the expression: 

 

 
][

][
1

])[(

])[(

6

5

2

02






SCNk

TMPk

SCN

SCN
        (4) 

 

where [(SCN)2
•-
]0 is the absorbance of this transient at 472 nm when only SCN

-
 is present, and 

[(SCN)2
•-
] is the reduced yield of this transient when the substrates is present. Therefore, a plot of 

[(SCN)2
•-
]0/[(SCN)2

•-
] against the ratio [TMP]/[SCN

-
] should give a straight line of slope k5/k6. On the 

basis of the established rate constant for hydroxyl radical reaction with SCN
-
, k6= 1.11 x 10

10
 M

-1
s

-1
, 

the rate constant (k5) for substrates can be calculated. 

 

Kinetic data obtained at 472 nm are shown in Figure 4 and, as expected, a decrease in the maximum 

(SCN)2
•-
 absorption was observed with increasing amounts of subtracts. The transformed plot shown 

in Figure 4b gives a weighted linear fit corresponding to a reaction rate constant, (8.92  0.22) × 10
9
 

M
-1

s
-1

. Based on direct measurement of transient spectra and competition kinetics, the average rate 

constant of •OH radical reaction with TMP is (8.66 0.37) × 10
9
 M

-1
s

-1
. This rate constant was slightly 

different with the value of (6.9  0.2) × 10
9
 recently reported by (33) for UV/H2O2 treatment. The 

difference between these measured rate constants may be caused by variations in experimental 

conditions and methods of determination. 

 

To pinpoint the reaction site of •OH with TMP, the reaction rate constants for •OH reaction with DAP 

and TMB were also evaluated by both transient spectra and competition kinetics, and the average 

shown in Table 1 (Figure 5).  The hydroxyl radical rate constant of DAP is significantly lower than 

that of the TMP (Figure 6), which suggests that the reaction of DAP moiety of the parent compound 

was only a minor component of the overall •OH oxidation. Furthermore, the •OH rate constants‘ 
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similarity of TMB (Figure 7) to TMP indicates that the majority of •OH reaction must be occurring 

with that TMB portion. Based on the rate constants of the moieties and the parent compound, 17 % 

(1.55/8.66) and 93 % (8.33/8.66) of the •OH are capable of reacting with the DAP and TMP moieties, 

respectively. 
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Figure 3. (a): Growth kinetics observed for the hydroxyl radical oxidation at 330 nm for 0.642 (□), 
0.448 (O), 0.310 () and 0.243 (◊) mM TMP at pH 7.0 and room temperature. (b) Second order rate 

constant determination for the reaction of hydroxyl radicals with TMP. The straight line is the 

weighted linear plot, with a slope of 8.40 ± 0.30. 
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Figure 4. (a) Kinetics of (SCN)2
•-
 formation at 472 nm for N2O saturated 0.240 mM SCN

-
 containing 

0.00 mM (□), 0.310 mM (O), 0.434 mM (∆), 0.645 mM () and 1.000 mM trimethoprim at pH 7.0 and 

room temperature. (b) Competition kinetics plot for hydroxyl radical reaction with trimethoprim (□), 

TMB (O) and DAP (∆) using SCN
-
 as a standard. Solid lines are weighted linear fits, corresponding to 

slopes of (0.8047 ± 0.020), (0.7514 ± 0.0343) and (0.1394 ± 0.0047) respectively. 
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Figure 5. Degradation of trimethoprim by gamma irradiation in air, N2 + isopropanol, and, N2O 

saturated conditions.  
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Figure 6. Degradation of 2,4-diaminoprimidine by gamma irradiation in air, N2 + isopropanol, and, 

N2O saturated conditions.  
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Figure 7. Degradation of trimethoxybenzenze by gamma irradiation in air, N2 + isopropanol, and, 

N2O saturated conditions.  

 

3.3. Reaction mechanism. In addition to the reaction kinetics for the two ROS and e
-
aq with TMP, we 

also investigated the stable products formed in these reactions. Analyses by LC-MS at various 

irradiation doses revealed TMP decomposition products at N2O saturated γ irradiation (•OH oxidation) 

or 0.1 mM Rose Bengal air saturated solar simulator irradiation (
1
O2 oxidation). Our structural 

assignments of the breakdown products of TMP were based on the analysis of the Total Ion 

Chromatogram (TIC) and the corresponding mass spectra. The masses of the different products were 

determined from the peaks corresponding to the protonated molecule, [M+H]
 +

. For the purpose of this 

paper, we will refer to the products by molecular weight (MW). 

 

Hydroxyl radical typically reacts with organic substrates via addition and hydrogen atom abstraction. 

The rates of reaction of •OH with the different reaction sites present in TMP are expected to vary 

significantly. The reaction rate of hydroxyl radical addition to the aromatic ring will be fastest among 

the competing processes. 

 

The major degradation products produced in the steady-state γ irradiation of TMP at N2O saturated are 

summarized in Figure 8. Three separate primary products with MW of 306 were observed, 

corresponding to the addition of 16 mass units to the parent peak. This is consistent with 

hydroxylation of two aromatic rings or bridge -CH2- group. The addition of the electrophilic hydroxyl 

radical to the variant aromatic ring forms a resonance-stabilized carbon-centered radical with 

subsequent addition of oxygen and elimination of a 
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Figure 8. The proposed degradation pathway for the •OH radical oxidation of trimethoprim in the aqueous solution. 
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hydroperoxyl radical, yielding the phenolic products (34). It is proposed that the product with 

MW 322 is the result of further oxidation with the above primary phenolic degradation product to 

form the dihydroxyl-product. 

 

Hydrogen abstraction will be primary pathway for •OH radical reaction with -CH2- group, carbon 

central radical arise and following reacts with O2 to form peroxyl radicals (eq. 6). These peroxyl 

radicals are relatively unreactive, and usually decay via bimolecular self-termination reactions to form 

tetroxide species (eq. 7) which then undergoes unimolecular decomposition to form alcohol and 

ketone products (35) (eq. 8). 

 

R1R2CH•   + O2                                               R1R2CHO2•        (6) 

2 R1R2CHO2•                                                  R1R2CHO-O-O-OHCR2R1    (7) 

R1R2CHO-O-O-OHCR2R1                              R1R2C=O   + R1R2CHOH   (8) 

 

The product with MW 276 is attributed to hydroxyl radical reaction at the methoxyl ipso position in 

consequence of the elimination of methyl group. Similar ipso addition also has been observed in the 

•OH radical oxidation of beta-blocker pharmaceutical compounds (36) . With further ipso adduction, 

secondary products of MW 262 were also observed. 

 

From studies conducted in reducing environment we have proposed a mechanism for the reductive 

destruction pathway (Figure 9). 

 

The two main products with MW 126 and MW 196 have been identified during RB photosensitized 

oxidation. A degradation mechanism has been proposed as shown in Figure 6.  
1
O2 reacted with DAP 

portion through [2+2] cycloadditon, forming zwitterions intermediate. A  1,3-benzyl shift occurs at 

this step leading to a peroxide and finally to stable products as shown in Figure 6. Dedola et al., have 

proposed a similar degradation mechanism in acetonitrile (24). These results were consistent with our 

kinetic studies and further confirmed that most of 
1
O2 reacted with DAP portion. 
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Figure 9. Proposed degradation mechanism for the reductive degradation of trimethoprim under 

reducing conditions of the e
-
aq. 

 

N

N

O

O

O

NH2

H2N

N

N

O

O

O

H2N

H2N

O

O
N

N

O

O

O

H2N

H2N

O
O

N

N

O

O

O

NH2

H2N

O OO

O

O

O

H

N

N

OH

NH2

H2N

+

MW 196MW 126

1O2

rearrangement

 

Figure 10. The proposed degradation pathway for 1O2 reaction with trimethoprim in the aqueous 

solution.  
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3.4. Simulated Photodegradation in Natural Environments. Direct photolysis in distilled water 

using a solar simulator suggests that direct photodegradation was very slow (k = 3.81 x 10
-7

 s
-1

).  

Photo-sensitized degradation of TMP in presence of SRHA under simulated sunlight was significant 

faster than direct photodegradation (Figure 11), which indicated that indirect photodegradation may 

play a key role in the photochemical fate of TMP in natural environments. To probe the role of 
1
O2, 

photosensitized degradation was also conducted in the D2O, due to the fact that 
1
O2 has a longer 

lifetime in deuterated solvents.  In contrast, the rate of loss of TMP in D2O (k = 1.32 x 10
-5

 s
-1

) was 

significant higher in the presence of H2O (k = 5.12 x 10
-6

 s
-1

), which suggested that 
1
O2 play an 

important role in the photo-sensitized degradation.  

To further investigate the role of ROS and their reactivity in the photosensitized degradation, we have 

also evaluated the steady state concentration of •OH and 
1
O2 using two different chemical probe. FFA 

has been employed to measure the 
1
O2 concentration. The initial FFA degradation was pseudo- first 

order, and the degradation rate was converted to 
1
O2 concentration by dividing by FFA‘s by the second 

order reaction rate constant with 
1
O2 (krxn=8.3x 10

7
 M

-1
 s

-1
). The steady state concentration of •OH 

radical was determined using TA as chemical probe. 

Based on bimolecular rate constants and steady-state concentration, we were able to determine the 

relative contribution of ROS to the loss of TMP under simulated solar conditions using the equations: 

 

  
 

][

raten degradatioorder first indirect K

kROS TMPss      

     (9) 

 

These calculations suggest that 
1
O2 accounted for 19 % and the •OH, 6 % of the total loss, or that ROS 

only contributed a small part of photosensitized degradation, as shown in Scheme 2. We have 

proposed that 
3
SRHA

*
 may account for the majority of TMP loss (75%) under simulated sunlight 

conditions.  This assumption will be the subject of future research. 

 

Environmental Significance. Figure 12 summarizes the overall fate of trimethoprim in the 

environment.  Due to its slow direct photodegradation, the loss of TMP in sunlit natural water is 

expected to be depended on indirect photodegradation. The •OH and 
1
O2 are the most important 

reactive oxygen species have been involved in the indirect photodegradation. Our studies indicated 

that •OH and 
1
O2 involved in the photosensitized degradation of TMP. However, reaction with these 

ROS are a minor pathways for the photochemical loss of TMP. The unknown photodegradation 

pathway, the direct reaction of 
3
SRHA

*
 with TMP, are responsible for the observed loss of TMP. To 

predict the photochemical fate by the reaction rate with OH and 
1
O2 is likely to underestimate the 

degradation rate of TMP in the aquatic environment. 
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Figure 11. Overall photolysis of trimethoprim irradiated in solar simulator at room temperature: (■) 

Irradiated in the pH 4.3 buffered distilled water (●) 20 mg L-1 SRHA in the distilled H2O, (▲) 20 mg 

L-1 SRHA in the D2O.  
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Figure 12. Contributions (%) of reactions with 1O2, •OH and 3NOM* to the overall indirect photo 

degradation at presence of 20 mg L-1 SRFA. 
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Abstract 

 

Municipal wastewater effluent and sludges can harbor a variety of infectious microorganisms as well as 

estrogenic compounds and their metabolites.  Previous studies at the National Center for Electron Beam 

Research Texas A&M University in collaboration with scientists at Tulane University have shown that high 

energy (10 MeV) E-Beam is effective as a pathogen disinfectant and for destroying estrogenic activity in 

wastewater effluent. When E-Beam irradiation is combined with chemical oxidants such as ferrate and chlorine 

dioxide it is possible to disinfect the sludges and effluent, destroy estrogenic activity as well as achieve the 

stabilization of sludges.  We term this technology the E-Beam Chemical Oxidant (EchO) technology.  The EChO 

technology is capable of destroying estrogenic activity in solids and sewage sludges as well. The combined E-

Beam-chemical oxidant technology which is currently being commercialized jointly by Texas A&M University 

and Tulane University provides a synergistic approach of disinfecting and stabilizing municipal waste streams.  

The EChO technology can also find application as a pre-conditioning treatment prior to anaerobic digesters.  The 

overall goal of this project is to commercialize the EChO technology.  

 

1. OBJECTIVE OF THE RESEARCH 

 

The overall objective of the proposed research is to perform a detailed cost-benefit analysis of the E-

Beam- based treatment approach and delineates the technical specifications of th EChO technology to 

accelerate the commercialization and adoption of the technology.   

 

The specific objectives of the proposed research are:  

(i) Identify the costs and benefits of incorporating EChO technology for inactivating pathogens, 

destroying estrogenic compounds, stabilizing the sludges 

(ii) Compare the cost and treatment efficiencies of the E-Beam based treatment approach with other 

contemporary technologies such as RO, nano-filtration, and Activated Carbon Adsorption, and 

CAMBI 

(iii) Delineate the technical specifications, identify possible vendors, and build appropriate business 

models needed for the adoption and commercialization of this technology    

2. INTRODUCTION 

Municipal sewage and sludges can harbor a variety of infectious microorganisms as well as estrogenic 

compounds and their metabolites. Biosolids and other residuals generated from municipal wastewater 

treatment facilities are often used for beneficial purposes such as land application. To reduce the 

potential for adverse environmental and human impacts, it is critical that novel approaches be 
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investigated so that municipal biosolids can be disinfected and stabilized to reduce the pathogen loads 

and levels of estrogenic compounds.  

 

The Water Environment Research Foundation (WERF) in the United States sponsored a study at 

Texas A&M University to study the efficacy of high energy E-Beam in combination with chemical 

oxidants as a wastewater treatment (EChO) technology. Significant reductions of all target organisms 

could be achieved in municipal biosolids depending on the E-Beam dose that is employed.  The D10 

values of selected target organisms as measured in aerobic and anaerobic digester matrices during E-

Beam irradiation are shown in Table 1. 

 

TABLE 1.  D10 VALUES OF TARGET ORGANISMS IN DIGESTER MATRICES WHEN 

EXPOSED TO 10 MeV E-BEAM 

 

Target Organism Digester Matrix D10 value (kGy) 

E.coli Aerobic digester sample 0.26 – 0.41 

E.coli Anaerobic digester sample 0.25 -0.35 

Spiked Salmonella sp. Aerobic digester sample 0.18 -0.35 

Spiked Salmonella sp. Anaerobic digester sample 0.23 -0.33 

Aerobic spores Aerobic digester sample 2.43-4.81 

Aerobic spores Anaerobic digester sample 2.68 – 3.08 

Anaerobic spores Aerobic digester sample 3.34-5.13 

Anaerobic spores Anaerobic digester sample 3.12 

Spiked Poliovirus Anaerobic digester sample 2.6 

 

There was synergistic disinfection of pathogens when E-beam was coupled with oxidants such as 

ferrate (Table 2).  For example, ferrate a strong oxidant was able to achieve only 4 log reduction of 

E.coli when 200 ppm ferrate was used.  However, when 50 ppm ferrate was combined with E-Beam at 

8 kGy, as much as an 8-log reduction was observed.   

 

TABLE 2.  SYNERGISTIC DISINFECTION OF BIOSOLIDS USING THE EChO TECHNOLOGY 

 

Target 

Organism 

Aerobic sludge 

Ferrate Ferrate + E- Beam 

50 ppm 100 

ppm 

200 

ppm 

50 ppm 

+ 8 kGy 

100 ppm 

+ 8 kGy 

200 ppm 

+ 8 kGy 

Salmonella NA NA 3 log 8 log 8 log 8 log 

E. coli NA NA 4 log 8 log 8 log 8 log 

Aerobic spores 0.5 log 0.5 log 1 log 1 log 2 log 2 log 

Anaerobic 

spores 

0 log 0 log 1 log 1 log 0.5 log 3 log 

Somatic 

coliphages 

1 log 1 log 2 log 3 log 3 log 4 log 

Male- specific 

coliphage 

1 log 2 log 7 log 3 log 4 log 7 log 

Poliovirus 0.5 log 3 log 6 log 6 log 6 log 6 log 
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Poliovirus required at least 2.6 kGy E-Beam dose to achieve 1-log reduction. Theorectically, it would 

have required atleast 14 kGy to achieve a 6 log reduction.  However, as can be seen from Table 2, in 

the presence of 200 ppm ferrate, E-Beam was able to achieve 6-log reduction with just 8 kGy.    

 

E-beam irradiation was also capable of destroying estrogenic activity in aqueous samples such as 

waste water effluent and drinking water (Table 3).  Table 4 shows the % reduction of estrogenic 

activity in the solids and liquid portion of biosolids when exposed to defined concetrations of ferrate in 

the presence and absence of E-Beam irradiation.  

 

TABLE 3.  PERCENT REDUCTION (%) OF ESTROGENIC ACTIVITY IN AQUEOUS SAMPLES 

BY 10 MeV E-BEAM IRRADIATION 

 

Radiation Dose % Reduction in Estrogenic Activity* 

 Drinking Water (n=3) Sewage Effluent (n=3) 

2 kGy 92% 72% 

4 kGy 92% 76% 

6 kGy 92% 72% 

8 kGy 91% 79% 

10 kGy 93% 78% 

12 kGy 92% 71% 

*% reduction calculated as a function of estrogenic activity in respective spiked sample 

 

TABLE 4. PERCENT REDUCTION (%) OF ESTROGENIC ACTIVITY IN THE SOLIDS AND 

LIQUID PORTIONS OF BIOSOLID MATERIAL BY FERRATE AND COMBINED EChO 

TECHNOLOGY  

 

Treatment 

% Reduction in Estrogenic Activity 

Liquid Portion (n=3)* Solid Portion (n=3) 

50 ppm Ferrate 68% 30% 

100 ppm Ferrate 73% 31% 

200 ppm Ferrate 72% 29% 

50 ppm + E-Beam 71% 29% 

100ppm + E-Beam 74% 20% 

200ppm + E-Beam 71% 30% 

*% reduction calculated as a function of estrogenic activity in respective spiked sample 
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As can be seen, E-Beam irradiation did not appear to have a significant effect on the destruction of 

estrogenic activity.  There was no significant difference in the reduction observed in samples with and 

without E-Beam irradiation in the solids portion suggesting that estrogenic activity destruction in the 

solids portion can be achieved by using ferrate at optimal concentrations.   

 

3. MATERIALS AND METHODS 

Objective #1  Identify the costs and benefits of incorporating EChO technology for 

destroying estrogenic compounds (17,-estradiol) 

 

Previous studies in our laboratories have identified the E-Beam irradiation conditions, chemical 

oxidant concentrations, and E-Beam linear acceleration configuration needed to process municipal 

sewage to achieve specific reductions of pathogens and the target estrogenic compound (17,-

estradiol). This information will be utilized to develop the costs (capital and recurring) associated with 

building and operating an E-Beam based irradiation process within a municipal treatment plant. The 

economic viability of an E-Beam with/without chemical oxidant addition based wastewater treatment 

plant will be first analyzed by first determining the throughput rate of the treatment process. The 

throughput rates will be calculated for different LINAC configurations e.g., energy (MeV), power 

(kW), and current (mA) configurations. The calculations will also focus on processing effluent and 

sludges. The throughput estimates will be represented as capacity (dry tons/year) and (cubic 

meters/year). The capital costs and recurring costs will be calculated for the different LINAC 

configurations with/without chemical oxidant addition. The operating costs which will be presented as 

operating cost per dry ton will include cost factors of electricity, labor, administration, overhead costs.  

 

An anticipated outcome of this objective will be improved technical knowledge of the costs and 

benefits associated with incorporating E-Beam either singly or in combination with chemical oxidants 

(EChO technology) to treat municipal sludges and effluent to destroy estrogenic compounds.   

 

Objective # 2  Compare the cost and treatment efficiencies of the EChO technology with 

other contemporary technologies such as RO, nano-filtration, and Activated Carbon Adsorption 

and the CAMBI process 

 

An economic viability study for an E-Beam based treatment process will be incomplete without a 

comparison with other traditional and contemporary wastewater treatment technologies. We will 

partner with one or more commercial engineering consulting companies, municipal wastewater 

treatment facilities to obtain first-hand information on treatment efficacies associated with 

contemporary technologies such as RO, nano-filtration and Activated Carbon Adsorption. We will 

also search the scientific literature extensively to obtain published information on the efficacy 

associated with estrogenic compound removal/destruction. We will obtain previously published 

reports from groups such as the Water Environment Research Foundation (WERF) and International 

Water Association (IWA) to obtain all available information in order to accomplish this objective.  

The costs of the EChO technology in comparison for the CAMBI process will also be detailed. 

 

The anticipated outcome of this objective will be a new body of knowledge that compares E-Beam 

based destruction of estrogenic compounds with other contemporary and previously described 

wastewater treatment technologies. This improved knowledge can lead to a rational and science-based 

approach of choosing appropriate treatment options. 
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Objective # 3  Delineate the technical specifications, identify possible vendors, and build 

appropriate business models needed for the adoption and commercialization of this technology  

 

The focus of this objective is to develop what can be termed as the ―step-by step guide‖ to assist 

member states to assist in the adoption of  E-Beam technology for wastewater reuse. The document 

will provide detailed technical LINAC specifications,  and the list of vendors worldwide.  The 

document will explain the science behind the technology including literature citations, figures and 

drawings. We will collaborate with engineering consulting companies, sludge disposal companies, 

sludge transportation companies, farmers, municipal wastewater treatment facilities, municipalities, 

investment bankers etc to identify the different drivers, the possible revenue streams, and possible 

return of investment (ROI) time-frames when adopting this technology.    

 

An anticipated outcome of this activity is the ability of member states to applying E-Beam based 

radiation technology in combination with other techniques to improve environmental quality by 

treating municipal wastewater for estrogenic compounds. 
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Abstract 

The occurrence of organic micropollutants in the aquatic ecosystem represents a crucial point in modern water 

quality management. Current research focuses on improving the removal from wastewater treatment plant 

effluent which is considered a relevant point source. Therefore, an ozonation pilot plant for advanced treatment 

of tertiary effluent was implemented at a municipal wastewater treatment plant. Apart from evaluating relevant 

process parameters the objectives were to investigate the efficacy of a post-ozonation step for micropollutant 

removal and hygienic aspects, but also the formation of hazardous by-products. The latter is one of the major 

concerns about ozonation and the approach selected in this pilot study was the application of a comprehensive 

test battery for genotoxic and ecotoxic effects similar to the test strategy of the European Legislation for REACH 

(registration, evaluation and authorization of chemicals). Endocrine effects were measured with enzyme 

immunoassays and with a 21-day short term fish screening assay. The analyzed micropollutants were oxidized 

according to their reaction rates with ozone and the hydroxyl radical, many of them below the limit of 

quantification and detection, respectively. The traditional bacterial indicators in the effluent were reduced below 

the limits of the European bathing water quality directive for inland waters. Results of the standardized assays 

did not show an increase of geno-/ecotoxic effects after ozonation, on the contrary, if an effect could be detected 

in the tertiary effluent it usually declined in the ozonated effluent. In the ozonated effluent a substantial decrease 

in estrogenicity and androgenicity was determined with the enzyme immunoassays, while no endocrine effects 

could be observed during the fish assay. From the outcome of the pilot study it can be concluded that ozonation 

represents a suitable technology to diminish micropollutant discharge to the receiving waters. 

 

1. Introduction 

Currently, the occurrence of organic micropollutants in the aquatic ecosystem represents a major 

concern (Daughton, 2004) since even modern wastewater treatment plants (WWTPs) that are operated 

according to the best available technology (nitrogen removal) cannot completely remove the ample 

variety of micropollutants from wastewater. Hence, even tertiary effluent discharge is a relevant 

source for these compounds in the aquatic environment (Ternes, 1998; Clara et al., 2004). Due to the 

intensification of the urban water cycle an increasing indirect reuse of treated wastewater as raw water 

for drinking water supply occurs and persistent compounds have been tracked from wastewater to 

drinking water (Heberer, 2002; Benotti et al., 2009). In order to improve the removal capacity 

advanced treatment steps are investigated.  

 

Some of the most important technologies for advanced wastewater treatment are listed below 

(Poseidon, 2004): 

 PAC, powdered activated carbon (physicochemical)  

 Oxidation and advanced oxidation processes, AOPs (chemical, oxidative) 

o Ozonation 

o O3/H2O2 

o UV/H2O2 

o etc. 

 Membrane Systems (physical) 

o Nanofiltration, NF 

o Reverse osmosis, RO 

o ultrafiltration/RO (e.g. Singapore) 
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Depending on the requirements for the treated water several technologies can be combined. As a 

single process for advanced wastewater treatment ozonation and PAC are considered the most 

suitable.  

The following article deals with a case study on the ozonation of effluent from a WWTP that is 

operated according to the best available technology (nitrogen removal), which is considered as a pre-

condition for advanced wastewater treatment. The pilot plant experiments covered the investigation of 

process parameters, such as ozone dose, and hydraulic retention time (HRT), tests and analyses to 

control the efficiency of the process, such as micropollutant removal, inactivation of microorganisms, 

viruses and protozoa, and decolouration and the investigation of mutagenicity, ecotoxicity and 

endocrine effects (estrogenicity and androgenicity). The formation of by-products, both transformation 

products of micropollutants and by-products formed with the organic matrix of the wastewater is one 

of the major concerns regarding the application of ozone. In addition, it is of utmost importance to 

assess the risk of advanced wastewater treatment technologies, in general. Therefore, the study 

included a comprehensive test battery on various trophic levels. 

 

2. Materials and Methods 

2.1. Ozonation pilot plant 

 

In order to investigate the implementation of an ozonation step for tertiary treated effluent a pilot plant 

was installed at a low loaded wastewater treatment plant as shown in FIG. 1.  

 

The ozone was generated from liquid oxygen by an ozone generator with a capacity of 1 kg O3/h. The 

reactor unit consisted of two 5 m³-reactors made of polypropylene. The reactors were operated in 

series and the ozone was supplied to the first reactor. The flow through the pilot plant ranged between 

33 and 36 m³/h, resulting in a hydraulic retention time of 16-19 min in total (8-9.5 min in each 

completely mixed reactor). The pH in the effluent was neutral and the temperature range tested was 

11.3-23.1 °C. Since the efficacy of the process was assessed for different ozone doses the ozone was 

monitored in the feed and in the off gas as well as in the liquid phase. In order to be able to compare 

the results with other pilot studies the transferred ozone dose (4.6-7.5 mg O3/L) was normalized by the 

dissolved organic carbon in the influent of the treatment plant. This gives the specific ozone 

consumption, sometimes referred to as specific ozone dose (if the ozone loss in the offgas is negligible 

and no ozone is present in the effluent of the plant) and in the present study a range between 0.6 and 

1.1 g O3/g DOC was investigated. More details on the pilot plant set-up are described in Schaar et al. 

(2010). 

 

FIG. 1. Implementation of the ozonation pilot plant for the treatment of the tertiary effluent and 

sampling points (Misík et al., 2011). 
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2.2. Micropollutant removal 

 

The analyzed micropollutants comprised pharmaceuticals, endocrine disrupting compounds (natural 

and synthetic hormones), personal care products, industrial chemicals (organotin compounds, 

complexing agents, quaternary ammonium compounds) and one pesticide. A selection of the 

investigated substances is depicted in TABLE I, details can be found in Schaar et al. (2010). Based on 

the European Waterframework Directive (Directive 2000/60/EC) environmental quality standards 

(EQS) were defined for selected substances (Directive 2008/105/EC) and Annex X comprises the list 

of priority substances in the field of water policy. This list is revised regularly and in TABLE I 

substances that are on the candidate list of the European Commission (2011) for the upcoming update 

are labelled with an asterisk. 

 

TABLE I. SELECTED MICROPOLLUTANTS WITH CAS REGISTRY NUMBER, LIMIT OF 

DETECTION AND QUANTIFICATION AND ENVIRONMENTAL QUALITY STANDARDS. 

Substance Abbreviatio

n 

CAS-No. LOD/LOQ 

(ng/L) 

EQS (ng/L) 

Bisphenol-A BPA 80-05-7 10/20 1.6
AUT

 

Nonylphenole NP 25154-52-3 10/20 0.3 

Octylphenole OP 1806-26-4 10/20 0.1 

17α-ethinylestradiole EE2 57-63-6 2.1/4.3 * 

Estrone E1 53-16-7 0.8/1.5  

Bezafibrate BZF 41859-67-0 10/20  

Carbamazepine CBZ 298-46-4 1/2  

Diclofenac DCF 15307-86-5 10/20 * 

Ibuprofen IBP 15687-27-1 10/20 * 

Erythromycin ERY 114-07-8 10/20  

Roxithromycin ROX 80214-83-1 10/20  

Sulfamethoxazol SMX 723-46-6 10/20  

Trimethoprim TMP 738-70-5 10/20  

Ethylenediaminetetraacetic 

acid 

EDTA 60-00-4 500/1,000 50
AUT

 

Nitrilotriacetic acid NTA 139-13-9 500/1,000 50
AUT

 

Propylendiamintetraacetic acid 1.3 PDTA 1939-36-2 2,500/5,000  

Diethylentriaminpentaacetic 

acid 

DTPA 67-43-6 500/1,000  

Di-n-butyltin DBT 1002-53-5 0.1/0.2 10
AUT

 

Tri-n-butyltin TBT 56573-85-4 0.1/0.2 0.2 

 AUT…national EQS (Austria) 

 *…on the candidate list for the revision of Annex X of the European Waterframework Directive 

 

Residual ozone in the effluent samples of the first reactor was quenched with Na2S2O3 (0.1 mM) and 

the unfiltered samples were delivered to the Federal Environmental Agency of Vienna 

(Umweltbundesamt Wien) for analysis. 

 

2.3. Effect Assessment 

 

A comprehensive test battery for ecotoxicity and genotoxicity on various trophic levels as well as 

endocrinology was applied.  
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For ecotoxicity testing the following assays were used: 

 Green algae (algal growth inhibition, Pseudokirchneriella subcapitata (Selenastrum 

capricornutum, ALGALTOXKIT F
TM

)), ISO 8692:2004 

 Daphnids (daphnia acute immobilization, DAPHTOXKIT F
TM

 MAGNA), ISO 6341:1996 

 Zebrafish eggs with Danio rerio (fish embryo toxicity), DIN EN ISO 15088:2008 (=ISO 

15088:2007-10) 

 

Endocrine effects (both estrogenic and androgenic) were tested with: 

 Competitive enzyme immunoassays (Palme und Möstl, 1993) 

 OECD 21-day fish screening assay for estrogenic and androgenic activity and aromatase 

inhibition (OECD 230, 2009) with wild-type Japanese medaka (Oryzias latipes) 

 

The applied genotoxicity tests comprised (Misík et al., 2011): 

 Bacterial tests (Salmonella/microsome assay, the so-called Ames test) 

 Plant bioassay (micronucleus assay with root tip cells of Allium cepa) 

 Mammalian cells (single-cell gel electrophoresis, also called comet assay, with primary rat 

hepatocytes) 

 

2.4. Risk assessment approach according to REACH 

 

Apart from the usual application of eco-/toxicity tests, we chose a new approach for the toxicity 

assessment oriented towards REACH (Registration, Evaluation, Authorisation and Restriction of 

Chemical Substances; EC 1907/2006). The tested effluent is considered as a chemical substance and 

goes through the test strategy that is usually applied for chemicals. In the following figure a modified 

test strategy for mutagenicity according to REACH is shown. If the test results are negative, usually no 

further testing is needed, but if the results are positive, the next level of investigation is entered as 

shown in FIG. 2. In our approach we applied all levels shown in FIG. 2 for testing the strategy. 

Gene mutation test in bacteria

No further testing

+-

Micronucleus test

+-

No further testing Proceed on next level

+-

…

Comet Assay check bioavailability

check …

Proceed on next level

No further testing
 

FIG. 2. Modified test strategy for mutagenicity; for more details on the REACH-test strategy, see 

http://guidance.echa.europa.eu/docs/guidance_document/information_requirements_en.htm?time=12

34285922#r7 

 

2.5. Inactivation of microorganisms 

 

The inactivation of the fecal indicators Escherichia coli and enterococci which are regulated by the 

European bathing water quality directive (Directive 2006/7/EC, 2006) were tested. Furthermore, test 

organisms were dosed as surrogates in order to determine the inactivation efficacy for protozoa and 

http://guidance.echa.europa.eu/docs/guidance_document/information_requirements_en.htm?time=1234285922#r7
http://guidance.echa.europa.eu/docs/guidance_document/information_requirements_en.htm?time=1234285922#r7
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viruses. Spores of Bacillus subtilis were used as possible surrogates for dormant protozoal forms and 

the bacteriophage MS 2 was dosed as a surrogate for viruses.  

 

3. RESULTS 

A wide range of the investigated micropollutants (PPCPs, EDCs, industrial chemicals) was eliminated 

below the limit of quantification or even detection, depending on their chemical characteristics (rate 

constants with ozone and the hydroxyl radical, respectively). When the concentration in the effluent of 

the O3 pilot plant was below the LOD or LOQ the bars in FIG. 3 are labelled with ―>‖, which means 

that only a minimum removal efficiency could be calculated. Further details on micropollutant 

removal are documented in Schaar et al. (2010). 

 

With regard to ecotoxicity (Altmann et al., 2011) and toxicity (Misík et al., 2011) no increase could be 

observed after ozonation, and if there was an effect before ozonation, it usually decreased during 

ozone treatment.  

 

 

FIG. 3. Micropollutant removal at different specific ozone comsumptions. 

 

TABLE II gives results for the inactivation of the fecal indicators that are regulated in the EU-bathing 

water qulity directive for a specific ozone consumption of 0.6 g O3/g DOC. The limits for excellent 

quality were met after the ozonation of the effluent. With regard to the inactivation a reduction of 

approximately 2-log was achieved for E. coli and Enterococci, while a complete (5-log) removal was 

achieved for the model virus MS 2. The spores of Bacillus subtilis revealed no removal (< 0.5-log). 

The results were similar for 0.6 and 0.9 g O3/g DOC. 

 

Due to the suspended solids which usually occur in WWTP effluent a complete disinfection cannot be 

achieved since microorganisms within the solids particles are protected from ozone which does not 

penetrated the particles. Hence, a combination of severyl technologies is needed for disinfection, i.e. 

for a 5-log reduction of CFU.  
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TABLE II. Results for THE Inactivation of E. coli and Enterococci COMPARED TO THE LIMITS 

OF THE EU bathing water directive (O3 iN and out…influent and effluent of the pilot plant). 

excellent good sufficient

Intestinal enterococci 

(cfu/100 ml)
200*                        400* 330**

Escherichia coli 

(cfu/100 ml)
500*   1000* 900**

excellent good sufficient 0.63 g O3/g  DOC

Intestinal enterococci 

(cfu/100 ml)
200*                        400* 330**

Escherichia coli 

(cfu/100 ml)
500*   1000* 900**

*  based on 95-percentile evaluation

** based on 90-percentile evaluation

94

240

12876

43064

O3 OUT

O3 IN

Parameter according to 

directive 2006/7/EG

Parameter according to 

directive 2006/7/EG

Quality (inland waters)

 

 

4. CONCLUSIONS 

In order to enhance micropollutant removal during wastewater treatment the implementation of 

advanced treatment step is required. For some substances the removal during conventional treatment is 

dependent on the performance of the WWTP and therefore, it is considered a pre-condition for every 

post treatment step to treat the wastewater according to the best available technology (nitrogen 

removal). Ozonation proved to be a suitable technology to further reduce micropollutant emission to 

the aquatic environment, without detecting adverse genotoxic or ecotoxic effects with standardized 

assays. Since the detection of single substances is costly and limited to known compounds, the 

REACH-approach, i.e. to consider effluent a chemical substance and apply a modified REACH-testing 

strategy, is considered a reasonable way. For the inactivation of the traditional indicator bacteria in 

order to meet the limits for the good bathing water quality ozonation proved to be successful. 

However, due to suspended particles in the effluent complete disinfection is not possible. 

For water reclamation a combination of several technologies is needed as one technology cannot 

tackle all requirements. Furthermore, an extensive toxicity test battery is recommended. 
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